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Abstract: Different solar thermal collectors have been used recently to meet the thermal requirements
of single effect and double effect vapor absorption cooling systems, making selection of the correct
method a challenge. Different attributes of each vapor absorption cooling and solar collector com-
bination are taken into account, and a Multi-Attribute Decision-Making model is used to select the
best option. The model requires variables indicating the performance of the system, which are called
attributes that are organized into a hierarchical structure called a tree of attributes. The dependent
attributes finally end up in the basic attributes representing the input to the model. The technology
options considered are flat plate water heating collectors with forced circulation, flat plate air heating
collectors with forced circulation, evacuated tube collectors, parabolic trough collectors, and collectors
with compound parabolic concentrator. Two types of cooling, namely single effect and double effect,
are compared. Three climatic zones with three different cooling loads, ambient temperatures and
solar radiation intensity have been considered. Comparison of the solar vapor absorption tech-
nologies with vapor compression technology is made considering the major performance factors.
The major attributes, namely cost and emissions produced, are compared with conventional vapor
compression methods.

Keywords: vapor absorption cooling; multi-attribute decision-making; solar thermal collectors;
cooling technology selection; solar cooling methods; climate dependent cooling option

1. Introduction

Increase in fuel prices, the energy crisis and environmental issues were the driving
forces for development of vapor absorption refrigeration (VAR) technology. Commercial
progress of vapor absorption refrigeration technology is affected by two major hurdles,
namely large equipment volume and low coefficient of performance (COP). Vapor ab-
sorption cooling machines have a unique advantage over vapor compression refrigeration
(VCR) machines from the energy perspective. A single unit is capable of managing a wide
range of cooling loads. The operating capacity, temperature requirements and COP of VAR
cooling systems vary according to the number of effects in the VAR cycle. Other advantages
of VAR cooling systems are adaptability with low grade heating sources, environmentally
friendly refrigerant usage, and longtime trouble-free operation [1]. Numerous research
works are on the way to develop strategies to improve the COP of vapor absorption systems
so as to make them economically competitive with vapor compression refrigeration sys-
tems [2]. Multiple-effect vapor absorption cycles demonstrated better energy performance
compared with single effect system, but they require higher heat source temperatures and
are complex with associated higher initial costs [3]. COP depends primarily on the genera-
tor temperature apart from the evaporator and condenser temperatures. Experimentally,
it was determined that single effect, double effect and triple effect VAR cooling systems
require average generator temperatures of 75 ◦C, 115 ◦C and 145 ◦C respectively with
average COP values of 0.7, 1.2 and 1.6, respectively [4]. Single effect systems provided
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lower COP when temperatures were less than 60 ◦C [5]. In the parametric studies con-
ducted over the temperature ranges of the condenser, absorber and evaporator, reduced
generator temperature and higher ambient temperature resulted in considerably lower
COP. Recent developments indicate that small and medium capacity systems worked better
with Lithium Bromide/Water systems in which the latter is refrigerant and the former is the
absorber. Ammonia/Water combination is preferred for vapor absorption systems of very
large capacities [6]. A double-effect Lithium Bromide and Water absorption chiller based
on solar parabolic trough collector was constructed and tested for determining the solar
utilization efficiency in a hotel building and solar contribution of 61.98% is reported [7].

Solar thermal collectors are used to meet the thermal requirements of single effect
and double effect VAR cooling systems [8]. Recent technological advances in solar thermal
collection have resulted in efficiency improvements and higher temperature outputs. Solar
thermal collectors used are the natural circulation and forced circulation water heating
collectors, air heating collectors, evacuated tube collectors, cylindrical parabolic collectors,
spherical parabolic collectors, and collectors with compound parabolic reflectors or Fresnel
concentrators [9]. Solar water heating collectors were tested by connecting several such
heaters in a series in order to obtain higher outlet temperatures and thus better perfor-
mance [10]. A novel design procedure for simultaneously optimizing the various design
variables of an indirect forced circulation solar water heating (SWH) system based on the
life cycle cost using a genetic algorithm was developed, and cost reduction of 3.3% to 6.1%
was reported [11]. The performance improvement was done by altering some of the design
variables like the slope and mass flow rate, and the optimum number of collectors to be con-
nected in series was identified. The efficiency of solar collectors improves with an increase
in the mass flow rate of the working fluid. Evacuated tube collectors were experimented
to determine the efficiency at solar radiation levels of 80 kW/m2 and 112.8 kW/m2 and
it was found to have efficiencies of 45.3% and 32.9% respectively [12] indicating higher
losses at increased solar radiation levels. Experiments were conducted during summer
using evacuated glass tubes and collector performance for cooling a 27,778 W VAR system
was tested with a collector area of 250 m2 with refrigerant R410A used in the evacuated
tubes [13]. The cooling system used a storage tank and a supporting energy source with a
heating furnace. Average tank temperature obtained in the storage tank was 78 ◦C. The
average COP was 0.35. Wind flow resulted in substantial losses in efficiency even when the
solar radiation levels were high. Parabolic trough or cylindrical parabolic collectors are low
cost methods of concentrated solar power technology in which solar radiation is focused
on a tube filled with heat transfer fluid. Temperatures attained by the fluid are more than
150 ◦C especially when tracking of the sun is done [14]. There is a substantial performance
improvement with continuous tracking of sun but with associated cost escalation and
auxiliary energy consumption. Higher temperatures can be achieved using evacuated tube
solar collectors or concentration type collectors. Simulation studies of a 15 kW VAR system
using evacuated tubes with 100% solar heat supply indicated a collector area requirement
of 66 m2 and 62 m2 for air and water, respectively, as working fluids [15]. A VAR cooling
system with serpentine type SWH collectors was used with collector area of 24 m2 with
thermal energy storage. The system could be operated with 65% of the energy supplied
from solar source [16].

As evident from the above studies, more than one solar collection technology can
be used for operating VAR cooling systems in an efficient manner. A few studies have
reported on comparison of two or three methods for a particular type of VAR cooling sys-
tem. Flat plate collectors and evacuated tube collectors were compared for their technical
performance, and the higher temperature and efficiency of the evacuated tube collector
was established [17]. A multi-objective optimization for single effect, double effect and
triple effect VAR cooling systems with three types of collectors, namely evacuated tube col-
lectors (ETCs), evacuated flat plate collectors (EFPCs), and concentrating parabolic trough
collectors (PTCs), was done to address the issue of technology assessment [18]. The study
revealed that double-effect chillers have the best ranking in terms of energetic, economic
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and environmental performance. Decisions regarding the right choice of solar collection
technology (SCT) must involve its temperature and heat output, area and cost requirement,
as well as the associated environmental issues. Moreover, the cooling capacity range of
the VAR cooling system impacts the size and techno-economics of the SCT. The feasibility
of these technologies with due consideration of meeting temperature requirements, heat
supply rate, cost, collector area, auxiliary power requirement and the consequent cooling
performance of the VAR cooling system has not been reported.

Diverse attributes of each VAR-Solar collector combination are taken into account, and
hence, a Multi-Attribute Decision-Making (MADM) process is used to consider different
factors involved. This method is suitable for decision making especially when it involves
imprecise numerical qualitative factors for consideration. These include uncertainty in
material quality, material cost or labor cost occurring due to time or locational variations.
The scope of the present study is divided into the following areas:

1. Ranking VAR cooling systems that use solar thermal collectors for heat supply. This
includes flat plate water heating collectors (forced circulation), flat plate air heating
collectors (forced circulation), evacuated tube collectors, parabolic trough collectors
and collector with compound parabolic concentrators. These collectors have different
fluid outlet temperatures under different climate zones which affect the VAR cooling
system performance. The cost factors of each type of solar collector varies, and this
also affects the ranking.

2. Conducting the study for single effect and double effect VAR cooling systems only. Be-
cause single effect and double effect methods have different temperature requirements
and cooling performance, they were separately analyzed.

3. Considering three climatic zones as per the Koppen climate classification with different
cooling load requirements. The solar radiation level and the ambient temperature of
the climate zones affects the output of the solar thermal collectors and hence on the
VAR system performance.

4. To compare the performance of the VAR cooling systems with conventional vapor com-
pression refrigeration (VCR) cooling systems and to identify the relative performance
in terms of technical, economic and environmental issues.

Multi-attribute models are tiered structures that break down the decision problem into
smaller problems. DEXi is a software used for multi-attribute decision making. Qualitative
decision models that need collaborative development in order to evaluate different options
are done using this method. This method is efficient in selecting the appropriate option
from among different possible options and to make the accurate decisions in order to adopt
for implementation. Several areas like manufacturing and process industry, health and
education have adopted DEXi with encouraging results in terms of its applicability and
flexibility [19]. Integrated systems involving several interacting attributes that are varied
and nondeterministic have been evaluated by this method [20]. MADM model was used
to select the appropriate strategy for contaminated ground water remediation [21]. This
method is used to handle imprecise numerical quantities. The most appropriate small
hydropower plant investments among five alternative ones were studied using DEXi by
considering the crucial performance parameters of the plant that included technological,
economic, political and environmental factors [22]. The above studies show that DEXi
is the appropriate choice for making the feasibility study of the different solar collection
technology (SCT) options for VAR cooling systems.

2. Materials and Methods

DEXI requires variables indicating the performance of the systems which are called
attributes that are organized into a hierarchical structure called a tree of attributes. The
dependent attributes finally end up in the basic attributes which represents the input to
the model. The values given to the basic attributes are based on numerical calculations
or accepted values from the literature. The different basic attributes required for the solar
operated cooling systems are numbered C111 to C533 as given by Table 1. The basic
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attributes determine the value of the next higher level dependent attributes numbering
from C11 to C53 which in turn decide the main attributes C1 to C5. The main attributes are
of two types, namely MAJOR and MINOR. The major main attributes are cost (C3) and
environmental impact (C). The minor attributes are thermal requirement (C1), area and
volume requirement (C2) and auxiliary power requirement (C4). The basic attributes are
tabulated using the equations given below. The attributes are given qualitative and discrete
values called ranks. Ranks of attributes at a given level determine the value at a higher level.
That is, the ranks of the basic attributes determine the rank of the dependent attribute and
the rank of dependent attributes determine the rank of the main attribute. Basic attributes
related to thermal requirements are determined from existing equations related to VAR
systems, solar collectors and cooling load calculations. Area and cost requirements of solar
collectors are determined from equations as well as data reported in the published literature.
Land cost is calculated from existing data for the three climatic locations considered in this
study, namely Niger, Riyadh and Beijing. The net present value is determined for a 15-year
operation of the collector and cooling machine.

Table 1. The distribution of the different levels of attributes.

Main Attributes Dependent Attribute Basic Attribute Units

C1 Thermal requirements (MINOR)

C11 COP
C111 Generator temperature (min) K

C112 Condenser temperature (max) K

C113 Evaporator temperature (min) K

C12 Absorber
temp. C121 Absorber temperature (min) K

C13 Heat rate
C131 Generator Heat supplied (min) kW

C132 Condenser heat rejection (max) kW

C133 Absorber heat rejection (min) kW

C2
Area and volume requirement

(MINOR)

C21 Installation
Area

C211 Solar collector area (min) m2

C212 Cooling machine area (min) m2

C22
Volume

Requirements
C221 Total machine volume (min) m3

C222 Thermal storage volume (min) m3

C3 Costs (MAJOR)

C31 Fixed cost
C311 Installation cost cooler (min) $

C312 Collector installation cost (min) $

C313 Land cost (min) $

C32 Variable cost C321 Maintenance cost (min) $/year

C33 NPV C331 Net Present Value (min) $

C4 Auxiliary power (MINOR)
C41 Pump power C411 Pumping power (min) kW

C42 Fan power C421 Fan Power (min) kW

C5

Environmental
effects (During

15-year life time)
(MAJOR)

C51
Primary

C511 Primary
emissions 1

C5111 CO2 (min) kg

C5112 CO (min) kg

C512 Primary
emissions 2

C5121 SO2 (min) kg

C5122 NOX (min) kg

C52 Sec-
ondary

C521 Secondary
emissions 1

C5211 N2O (min) kg

C5212 Particulate matter (min) kg

C5213 Mercury (min) mg

C522 Secondary
emissions 2

C5221 Other heavy metals (min) mg

C5222 CH4 (min) mg

C53 Others

C531 ODP (min) µg/kW-h

C532 GWP (min) -

C533 Noise produced dB/kW

min—minimization, max—maximization.
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The ranks of the higher level attributes (Y) are related to the lower level attribute (X)
through the utility function Equation (1).

f : X1 × X2 × X3 × . . . . . . . . . . . . Xn → Y (1)

The DEXi method uses qualitative multi-attribute models. Scales that are distinct and
represented by words rather than numbers are called qualitative attributes. Four types
of attributes, namely very good (VGD), good (GDD), acceptable (ACC) and unacceptable
(UCC) are used in this study. These attributes are determined from the numerical results
of calculations using equations or data published in the literature. Decision rules in the
form of utility functions are used to related the attributes. These are components of the
model that define the combined action of the attributes as they move up the decision
tree. For example, an aggregate attribute Y has got X1, X2, X3, . . . . as its descendants
and the utility function uses weights to give the importance of each of the descendant
attributes as described in Equation (2). Weights are numbers, usually normalized to the
sum or maximum of 100, which define the contribution of the corresponding attribute to
the final evaluation. In Decision Analysis, utility functions are commonly defined using
some form of the weighted sum, for example:

F(X1, X2 . . . . . . . . . .Xn) = w0 + w1 × X1 + w2 × X2 + . . . + wn × Xn (2)

Here, wi denote weights and Xi denote attributes. Figure 1 gives the algorithm used as
well as the local and global weights used for each basic attribute. This is the decision tree,
and the decisions are made up to the major attribute level after which the final ranking of
the technology option is given. Technology option rank gives the final overall ranking of a
particular technology. The technology option rank (1 to 5) is dependent on the major and
minor attributes C1 to C5. These again depend on the dependent attributes C11 to C53, and
they are again dependent on the basic attributes C111 to C533.

The utility function follows a set of rules which is made into the program depending on
the requirements. Each of the dependent attributes takes one of the above values depending
on the combination of values given to the lower level attributes. The ratio of difference
between the value of the attribute (Ci) and the minimum value of the attributes (Ci,min) to
the difference between the minimum (Ci,min) and maximum value (Ci,max) of the attributes is
used to determine the rank as per the rule given in Table 2. Unfavorable options will have
opposite ranks for minimization compared to favorable options requiring maximization.

In this case, two types of utility functions are created based on whether the impact
of the attribute on the final decision is major or minor. Major attributes consist of cost
(C3) and environmental effect (C5). Minor attributes consist of thermal requirement (C1),
area and volume requirement (C2) and auxiliary power requirement (C4). The decision
rules for the major attributes as more stringent than the decision rules set for the minor
attributes. The attributes are determined from the theoretical performance of single effect
and double effect VAR cooling systems as given in Sections 2.1 and 2.2. The cooling loads
for operating the above cooling machines are taken for three different climatic zones as
described in Section 2.3 using the equations given in Section 2.4. The theoretical procedure
used to determine different performance parameters of solar collectors as well as the specific
operating details of each type of solar thermal collector is described in Section 2.5. The
study is conducted with the following assumptions.

• This study is based on a VAR cooling system operated during six hours of active
sunshine hours with solar collector.

• The total energy required by the VAR cooling system for 24 h is to be supplied by the
solar collector with the help of a storage tank.

• The collector supplies heat to the storage system in order to meet the total heat required
at the required temperature.

• Three different climatic zones from the Koppen classification are considered based on
the cooling load requirements.
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• Only single effect and double effect VAR cooling systems are considered due to their
successful performance.

• Only the efficiency of the equipment is considered during calculations, and the heat
loss during fluid transport is considered negligible.
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Table 2. Rules for ranking the attributes.

Minimization Attributes Maximization Attributes
Ci−Ci,min

Ci,max−Ci,min
≤ 0.25 Rank = UNC Ci−Ci,min

Ci,max−Ci,min
≤ 0.25 Rank = VGD

Ci−Ci,min
Ci,max−Ci,min

= 0.25 to 0.5 Rank = ACC Ci−Ci,min
Ci,max−Ci,min

= 0.25 to 0.5 Rank = GDD

Ci−Ci,min
Ci,max−Ci,min

= 0.5 to 0.75 Rank = GDD Ci−Ci,min
Ci,max−Ci,min

= 0.5 to 0.75 Rank = ACC

Ci−Ci,min
Ci,max−Ci,min

≥ 0.75 Rank = VGD Ci−Ci,min
Ci,max−Ci,min

≥ 0.75 Rank = UNC

2.1. Single Effect

The schematic diagram of a single effect VAR refrigeration cycle is shown in Figure 2.
The main components of the absorption system consist of generator, condenser, evaporator,
absorber, and solution heat exchanger. If Lithium Bromide–Water pair is used as the
working fluid in this cycle, Lithium Bromide works as an absorbent and water works
as a refrigerant. There are two pressure levels in this cycle, the generator and condenser
operate at high pressure, while evaporator and absorber operate at low pressure level.
The refrigerant enters the evaporator as saturated liquid and leaves as saturated vapor,
thereby producing a cooling effect in the required space. The refrigerant vapor leaving the
evaporator is absorbed by strong solution from the generator, forming a weak or diluted
solution of the Lithium Bromide–Water mixture. This weak solution leaves the absorber
and is pumped to the generator through the pre-heater. The pre-heater is the equipment
that receives heat from the strong solution that leaves the generator and uses it for heating
the solution entering the generator. Pure refrigerant is separated from the solution and
proceeds to the condenser after it receives heat in the generator. The strong solution returns
back to the absorber and rejects heat in the pre-heater on its way back.
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COP of single effect VAR cooling systems is very low compared to double or triple
effect systems. In one such study on single effect VAR cooling systems, when the evapora-
tion temperature is varied from 4 ◦C to 10 ◦C, condenser and absorber temperatures are
varied from 33 ◦C to 39 ◦C, and generator temperature is varied from 60 ◦C to 190 ◦C the
maximum COP value varied from 0.73 to 0.79 [23]. Thermodynamic analysis of Lithium
Bromide–Water system was done numerically, and it was found that the cycle attains
maximum COP of 0.8849 at 60.38 ◦C generator temperature with 12.5 ◦C evaporator tem-
perature [24]. Cooling systems that use single-effect double-lift Lithium Bromide–Water
absorber refrigerant pair operate in the cooling capacity range of 176 to 4395 kW with
chilled water outlet and return temperatures of 7 and 12 ◦C, respectively, for European
conditions and 8 and 13 ◦C for Asian conditions. The generator hot water outlet tempera-
ture and the condenser cooling water inlet temperatures are 95 and 27 ◦C, respectively, for
Europe and 95 and 31 ◦C, respectively, for Asian countries. Consequently, the COP is 0.72
and 0.70, respectively, for the two regions.
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2.2. Double Effect

The generator temperature for double effect cooling machines is higher than that
required for operating a single-effect systems and the COP is also higher [25]. The working
of the double effect system is illustrated in Figure 3. Performance of the double-effect
cycle is about 1.5 times that of the single-effect cycle [26]. Two significant factors, namely
heat transfer area and crystallization limits the performance of double-effect absorption
chillers [27]. Studies conducted further concluded that the parallel and the reverse parallel
cycles could operate with a wider range of working conditions without crystallization
risks compared to the normal series flow scheme [28]. Two different flow arrangements,
namely series and parallel flow schemes were studied [29]. It was observed that the series
configuration provided greater COP than the parallel cycle for a generator temperature
below 150 ◦C. In contrast, the parallel scheme gave higher performance than the series for
generator temperatures higher than 150 ◦C.
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The operating requirements and thermal performance differs for the single effect and
double effect systems. The COP of single effect VAR cooling systems using Lithium Bromide
and water combination varies between 0.7 and 0.8 based on the heat supply temperatures,
and COP of double effect varies between 1.2 and 1.5. Table 3 gives these different operating
requirements for both single effect and double effect VAR machines [30–32].

2.3. Climatic Zones

The Köppen classification subdivides terrestrial climates into five major types [33], and
the three of them representing different climatic zones in terms of cooling load requirement
are considered.

• Subtropical steppe climate zone (Bsh) in Niger
• Dry desert hot arid climate (BWh) in Riyadh
• Hot summer continental climate (Dwa) in Beijing
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Three different regions with the above climatic zones are used for the analysis, namely
Niger, Riyadh, and Beijing. The average annual temperature in Niger with subtropical
steppe climate zone is 29.1 ◦C. Riyadh has a hot desert climate. During the year, there is
virtually no rainfall. The average annual temperature is 26.2 ◦C. Beijing, which has a hot
summer continental climate, has an average temperature of 12.8 ◦C. The data for the five
hottest months of the year are used to calculate the total cooling load. The monthly cooling
load and average ambient temperature are given in Table 4 [34].

Table 3. Requirements of single and double effect VAR cooling system.

Technical Requirement Single Effect Double Effect

Generator temperature 60 to 80 ◦C 120 to 140 ◦C

Absorber temperature 33 ◦C 33 ◦C

Condenser temperature 30 ◦C 30 ◦C

Evaporator temperature 5 ◦C 5 ◦C

COP 0.7 to 0.8 1.2 to 1.5

Operating period 24 h or day time only 24 h or day time only

Energy requirement (steam) 8.164 kg/TR per hour 4.53 kg/TR per hour

Energy requirement (Natural gas) 0.1 kg/h/TR 0.3 kg/h/TR

Auxiliary power requirement 160 W/TR 220 W/TR

Cost 1898→$/kW 2600→$/kW

Table 4. Average solar ambient temperature and monthly cooling load.

Average Monthly Solar Radiation (W/m2) Average Temperature (◦C) CDD at 18.3 ◦C Base Temperature

Mar Apr May Jun Jul Aug Sep Mar Apr May Jun Jul Aug Sep Mar Apr May Jun Jul Aug Sep

Niger
(Bsh) 940 930 925 833 800 - - 31.3 34.4 34.5 35.9 29.4 - - 403 482 502 408 344 - -

Riyadh
(BWh) - - 893 983 948 893 792 - - 32.3 34.9 36.2 36 32.9 - - 434 498 554 548 438

Beijing
(Dwa) - - 750 694 607 578 491 - - 20.4 24.9 26.6 25.6 20.7 - - 79 197 256 224 81

2.4. Cooling Load and Thermal Energy Requirements

Figure 4 shows the heat supply from the solar collector to the VAR cooling system at a
temperature of To. Heat flows from the collector to storage tank and back. The fluid for
operating the VAR cooling system is taken from the storage tank and returns to the storage
after heat extraction in the generator. The fluid returns back to the collector at a reduced
temperature of Ti. The collector sizing is done as based on the 24-h operation requirement
of the cooling system.
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Figure 4. Heat supply between solar collector and VAR system.

The total cooling load (QCM) required for these five months of cooling degree days
is calculated from Equations (3) and (4). DDC(Tb) indicates monthly cooling degree days
for base temperature of 18.3 ◦C. BLC is the building load coefficient in W/m2 -h, which
depends on the nature of the wall insulation layers and number of walls.
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QCM = 24× BLC×
5

∑
1

DDC(Tb) (3)

BLC = ∑NE
i=1

Ai
RT,i

(4)

NE represents the number of heat transfer walls in the building, Ai represents the area
of the wall ‘i’ and RT,i represents the resistance of wall “i” as in Equation (4). The BLC is
assumed to be 1000 W/m2h for cooling load calculations. The thermal energy required to be
supplied by VAR machine (QC) in order to meet the above cooling load after considering the
transmission and equipment losses (ηT) is given by the Equation (5), and the heat supplied by
the solar collector after considering the storage losses (ηS) is given by Equation (6).

QC =
QCm

COP× ηT
(5)

QS =
QC
ηS

(6)

Theoretical COP of the collector is determined from the generator temperature (Tg),
the evaporator temperature (Te), and the ambient temperature (To) outside the room which
fixes the condenser temperature as given in Equation (7).

COP =

(
Te

To − Te

)
×

(
Tg − To

Tg

)
(7)

The total heat collected during the five summer months (Qs) during active sunshine
hours from 10 am to 4 pm is calculated by taking the average solar radiation and average day
temperature. Inlet temperature to the collector is taken as 10 ◦C below generator temperature
by assuming the generator to produce a temperature drop of 10 ◦C as in Equation (8).

QS = 152× 6× 3600× ACFR[(IT × τα)−UT(Ti − Ta)] (8)

The total cooling load (QCM) required for these five months of cooling degree days is
calculated from Equations (3) and (4). DDC(Tb) indicates monthly cooling degree days for
base temperature of 18.3 ◦C. BLC is the building load coefficient in W/m2h which depends
on the nature of the wall insulation layers and number of walls.

2.5. Solar Collector Area

Solar collector technology differs from each other in terms of type of working fluid,
outlet temperature, efficiency, cost of operation, and auxiliary power consumption, among
several factors. The requirements of the VAR cooling system have a direct effect on these
factors. The performance of different solar collectors is described below.

The collector dimensions are determined so as to supply heat to the VAR for the mini-
mum solar radiation and ambient temperature conditions prevailing in the selected location.
The cooling load includes the heat storage required to operate the VAR system during the
off sunshine hours by supplying energy to the storage system. Steady state performance of
solar collector is described by energy balance between the incident solar radiation, useful
energy gain, thermal losses, and optical losses. The solar radiation absorbed by the tilted
plane of the collector is equal to the product of incident radiation IT and the optical average
absorptivity–transmissivity ratio (τα). The area required for a flat plate non-concentrating
collector (AC) is given by Equation (9). This is obtained from the Hottell–Whillier–Bliss
(HWB) equation for solar collectors using a ‘τα’ value of 0.85 [35].

AC =
PR

FR[(IT × τα)−UT(Ti − Ta)]
(9)
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PR is the required thermal power produced by the collector which must match with
the power requirement of the VAR system. UT is the overall heat transfer coefficient of
collector, Ti is the inlet fluid temperature and Ta is the ambient temperature. Costs of solar
water heating collectors have an average value of $1300 per kilowatt [36,37]. Very small
quantity of emission occurs during the manufacture, installation and operation of solar
collectors. As a thumb rule, a glazed collector area of 1.49 m2 is required for a 1 KW thermal
capacity [38]. The annual maintenance cost of a flat plate solar water heater is 5% of the
installation cost per kilowatt.

The fluid outlet temperature of solar flat plate collector is calculated by equating the
HWB equation to the heat gained by the fluid as given by Equation (10).

To =
FR AC[(IT × τα)−UL(Ti − Ta)]

.
mCP

− Ti (10)

Heat removal factor (FR) of SWH collector is a function of the fluid flow condition and
fluid properties as well as the collector efficiency factor.

.
m represents fluid mass flow rate

in solar collector and CP is the specific heat of the fluid. UL is the overall loss coefficient
between the collector and the surroundings. Experimental studies were conducted by
different methods to determine the heat removal factor, and it was found to be a function
of the angle of inclination of the collector [39]. Equation (11) gives the relation used to
calculate the heat removal factor. In this equation, F’ represents the collector efficiency
factor which depends on the type of collector and its material properties.

FR =

.
mCP

ACUL

[
1− exp

{
−ACULF!

.
mCP

}]
(11)

3. Solar Collectors

The key performance parameters, cost and environmental factors pertaining to each
type of solar collector is discussed.

3.1. Flat Plate Water Heating Collector (SWH)

As a thumb rule, a glazed collector area of 1.49 m2 is required for a 1 KW thermal
capacity [40]. The annual maintenance cost of flat plate solar water heater is 5% of the
installation cost per kilowatt. Because water is the working fluid, additional handling cost
are involved compared to air heating collectors. Because the temperatures involved are
much below the saturation temperature in this type of collectors, it is safe and does not
require steam quality piping.

3.2. Flat Plate Air Heating Collector (SAH)

Air heating collectors, which are predominantly used for drying and room heating
applications can be used to supply heat to VAR generators. One of the advantages of air
heating collectors is the high outlet temperature achievable in spite of their low efficiency.
Equations (3)–(10) is applicable for air heating collectors as well to calculate their thermal
performance. The average installation cost of solar air heater is $1200 per kW [41] and
annual maintenance cost is 5% of the installation cost. Because air is the working fluid, the
handling and maintenance cost is much lower compared to other types of collectors.

3.3. Evacuated Tube Collector (ETC)

Due to the evacuation of the air space between the absorber tube and its cover, losses
are significantly reduced resulting in higher efficiency of ETCs. The conduction and convec-
tive movement of heat within this spacing is absent after evacuation. The heat is extracted
directly by a liquid flow inside the absorber tube or by using the heat pipe method. With
direct flow, the fluid in the primary loop passes through the absorber pipe. In the heat
pipe type, heat is absorbed from the heating zone of the collector by evaporation of a heat
pipe fluid which then transfers the heat to condensing region for heat utilization. Because
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evaporation and conduction temperatures of the fluid are same, the conductivity is very
high. Numerical and experimental studies were conducted in performance study of heat
pipes and substantial data is available [42–44]. It is seen that the average efficiency of ETC
is about 65.6%. Installation cost of ETC has an average cost of $5500 to produce 2000 kWh of
energy, and every kilowatt of thermal power requires 1.4 m2 of collector area [45]. Normal
outlet temperatures of collectors of this type can be more than 80 ◦C. Usually water is used
to transport the heat from the collector to the VAR system when operating temperatures
are less than saturation temperature.

3.4. Parabolic trough Type Collectors (PTC)

Parabolic trough type collectors use a reflecting parabolic trough that focuses solar
radiation onto a central receiver. Concentration ratios ranging from 15 to 30 provide
temperatures in the range of 250–400 ◦C when direct solar radiation is available. A lower
range of concentration ratios will result in outlet temperatures between 90 and 250 ◦C in
the case of less performing parabolic troughs. This occurs due to reduction in aperture
widths to a range in between 50 and 250 cm. Methods like installation of glazing over
the absorber tubes can reduce losses further [46]. A non-evacuated tube with glass cover
and black paint coating achieved maximum instantaneous efficiency of 66.78% [47]. Area
required for 1 kW of thermal power is 1.95 m2 and the cost of installation is $55 per square
meter area [48]. Working fluid can be organic fluids or molten salts, and they come at an
extra cost and handling charges.

3.5. Compound Parabolic Air Heating Collector (CPC)

Compound parabolic collectors (CPCs) come under the category of non-imaging
concentrators. The special feature of these collector is acceptance of radiation from a wide
area which focusses on to the absorber region by single or multiple reflections within the
reflectors. This type of collectors can produce hot air at temperatures between 70 and
120 ◦C. The basic design of the CPC employed a flat absorber with single or double glass
covers [49]. With fluid temperatures up to 100 ◦C, no vacuum would be necessary, but if
using a glass cover, a high thermal efficiency could be reached [50]. Experimental studies
with CPC showed that 450 W of thermal power can be obtained using an aperture area of
0.96 m2 [51]. CPC have an average cost of $1800 per kilowatt thermal. Annual maintenance
cost is 5% of the installation cost [52]. Because air is the working fluid, handling is easy.

4. Performance of Conventional Vapor Compression Cooling System

The four components of the simple vapor compression cooling method are the com-
pressor, condenser, expansion device and the evaporator. Figure 5 gives a description of the
simple vapor compression refrigeration cycle. The principle of working of this method is
the cooling process that occurs due to evaporation of a low pressure liquid refrigerant. The
refrigerant that is compressed by the compressor passes through the condenser to reject its
heat and becomes subcooled liquid. This subcooled liquid refrigerant is then expanded
to lower pressures in the expansion device. Although hydro flouro-carbon refrigerants
like R-134a which have zero ozone depletion potential (ODP), they have considerably high
global warming potential (GWP) which makes them undesirable. Safer options like hydro-
fluoro-olefin (HFO), R744 (carbon dioxide), and environmentally safe nano-refrigerants can
be used due to their low ozone depletion potential and global warming potential [53]. A
typical refrigerant compressor uses 0.33 kW of electrical power for every kW of cooling
when the condenser is maintained at 26 ◦C, and this power consumption increases to
0.4 kW when the condenser temperature rises to 40 ◦C [54]. Hence, the ambient condition
that determines the condenser temperature has a key role in the power consumption by
this type of cooling system. The power consumption increases in summer conditions in an
annual cycle and during the mid-day in the daily cycle. ODP and GWP levels due to refrig-
erant usage and electrical power generation processes are detrimental to the environment.
The emission of carbon dioxide can vary from as low as 300 kg per ton of refrigeration to
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2500 kg per ton of refrigeration depending on the technology adopted in the compressor as
well as the operating conditions. The initial investment cost of vapor compression systems
is around $570 per kW [55].

Energies 2022, 15, x FOR PEER REVIEW  13 of 25 
 

The refrigerant  that  is compressed by  the compressor passes  through  the condenser  to 

reject its heat and becomes subcooled liquid. This subcooled liquid refrigerant is then ex‐

panded to lower pressures in the expansion device. Although hydro flouro‐carbon refrig‐

erants like R‐134a which have zero ozone depletion potential (ODP), they have consider‐

ably high global warming potential (GWP) which makes them undesirable. Safer options 

like hydro‐fluoro‐olefin  (HFO), R744  (carbon dioxide), and environmentally safe nano‐

refrigerants can be used due to their low ozone depletion potential and global warming 

potential [53]. A typical refrigerant compressor uses 0.33 kW of electrical power for every 

kW of cooling when the condenser is maintained at 26 °C, and this power consumption 

increases to 0.4 kW when the condenser temperature rises to 40 °C [54]. Hence, the ambi‐

ent condition that determines the condenser temperature has a key role in the power con‐

sumption by this type of cooling system. The power consumption increases in summer 

conditions in an annual cycle and during the mid‐day in the daily cycle. ODP and GWP 

levels due to refrigerant usage and electrical power generation processes are detrimental 

to the environment. The emission of carbon dioxide can vary from as low as 300 kg per 

ton  of  refrigeration  to  2500  kg  per  ton  of  refrigeration  depending  on  the  technology 

adopted in the compressor as well as the operating conditions. The initial investment cost 

of vapor compression systems is around $570 per kW [55]. 

 

Figure 5. Process diagram of simple vapor compression cooling system. 

Vapor compression refrigeration systems use grid power for driving the compressor, 

condenser fan and evaporator fan. Several technological developments have come up in 

order to reduce this power consumption. Variable speed drives are used to adjust com‐

pressor speed when the cooling load changes, thereby saving energy. Variable refrigerant 

machines use methods to control refrigerant flow to the evaporator coils as per the cooling 

demand in the room. This helps to save the energy used in the system. In the case of the 

latter, the quantity of refrigerant evaporated in the evaporator is controlled. The cooling 

energy required to manage a particular cooling load is calculated using the cooling degree 

days (DDC) for the location for the base temperature (Tb) and the building load coefficient 

(BLC). The cooling energy required and the cooling machine performance COP determine 

the cooling energy required by the machine. The actual grid energy used to meet this cool‐

ing load is then calculated after accounting for the efficiency of the drives. Emissions oc‐

curring due  to  the generation of  this grid power has been well documented  in several 

publications for fuels like natural gas as assumed in this study [56–59]. Actual emissions 

quantity  is determined  after  considering  the  transmission  efficiency  occurring during 

transportation of power as 85% and the losses occurring in the drives resulting in an effi‐

ciency of 80%. R‐134A is assumed as the refrigerant used in order to calculate the emis‐

sions in the cooling system with data taken from publications [60,61]. Vapor compression 

Figure 5. Process diagram of simple vapor compression cooling system.

Vapor compression refrigeration systems use grid power for driving the compressor,
condenser fan and evaporator fan. Several technological developments have come up in or-
der to reduce this power consumption. Variable speed drives are used to adjust compressor
speed when the cooling load changes, thereby saving energy. Variable refrigerant machines
use methods to control refrigerant flow to the evaporator coils as per the cooling demand
in the room. This helps to save the energy used in the system. In the case of the latter,
the quantity of refrigerant evaporated in the evaporator is controlled. The cooling energy
required to manage a particular cooling load is calculated using the cooling degree days
(DDC) for the location for the base temperature (Tb) and the building load coefficient (BLC).
The cooling energy required and the cooling machine performance COP determine the
cooling energy required by the machine. The actual grid energy used to meet this cooling
load is then calculated after accounting for the efficiency of the drives. Emissions occurring
due to the generation of this grid power has been well documented in several publications
for fuels like natural gas as assumed in this study [56–59]. Actual emissions quantity is
determined after considering the transmission efficiency occurring during transportation
of power as 85% and the losses occurring in the drives resulting in an efficiency of 80%.
R-134A is assumed as the refrigerant used in order to calculate the emissions in the cool-
ing system with data taken from publications [60,61]. Vapor compression systems have
developed well in terms of operational flexibility and ergonomics over several years of
development when compared with vapor absorption systems.

5. Calculation Procedure of Basic Attributes

The data in the basic attributes table are generated for three different climate zones
for cooling using the VAR cooling machines, single and double effect, with heat supply
from five different solar collector technologies as required by DEXi model. These data are
calculated using Equations (3)–(11) and for the conditions prevailing in the three climate
zones as in Table 4. Established data from the published literature are also used. Initially,
the average solar radiation data, average ambient temperature, collector heat removal
factor and overall loss coefficient are used to calculate the outlet temperature of solar
collector. The heat removal factor required for calculating the collector outlet temperature
was calculated for collector efficiency factor of 0.9. Water heating collectors, parabolic
trough collector and evacuated tube collector were assumed to have a liquid mass flow
rate of 0.01 kg/s and air heating collector working fluid mass flow rate is assumed as
0.001 kg/s. The specific heat values used were 4.18 kJ/kg·K for water and 1.005 kJ/kg·K
for air. The overall loss coefficient was taken as 15 W/m2·K for all the collectors except
for evacuated tube collector for which 3 W/m2·K was used [62]. The average intensity of
solar radiation and the ambient temperature are taken from Table 4. Because the outlet
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from the solar collector is connected to the generator, the generator temperature is equal to
the collector outlet temperature. The COP is calculated from ambient conditions (C112),
required cooling temperature or base temperature (C113) and generator temperatures
(C111) achievable by the respective collectors for the average solar radiation in the climate
zone using Equation (7). The COP calculated using the above temperatures is used to
determine the heat supply required at the generator or supplied by the solar collector outlet,
which is the attribute C131, using Equation (8). For this, the room cooling temperature
is taken as 278 K, and the ambient temperature and cooling load data are taken using
Table 4 data. The heat supply required is used to calculate the collector area (C211) using
Equation (9). Cost (C311 to C331) and emissions (C5111 to C533) calculations use data
existing in the published literature. The land requirement for a solar thermal installation
includes the actual collector area plus the area required for the associated equipment like
fluid machinery, controls, storage and space for access. Collector area required for a specific
type of collector for the required power output was calculated from Equation (9). Average
land cost in the selected location was taken after using a multiplication factor of 1.5 for
accommodating accessibility space and associated equipment in order to calculate the land
cost [63–65]. The land costs used in the calculation are 1240 $/m2 for Niger, 1047 $/m2 for
Riyadh and 1428 $/m2 for Beijing at current price levels. Net present value is determined
by summing up the cooling machine installation cost, solar thermal collector cost, land
cost and present value of maintenance cost for a 15 year operating period. Tables 5 and 6
give these values for the three different climatic zones. The tables give the basic attributes
for subtropical steppe climate zone (Niger, Bsh) for single effect VAR cooling machines
with five different solar collector technologies. The first column gives the description for
the attribute. The second to sixth column gives the attribute values for the different types
of solar collectors used. Table 6 gives similar values of attributes values for double effect
VAR cooling machines for the three climate zones as described above. It can be seen from
the table that the generator temperature (C111) is maximum with PTC collectors for single
effect machines in the case of Bsh climate zone. Correspondingly, the heat required at the
generator (C131) is minimal in this case due to high COP. Table 7 gives the attribute values
for VCR technology for the three climate zones. The boxes irrelevant to VCR system or
with negligible data are made zero.

Table 5. Basic attribute values for Niger (Bsh), Riyadh (BWh) and Beijing (DWA) climate zone for
single effect systems.

SWHSE SAHSE ETCSE PTCSE CPCSE

Ci Bsh BWh DWa Bsh BWh DWa Bsh BWh DWa Bsh BWh DWa Bsh BWh DWa

C111 327.83 334.67 358 378.65 356.04 332.09 342.7 367.84 398.44 369.04 307.8 317.93 340.10 359.71 338.23

C112 305 308 320 329 318 308 312 324 338 325 290 293 304 313 302

C113 278 278 278 278 278 278 278 278 278 278 278 278 278 278 278

C121 305 308 320 329 318 308 312 324 338 325 290 293 304 313 302

C131 5.17 4.43 4.31 3.98 4.08 5.98 5.12 4.98 4.6 4.72 3.36 2.88 2.8 2.59 2.65

C132 7.6 7.675 7.89 7.81 7.34 7.8 7.90 8.1 8.13 7.5 7.26 7.67 7.89 7.81 7.34

C133 1.68 0.86 0.52 0.27 0.84 2.77 1.81 1.47 1.05 1.81 1.31 0.42 0.12 0.01 0.52

C211 22.55 24.92 20.78 24.24 22.1 28.19 38.68 25.66 28.91 25.82 14.65 25.94 13.50 15.75 14.36

C212 0.23 0.19 0.19 0.17 0.18 0.26 0.22 0.21 0.202 0.208 0.148 0.127 0.123 0.114 0.117

C221 0.121 0.14 0.115 0.118 0.115 0.121 0.14 0.115 0.12 0.11 0 0.14 0 0 0

C222 8.02 6.87 6.68 6.17 6.33 9.27 7.94 7.72 7.13 7.32 0 0 0 0 0

C311 2991.4 3150 2991.45 2905.9 2905.9 2991.45 3150 2991.45 2905.98 2905.98 3150.21 2991.45 2905.98 2905.98 3500.15

C312 4510 4790.4 8400.80 6762.9 3094 5638 5841.6 7661.5 8065.9 3614.8 2931.5 3113.76 4560.55 4395.92 2011.1

C313 42,226 39,341 44,782 45,303 34,897 60,759 53,624 40,528 62,214 48,283 23,175 55,762 25,276 24,864 30,937

C321 225.5 239.52 320.04 338.14 154.7 281.9 292.08 383.07 403.29 180.74 158 169 145 167 153
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Table 5. Cont.

SWHSE SAHSE ETCSE PTCSE CPCSE

Ci Bsh BWh DWa Bsh BWh DWa Bsh BWh DWa Bsh BWh DWa Bsh BWh DWa

C331 23,550 40,920 21,780 25,240 23,100 40,873 40,745 61,703 71,668 45,068 43,247 41,687 68,571 37,442 34,933

C411 1 1 1 1 1 0 1 1 1 1 0.5 0.5 0.5 0.5 0.5

C421 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 7.268 7.675 7.896 7.814 7.346

C5111 676.5 718.5 935.1 872.6 729.3 1626.6 845.7 876.24 1154.7 1040.7 236.775 0 0 0 0

C5112 0.02 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.03 0.02 0.04 0 0 0 0

C5121 0.216 0.134 0.575 0.239 0.256 0.251 0.271 0.162 0.701 0.296 0.041 0 0 0 0

C5122 0.441 0.244 1.078 0.449 0.48 0.5 0.55 0.304 1.314 0.554 0.086 0 0 0 0

C5211 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

C5212 0 0 0 0 0 0.02 0.055 0.095 0.05 0.056 0 0 0 0 0

C5213 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

C5221 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

C5222 0 0 0 0 0 0 0 0 0 0 0.015 0.027 0.014 0.017 0.015

C531 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

C532 0 0 1300 0 0 0 0 0 1300 0 0 0 0 0 0

C533 6 6 6 6 6 6 6 6 6 6 0 0 0 0 0

Table 6. Basic attribute values for Niger (Bsh), Riyadh (BWh) and Beijing (DWA) climate zone for
double effect systems.

SWHDE SAHDE ETCDE PTCDE CPCDE

Ci Bsh BWh DWa Bsh BWh DWa Bsh BWh DWa Bsh BWh DWa Bsh BWh DWa

C111 344.72 352.24 352.21 378.65 376.44 353.38 368.52 384.64 398.44 391.8 387.484 334.62 353.59 359.71 357.61

C112 305 310 315 316 318 307 312 318 322 320 290 294 299 300 302

C113 278 278 278 278 278 278 278 278 278 278 278 278 278 278 278

C121 305 310 315 316 318 307 312 318 322 320 289 294 299 300 302

C131 3.65 3.45 2.82 2.39 2.59 4.22 3.99 3.26 2.76 2.99 2.37 2.24 1.83 1.55 1.68

C132 7.289 7.725 7.723 7.624 7.648 7.368 7.927 7.951 7.797 7.752 7.289 7.725 7.723 7.624 7.648

C133 0.97 0.33 0.30 0.63 0.46 1.94 1.15 0.40 0.05 0.32 0.80 0.23 0.23 0.04 0.15

C211 31.45 32.46 24.6 23.42 25.14 37.00 39.11 30.00 28.91 31.42 20.44 21.099 15.99 15.22 16.34

C212 0.16 0.15 0.12 0.10 0.11 0.19 0.17 0.14 0.12 0.13 0.10 0.10 0.08 0.07 0.07

C221 0.118 0.118 0.115 0.112 0.113 0.118 0.136 0.133 0.129 0.131 0 0.046 0.045 0.044 0.044

C222 5.66 5.35 4.37 3.7 4.01 6.54 6.18 5.06 4.28 4.63 0 0 0 0 0

C311 3500 3600 3500 3500 3500 3500 3600 3500 3500 3500 3600 3500 3500 3500 3500

C312 6290.00 3895.20 2658.8 6534.18 3519.60 7400.0 4693.2 32,340 8065.89 4398.80 4088.5 2531.88 17,237.22 4247.217 2287.74

C313 38,000 40,110 31,000 29,910 30,420 38,000 40,110 31,000 29,910 30,420 20,442 26,594 86,186 21,236 23,872

C321 314.5 194.7 1325.94 326.70 175.98 370 234.66 1617 403.29 219.94 214 220 169 162 173

C331 32,450 33,460 25,600 24,420 26,140 52,740 50,839 83,624 45,662 42,602 47,572 45,857 75,429 41,187 38,427

C411 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 0.5 0.5 0.5 0.5 0.5

C421 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 7.289 7.725 7.723 7.624 7.648

C5111 943.5 584.2 1107 843.1 829.6 1110 703.98 1350 1040.76 1036.86 0 0 0 0 0

C5112 0.022 0.013 0.025 0.019 0.019 0.026 0.016 0.031 0.024 0.024 0 0 0 0 0

C5121 0.212 0.181 0.467 0.283 0.247 0.248 0.213 0.563 0.346 0.305 0 0 0 0 0

C5122 0.398 0.34 0.876 0.531 0.464 0.465 0.4 1.056 0.648 0.572 0 0 0 0 0

C5211 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Table 6. Cont.

SWHDE SAHDE ETCDE PTCDE CPCDE

Ci Bsh BWh DWa Bsh BWh DWa Bsh BWh DWa Bsh BWh DWa Bsh BWh DWa

C5212 0 0 0 0 0 0.072 0.076 0.059 0.056 0.061 0 0 0 0 0

C5213 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

C5221 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

C5222 0 0 0 0 0 0 0 0 0 0 0.021 0.022 0.017 0.016 0.017

C531 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

C532 0 0 1300 0 0 0 0 1300 0 0 0 0 0 0 0

C533 12 12 12 12 12 12 12 12 12 12 0 0 0 0 0

Table 7. Basic attribute values for Niger (Bsh), Riyadh (BWh) and Beijing (DWA) climate zone for
VCR technology.

Attribute Niger (Bsh) Riyadh (BWh) Beijing (DWA)

C111 0 0 0

C112 323 303 298

C113 278 278 278

C121 0 0 303

C131 0 0 0

C132 7.5 7.5 6

C133 0 0 0

C211 0 0 0

C212 0 0 0

C221 0.5 0.5 0

C222 0 0 0

C311 1585 1995 2453

C312 0 0 0

C313 1000 1200 704

C321 858.4 1150 820

C331 11,479.9 13,776 11,296

C411 0 0 0

C421 0.5 1 6

C5111 3636.6 4364 1044

C5112 0.6 1 0

C5121 0.75 1 0

C5122 0.15 0 0

C5211 5.55 7 1

C5212 10.2 12 0

C5213 11.4 14 0

C5221 409.65 492 99

C5222 27.31 33 3

C531 1 × 10−5 0 9

C532 1300 1560 336

C533 14.25 17 22
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6. Results and Discussion

The relative ranking of the basic attributes is done based on the rules given in Table 2
and tabulated in Tables 8 and 9. Table 8 gives the ranks for single effect VAR systems for
the three climate zones, and Table 9 gives the ranks for the double effect. It is observed
that minimum generator temperature is produced by SWH collector and the generator
heat requirement is maximum for the same cooling effect for the Bsh climate zone. The
same trend is observed for double effect machines as well, as seen in Table 6. Comparison
of the generator temperature produced by PTC collectors for the three climate zones as
in Tables 5 and 6 shows that the generator temperature produced is maximum in the case
of dry arid (BWh) due to higher values of solar radiation intensity. Area and volume
requirement attributes (C21 and C22) depend on the climate zone as well as the type of
machine used for cooling. Solar collector area (C211) is maximum in the case of air heating
collectors and minimum in the case of parabolic trough collectors. These values are lower
in the case of double effect machines due to their higher COP and lower heat supply
requirements. The collector area also shows a maximum requirement for an arid climate
(BWh) and a minimum requirement for the temperate climate zone (Dwa). Similar trends
were obtained for generator heat exchange area and machinery volume.

Table 8. Ranking of basic attributes for Niger (Bsh), Riyadh (BWh) and Beijing (DWA) climate zone
for single effect systems.

Attribute SWHSE SAHSE ETCSE PTCSE CPCSE

Ci Bsh BWh DWa Bsh BWh DWa Bsh BWh DWa Bsh BWh DWa Bsh BWh DWa

C111 VGD VGD VGD GDD GDD VGD UNC UNC UNC UNC UNC UNC UNC UNC UNC

C112 VGD GDD GDD GDD ACC GDD UNC UNC UNC UNC UNC UNC UNC UNC UNC

C113 VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD

C121 VGD GDD GDD ACC ACC GDD UNC UNC UNC UNC UNC UNC UNC UNC UNC

C131 UNC UNC UNC UNC UNC UNC UNC UNC UNC UNC UNC UNC UNC UNC UNC

C132 GDD UNC UNC ACC UNC UNC UNC UNC UNC UNC UNC UNC VGD GDD GDD

C133 UNC UNC UNC UNC UNC UNC ACC UNC UNC VGD UNC UNC UNC UNC UNC

C211 GDD ACC ACC UNC UNC ACC VGD VGD VGD UNC UNC UNC GDD GDD GDD

C212 UNC UNC UNC UNC UNC UNC UNC UNC UNC ACC UNC UNC ACC UNC UNC

C221 UNC ACC ACC GDD UNC ACC GDD VGD VGD ACC GDD GDD VGDD VGD VGD

C222 UNC UNC UNC UNC UNC UNC UNC UNC UNC UNC UNC UNC UNC UNC UNC

C311 ACC GDD GDD UNC ACC GDD GDD GDD GDD GDD VGD VGD UNC VGD VGD

C312 ACC UNC UNC UNC UNC UNC UNC UNC UNC UNC UNC UNC VGD VGD VGD

C313 UNC UNC UNC ACC UNC UNC UNC UNC UNC UNC UNC UNC VGD VGD VGD

C321 ACC ACC ACC UNC UNC ACC VGD VGD VGD UNC UNC UNC GDD GDD GDD

C331 GDD GDD GDD UNC UNC GDD UNC UNC UNC ACC ACC ACC VGD VGD VGD

C411 VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD

C421 VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD

C5111 GDD GDD GDD UNC UNC GDD UNC UNC UNC UNC UNC UNC ACC ACC ACC

C5112 ACC ACC ACC GDD GDD ACC UNC UNC UNC UNC UNC UNC GDD GDD GDD

C5121 ACC ACC ACC VGD VGD ACC UNC UNC UNC UNC UNC UNC UNC UNC UNC

C5122 UNC UNC UNC VGD VGD UNC UNC UNC UNC UNC UNC UNC UNC UNC UNC

C5211 VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD
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Table 8. Cont.

Attribute SWHSE SAHSE ETCSE PTCSE CPCSE

Ci Bsh BWh DWa Bsh BWh DWa Bsh BWh DWa Bsh BWh DWa Bsh BWh DWa

C5212 GDD GDD GDD UNC UNC GDD VGD VGD VGD UNC UNC UNC VGD VGD VGD

C5213 VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD

C5221 VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD

C5222 VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD

C531 VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD

C532 VGD VGD VGD VGD VGD VGD GDD GDD GDD VGD VGD VGD VGD VGD VGD

C533 VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD

Table 9. Ranking of basic attributes for Niger (Bsh), Riyadh (BWh) and Beijing (DWA) climate zone
for double effect systems.

Attribute SWHDE SAHDE ETCDE PTCDE CPCDE

Ci Bsh BWh DWa Bsh BWh DWa Bsh BWh DWa Bsh BWh DWa Bsh BWh DWa

C111 ACC ACC ACC UNC UNC UNC UNC UNC UNC UNC UNC UNC UNC UNC UNC

C112 GDD VGD VGD ACC ACC ACC ACC UNC UNC UNC UNC UNC UNC UNC UNC

C113 VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD

C121 GDD VGD VGD ACC ACC ACC UNC UNC UNC UNC UNC UNC UNC GDD GDD

C131 ACC UNC UNC GDD UNC UNC GDD ACC ACC VGD VGD VGD VGD GDD GDD

C132 VGD VGD VGD ACC UNC UNC ACC UNC UNC GDD UNC UNC UNC ACC ACC

C133 UNC UNC UNC GDD UNC UNC GDD ACC ACC UNC VGD VGD ACC GDD GDD

C211 UNC UNC UNC ACC UNC UNC UNC UNC UNC ACC UNC UNC UNC UNC UNC

C212 ACC UNC UNC GDD UNC UNC GDD ACC ACC VGD GDD GDD VGD VGD VGD

C221 UNC GDD GDD UNC UNC UNC GDD UNC UNC VGD UNC UNC GDD VGD VGD

C222 ACC UNC UNC ACC UNC UNC GDD ACC ACC VGD VGD VGD GDD GDD GDD

C311 UNC UNC UNC ACC UNC UNC UNC UNC UNC UNC UNC UNC UNC VGD VGD

C312 UNC UNC UNC GDD ACC ACC UNC UNC UNC UNC UNC UNC GDD GDD GDD

C313 UNC UNC UNC GDD ACC ACC UNC UNC UNC UNC UNC UNC GDD GDD GDD

C321 UNC UNC UNC ACC UNC UNC UNC UNC UNC UNC UNC UNC UNC UNC UNC

C331 UNC UNC UNC UNC UNC UNC UNC UNC UNC UNC UNC UNC UNC UNC UNC

C411 GDD GDD GDD GDD GDD GDD GDD GDD GDD GDD GDD GDD GDD GDD GDD

C421 VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD

C5111 UNC UNC UNC VGD VGD VGD UNC UNC UNC UNC UNC UNC VGD VGD VGD

C5112 UNC UNC UNC VGD VGD VGD UNC UNC UNC UNC UNC UNC UNC UNC UNC

C5121 UNC UNC UNC GDD GDD GDD UNC UNC UNC UNC UNC UNC UNC UNC UNC

C5122 ACC ACC ACC GDD GDD GDD UNC UNC UNC UNC UNC UNC UNC UNC UNC

C5211 VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD

C5212 UNC UNC UNC VGD VGD VGD UNC UNC UNC ACC ACC ACC UNC UNC UNC

C5213 VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD

C5221 VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD
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Table 9. Cont.

Attribute SWHDE SAHDE ETCDE PTCDE CPCDE

Ci Bsh BWh DWa Bsh BWh DWa Bsh BWh DWa Bsh BWh DWa Bsh BWh DWa

C5222 VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD

C531 VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD VGD

C532 VGD VGD VGD VGD VGD VGD GDD GDD GDD VGD VGD VGD VGD VGD VGD

C533 ACC ACC ACC UNC UNC UNC UNC UNC UNC UNC UNC UNC UNC UNC UNC

The rules given in Table 2 depending on the minimization or maximization of the
basic attributes are used to rank a particular attribute as Unacceptable (UNC), Acceptable
(ACC), Good (GDD) and Very good (VGD). Unfavorable options will have opposite ranks
for minimization compared to favorable options requiring maximization as given in Table 2.
The rankings for the three different climate zones are given in Tables 8 and 9.

An overall ranking of the best technology options for three climate zones for the five
different solar collectors for single effect and double effect VAR cooling machines is given
in Figures 6–8. SWH collectors have the best rank in the case of Bsh climate zones for
single effect cooling machines, and compound parabolic collectors have the best rank for
the same climate and for double effect cooling machines as shown in Figure 6a,b. This
is explained by the lower generator temperature requirement in the case of single effect
machines compared to double effect machines. Compound parabolic air heating collectors
have the third rank among single effect machines. Other solar thermal collectors are poorly
ranked due to lower temperature output as well as reasons like higher area requirements
and cost.
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Figure 6. (a) Overall Ranking for Bsh climate zone SE, (b) Overall Ranking for Bsh climate zone DE.

BWh climate zone has high cooling load requirement, and hence, the associated values
of cost and area are much higher, as shown in Figure 7a,b. Moreover, because the solar
radiation intensity in this zone is higher, the thermal performance of the collectors is better
in this zone. Hence, it is seen that ordinary SWH collectors are able to give best performance
in this zone. This is followed by compound parabolic air heating type collectors due to
their lower cost and auxiliary power requirements. In the case of double effect machines in
the BWh zones, higher generator temperature requirement results in poorer ranking of the
water heating collector and best ranking for the air heating collector.

In the case of Dwa weather zone, the cooling load requirement is much lower than the
previous two zones, and the intensity of solar radiation received is much lesser throughout
the year. Due to higher outlet temperatures of solar air heating compared to SWH, ordi-
nary solar air heaters without concentration are able to meet the temperature and energy
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requirements for cooling in this zone, as in Figure 8a. The lower cost of these systems also
work favorable to this concept. However, in the case of double effect cooling machines in
Figure 8b, the required temperature can be met only by concentrating type solar air heaters.
This is due to lower average solar radiation in this climate zone.
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Figure 7. (a) Overall Ranking for BWh weather scenario SE, (b) Overall Ranking for BWh weather
scenario DE.
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Figure 8. (a) Overall Ranking for Dwa weather scenario SE, (b) Overall Ranking for Dwa weather
scenario DE.

Comparison of the major dependent attributes for the best solar collector option for
single effect and double effect cooling systems with the VCR systems is done in Figures 9–11.
It can be seen from Figure 9 that fixed costs of VCR systems are much less compared to the
solar operated VAR technology. This is because of the high cost of the cooling machine as
well as the additional cost of the solar thermal collector and associated land cost. The ideal
COP of vapor compression systems which are calculated from evaporator and condenser
temperature are much higher than that of VAR systems. This due to the higher grade of
energy input in VCR in the form of electricity and lower grade energy input in VAR systems
in the form of heat. The losses incurred in electricity production are not accounted for in
this case. The electrical power consumed for the three cases is also compared. Electrical
power consumed for VCR systems is much more than that of VAR systems. The power
required for VCR is for compressor operation, and it is for operating fans, blowers or pumps
in the case of VAR, and it is very low order of magnitude. Maintenance costs are higher
for solar operated VAR technologies need cleaning activity due to dust accumulation on
the collectors. Maintenance cost for VAR technology is high compared to VCR systems.
Total present value that considers the present value of maintenance costs and the fixed
costs gives the overall picture. Solar VAR options need to be improved further for cost
reduction in order to compete with existing VCR cooling systems. Larger capacity of VAR
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systems can help to reduce this difference. Moreover, the CPCDE technology has a lesser
cost advantage compared to SWHSE technology in the case of Bsh and BWh climate zones
but better cost advantage in Dwa climate zone. This is because of the fact that the solar
radiation intensity is lesser in Dwa locations requiring concentration of solar radiation.
Low temperature solar collectors are able to perform better in the case of Bsh and BWh
locations. Primary emissions are always high in the case of VCR cooling systems due to the
effect of fossil fuel power generation systems by which these cooling systems are operated.
Moreover, primary emissions from CPCSE systems and secondary emissions also show the
same trend.
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Figure 9. Comparison of performance of the best ranking single effect solar method (SWHSE), double
effect solar method (CPCDE) and vapor compression method(VCR) for Niger (Bsh).

Energies 2022, 15, x FOR PEER REVIEW  21 of 25 
 

 

Figure 9. Comparison of performance of the best ranking single effect solar method (SWHSE), dou‐

ble effect solar method (CPCDE) and vapor compression method(VCR) for Niger (Bsh). 

 

Figure 10. Comparison of performance of the best ranking single effect solar method (SWHSE), dou‐

ble effect solar method (CPCDE) and vapor compression method(VCR) for Riyadh (BWh). 

71

51,672

1400

54,013

677

15

1.07

52,174

1200

54,097

1108

82.25

6.17

2585

850

3435

3638

858

Ideal COP

Fixed Cost,$

Maintenance cost, $(15 year)

Total Present value of
costs,$

Primary emissions, kg (15
years)

Electrical power,kW

VCR CPCDE SWHSE

0.6

48,098

2486

50,584

677

30

1.2

33,064

1843

51,494

1108

82.25

6.7

1995

850

2845

4362

982

Ideal COP

Fixed Cost,$

Maintenance cost, $(15 year)

Total Present value of costs,$

Primary emissions, kg (15 years)

Electrical power,kW

VCR CPCDE SWHSE
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double effect solar method (CPCDE) and vapor compression method(VCR) for Riyadh (BWh).
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Figure 11. Comparison of performance of the best ranking single effect solar method (SWHSE),
double effect solar method (CPCDE) and vapor compression method (VCR) for Beijing (Dwa).

7. Conclusions

A Multi-Attribute Decision-Making (MADM) process is used make a comparison of
five different solar thermal collection systems for operating a VAR cooling system to meet
the cooling requirements for human comfort under three different climate zones. Both single
effect VAR technology and double effect cooling technology are compared. The MADM
program DEXi is used in which the different attributes required for comparison of the
different methods are provided. The attributes are basically grouped as main, dependent
and basic attributes. The basic attributes are calculated from existing thermodynamic
equations as well as published data from the literature. The basic attributes are related to
the dependent attributes and further to the main attributes through utility functions which
define the relationship between each level. Moreover, the main attributes are divided into
major and minor depending on their relative importance.

The values calculated for each of the basic attributes are tabulated for the three climate
zones, namely the subtropical steppe climate zone in Niger (Bsh), dry hot arid desert
climate in Riyadh (BWh) and hot summer continental climate in Beijing (Dwa). Single
effect and double effect VAR cooling machines are listed separately. The ranking values for
the basic attributes are then given based on their relative values as well as minimization
or maximization requirements. The overall ranking of the technologies is done by a scale
from 1 to 5.

Under the subtropical steppe climate zone in which the maximum cooling capacity
requirement is 2.78 kW for a building with load coefficient of 1000 W/m2h, SWH col-
lectors was best performer for single effect VAR cooling systems and air heaters with
compound parabolic concentrators performed best for double effect systems. Air heaters
with compound parabolic concentrator is as an energy efficient as well as low cost option
for operating double effect VAR technology. In the decision-making process, the cost factor
plays an important role in the ranking. This is because cost is a major attribute which was
given higher weight. Land cost required for the solar collectors was main reason for cost
escalation. Moreover, the installation costs for solar water heating collectors and solar air
heating collectors are much less compared to parabolic trough collectors and evacuated
tube collectors. Similarly, under a hot arid desert climate with a maximum cooling capacity
of 3.5 kW, the results were the same. In the case of hot summer continental climate, the
maximum cooling capacity requirement is 2.31 kW, and the best performance by solar



Energies 2022, 15, 1882 23 of 25

air heaters without concentrators for single effect and solar air heaters with compound
parabolic concentrator for double effect.

Comparison of the performance of solar thermal powered VAR technology and vapor
compression technology in terms of their major attributes shows that the latter is a superior
option in terms of fixed cost and the former is better in terms of electrical energy consump-
tion and emissions. Overall net present value is in favor of vapor compression systems
with values of $3435 for Niger (Bsh) climate condition, $2845 for Riyadh (BWh) and $3273
for Beijing (DWa) calculated for a 15 year operating period. This is approximately 5 to 6% of
the cost of vapor absorption systems with solar thermal collectors. Both primary emissions
and secondary emissions showed better performance of solar thermal VAR technologies.

The results show that the solar VAR cooling technologies have to undergo more cost
reductions primarily in terms of fixed cost of machinery in order to show better performance
compared to vapor compression systems. The question of viability of solar VAR technology
for very large cooling capacities requires attention for future studies.
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