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A B S T R A C T

Energy storage has become an important part in renewable energy technology systems. Solar thermal systems,
unlike photovoltaic systems with striving efficiencies, are industrially matured, and utilize major part of sun's
thermal energy during the day. Yet, it does not have enough (thermal) backup to keep operating during the low
or no solar radiation hours. New materials are selected, characterized, and enhanced in their thermo-physical
properties to serve the purpose of a 24 h operation in an efficient thermal energy storage system (TESS). Solar
absorption refrigeration system requires a continuous operation in many of its applications (food storage, space
cooling etc), which in turn requires an efficient TES system utilizing material with high heat of fusion, eg. phase
change materials (PCMs). This review is a comprehensive evaluation of suitable PCM selection, methodologies
of integration, enhancements and challenges for operating temperatures of each component in a single-effect
solar absorption system affecting its performance. Observations and lessons from previous studies are discussed
in detail. Recommendations based on investigation results, advantages and drawback of PCMs, PCM
enhancement options, energy, exergy and cost analysis are made for the future research direction.

1. Introduction

Increasing global population demanding for a better life has given
rise to numerous inventions for comfort livings. As a result, problems
like global warming and greenhouse effect contributed to imbalance the
nature. Therefore, we realized how to make use of nature without
exploiting it. Renewable energies like solar radiation, ocean waves,
wind, hydel, biogas etc. has been playing a major role in reforming
the natural balance and providing the needs of growing population
demand [1].

Although renewable energy technologies contribute to about 1% of
world energy supply, numerous efforts are being made to shift the
paradigm of power source from fossil fuel to environment-friendly
alternatives [2]. Parabolic trough and concentrated solar collectors are
renewable based technologies integrated with power generation sys-
tem. Direct steam generation is one such area which has been explored
by researchers extensively [3]. Similarly, photovoltaic, wind and solar-
MED technologies are mostly integrated in water desalination industry
[4]. Although photovoltaic technology is continuously pushing its limits

[5], further improvements are needed for its better performance.
One of the applications which became a necessity rather than a

luxury is air-conditioning and refrigeration systems, as predicted and
explored by Tabor [6] in 1962. Since then, numerous attempts [7–13]
were made to develop new technologies and optimize them for better
living. This review analyses suitable usage of PCM technology in
absorption cooling system. Grossman [14] compared different trends
in studying closed and open cycle solar air conditioning and dehumi-
dification systems. He concluded that absorption cycles are more
promising over heat-powered cycles. He also mentioned that higher
COPs can be achieved with double-effect LiBr-water absorption chillers
whereas quality air-conditioning with independent temperature and
humidity control can be achieved by open cycle systems. Balaras et al.
[15] surveyed and analyzed over 50 solar powered cooling projects in
Europe to evaluate the future needs of solar cooling technology. They
found that solar assisted cooling systems can save 40–50% primary
energy with 0.07€/kW. Lamp and Ziegler [12] studied the research
trends leading to innovations in solar assisted air cooling. Their study
revealed that research was focused towards cheaper collectors with
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higher output temperatures, and efficient chillers to work at low-grade
heat. They mentioned that intermittent solar radiation is one of the
major constraints solar powered cooling systems. The use of thermal
storage, although initially, couldn’t provide effective backup, but helped
the system to thermally stabilize. Consequently, thermal storage made
its place in solar assisted thermal systems [16]. Since then, studying
thermal energy storage technologies, usability and affect of both
sensible and latent heat storage (PCM) in numerous applications
increased, leading to a number of reviews [17–23]. These reviews
focused only on one side (cold or hot) or component of the system or
integral mechanism in it. Moreover, the studies could only cover one
temperature range in either hot or cold side, irrespective to the systems
requiring various temperature ranges (cooling and refrigeration). For
example, Pintaldi et al. [24] reviewed thermal energy storage technol-
ogies and control approaches for solar cooling system. They mainly
focused on types of thermal storages used in solar cooling applications,
with emphasis on higher temperatures ( > 100 °C). Tian and Zhao [25]
compiled various types of research in solar collectors and thermal
energy storages used for solar thermal applications. Joybari et al. [26]
compiled a review on PCM for cold storage for the application of
domestic refrigeration i.e., evaporator side only. Orό et al. [27] also
compiled a review of PCM for cold storage covering all types and
applications used till 2011. Their study covered ice-storage and air-
conditioning separately. However, there are complete absences of
reviews on topics like: the affect of PCM at condenser; and PCM in
solar cold storage. Various designs, methodologies, and enhancements
have been conducted that were never compiled to understand how
solar absorption system performance can be enhanced. Likewise, there
are other reviews [28–35] briefly mentioning classifications of PCM,
suitable applications, integration and related generalized issues sepa-
rately, but none focused with respect to a specific application. The
present study focuses on how and what PCMs can be used at each
component of a solar powered absorption refrigeration system operat-
ing a various temperature ranges throughout the cycle. The present
review is intended to bring forth a detailed evaluation of selection
criteria, methods of integration, enhancement techniques, challenges
and solutions of using PCM in various components (with various
operating temperatures) in a solar absorption system. The review
congregates the investigations performed in the temperature range of
−15–150 °C with PCM throughout various cooling and heating appli-
cations, and then classifying their applicability with respect the system
in focus and present the effect on performance. The review is expected
to provide selection preferences, basis of approach, and a scholarly
guide in using PCM to its fullest advantage in enhancing the perfor-
mance of the systems, specifically, aqua-ammonia (NH3-H2O) and
lithium bromide-water (LiBr-H2O) absorption systems.

In order to apply suitable PCM between different elements of a
refrigeration cycle, a brief of absorption cycles and different approaches
are presented in the next section.

Refrigeration through solar power can be obtained electrically or
thermally. Thermal approach can either be thermo-mechanical or
sorption. Adsorption, absorption, chemical adsorption and desiccant
cooling are various types of sorption cooling techniques. Other
methods like Electro-Chemical and Ejector Refrigeration are also under
this category [36]. An illustration of the classification for electrical and
thermal methods can be seen in Fig. 1. All approaches reject heat in
more than one stage of operation, which affects the COP of the system.
COP as a function of heat rejection temperature for different systems
can be seen in Fig. 2. which illustrates various opportunities for
rejected heat management using PCM and further work needed in this
avenue.

2. Absorption systems

Although there are numerous absorption refrigeration cycles (like
half, single or multi-effect absorption systems; absorption heat trans-

former, absorption refrigeration cycle with GAX or absorber-heat-
recovery, sorption-resorption cycle; diffusion, self-circulation, osmotic
membrane, combined ejector and combined vapor absorption sys-
tems), only a few are studied extensively due to their promising
outcomes [37]. Ullah et al. [38] compiled various solar thermal
refrigeration systems with emphasis on absorption and adsorption
refrigeration systems. The current study focuses on aqua-ammonia and
LiBr-water absorption systems (operating temperatures) due to plenti-
ful investigations and diversified techniques used.

In recent years, the most researched cooling system is the single
effect (solar) absorption refrigeration system due to higher energy
efficiency and economic feasibility [39,40]. This system, unlike a
compressor in vapor compression cycle, uses a generator and an
absorber to produce the cooling effect [41]. The generator is heated
by an external source, i.e., either by solar collector circuit or an
auxiliary heating unit, to heat the low pressure strong solution of the
refrigerant from absorber and turn it into pure vapor at high pressure
for the condenser [42]. This process of generating pressurized refrig-
erant by absorption consumes far less or no electrical energy than the
conventional vapor compression method [16]. There are two most
widely used absorption refrigeration cycles; continuous operation and
intermittent operation. These cycles are explained in the following
section:

2.1. Continuous operation system

It is a system where the generation and absorption takes place
simultaneously, with a system operation cycle time of less than a day (
< 24 h). An electrical pump circulates the solution in the system. The
system components are generator, condenser, evaporator, expansion
valves, solution pump and the absorber as shown in Fig. 3(a).

As shown in Fig. 3(a), the generator (GEN) is heated through solar
collectors subjected to varying solar radiation levels. Constant heat
supply can only be maintained by either running an auxiliary heating
unit or through thermal storage system. The heat then flows through
the dephlegmator (DEPH) where the water is condensed from the weak
solution vapor and goes back to the generator. The condensation
process here needs a lower temperature water vapor to exchange heat.
This vapor is taken from the strong solution coming from the absorber.
Condenser (COND) rejects heat to the atmosphere cooling the refrig-
erant at high pressure. The refrigerant then enter the evaporator
(EVAP) through the expansion valves. The heat is absorbed from the
load and the refrigerant continues towards the absorber (ABS) through
a refrigerant pre-cooler (RPC) located ahead of the expansion valves.

Although the first developed solar absorption system by Worsøe-
Schmidt [44] was based on solid-absorption (CaCl2/NH3) cycle, later,
the two most studied solar absorption refrigeration systems were based
on liquid cycle; aqua-ammonia (NH3-H2O) and LiBr-water absorption
systems, where the latter is used for air-conditioning buildings and the
former is used for refrigeration purpose with subzero operating
temperatures.

In aqua-ammonia absorption systems, water acts as an absorbent
and pure ammonia as a refrigerant, whereas in LiBr-water absorption
system, water acts as a refrigerant and lithium as the absorbent.
Nonetheless, in both cases of continuous operation cycles, the operat-
ing temperatures differ with a value suitable for the required applica-
tion. Similarly, different temperature ranges are required from various
solar thermal heat input technologies for single, double and triple-
effect systems and accordingly higher COPs and evaporator tempera-
tures are obtained [14].

Brendel et al. [45] used flat plate heat exchangers to develop a
10 kW aqua ammonia absorption system with a COP of 0.58–0.74.
Later in 2012, Lostec et al. [46] developed a similar 10 kW system
operating at COP of 0.6 at much lower generator temperatures.
Consequently, their evaporator temperature was higher than that of
Brendel et al. [45] and couldn’t go lower due to design constraints. Li
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et al. [47] experimentally studied the performance of a 4.7 kW LiBr-
H2O absorption chiller with a specially designed hot water storage tank
giving 15% higher COP. Syed et al. [48] also used a 2 m3 hot water
storage tank for their 35 kW single effect LiBr-H2O absorption chiller.
They reported a daily average solar cooling ratio (cooling produced
divided by incident solar energy) of 11%. A similar 35 kW single effect
LiBr-H2O absorption chiller was designed and installed by
Pongtornkulpanich et al. [49]. They oversized the chiller to analyze
the possible extent to replace conventional energy sources by evacuated
tube collectors. They reported that annually 81% of thermal energy can
be obtained through solar collectors, and the remaining 19% was
supplied by LPG-fired backup heating unit. Asdrubali and Grignaffini
[50] experimentally simulated single stage LiBr-H2O absorption plant

with input generator temperatures as low as 65–70 °C suggesting it an
optimum choice for future commercialization. Another 4.5 kW LiBr-
H2O absorption chiller was designed by Agyenim et al. [51] at an
average COP of 0.58 with a cold storage of 1000 ltr for chilled water at
almost 7 °C. They made a critical analysis on each component of the
system with daily measurements of thermodynamic properties and
suggested to use 60–90 ltr of cold storage per square meter of vacuum
tube collectors, or 80–150 ltr of for every kW chiller capacity to
produce chilled water. Recently, He [52] modified the system with
additional thermal storage unit with PCM (Erythritol) to enhance the
COP of the system. He reported that the only disadvantage of using
erythritol is low thermal conductivity. He also suggested that long-
itudinal and multitubes are most suitable for charging and discharging
of erythritol. Kherris et al. [53] proposed a system with 0.46 COP. Their
working fluids were water and ammonia, with hydrogen as an inert gas.
Said et al. [54] developed a system with COP 0.6, which allows
uninterrupted supply of building cooling in the Kingdom of Saudi
Arabia using the same working fluids but without hydrogen gas.
Recently, they performed a simulation of the same system and
increased its COP to 18% by including a waste heat recovery from
the dephlegmator and utilizing a refrigerant storage unit [55]. In an
experimental investigation, they designed and studied a 10.1 kW NH3-
H2O absorption chiller with a COP of 0.69 at a generator inlet,
condenser/absorber inlet and evaporator outlet temperature of
114 °C, 23 °C and −2 °C, respectively [56]. Balghouthi [57] used two
tanks for storage and drain-back storage in a 16 kW double-effect LiBr-
H2O system and obtained a COP of 0.8–0.9 at evaporator temperature
of 8 °C. They claimed that 3000 kg of CO2 emission can be avoided
during a cooling season. More recently, Raja and Shanmugam [58]
developed a 5.25 kW single-effect LiBr-H2O system with a maximum

Fig. 1. Different combinations of solar integrated cooling technologies.

Fig. 2. COP as a function of heat rejection medium temperature [15].
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COP of 0.9 and lowest evaporator temperature of 16 °C. They designed
the system to have reasonably low initial and operating cost. They also
reported a heat loss when the designed value of maximum capacity was
lower than the average heat capacity on a particular day. Ozgoren et al.
[59] studied hourly performance of a solar (evacuated tube collectors)
assisted NH3-H2O absorption system with COP ranging from 0.243 to
0.454 at generator temperatures equivalent to 110 °C. They also
calculated the required collector area for evaporator capacities ranging
from 2.5 to 4 kW. Their most important observation was that the
atmospheric temperature is very important in SAR system for cooling,
and that it is proportional to the generator rate of heat transfer. More
recently, Pintaldi et al. [60] numerically evaluated thermal energy
storage options for a triple effect solar absorption system. They
compared sensible and latent heat storage using transient simulation
and finally reported a high storage efficiency for latent heat materials.

Although, absorption systems are becoming common in applied
research, they are not completely away from challenges. A length of 23
years is the payback time for a 7 kW aqua-ammonia system with COP
0.42 [61]; and with a condition that the collector output temperature is
higher than the cut off temperatures in their 5.7 kW, 0.6 COP NH3-H2O
absorption system [62]. Sometimes, commercially available brazed
solution heat exchangers were underperforming (Ƞheat exchanger =0.16)

Fig. 3. (a) Continuous-cycle solar absorption system (b) Intermittent-cycle solar
absorption system [43].
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in a 0.65 COP 5 kW NH3-H2O absorption system [63]. Lostec et al. [46]
were not able to attain proper cooling (Tevap =16 °C) at the evaporator
due to decreasing COP with increasing generator temperature. They
attributed the incompliance behavior to the design specifications is
mainly due to the overfeeding of the evaporator. A similar phenomenon
was observed by Albers and Ziegler [64] and Asdrubali and Grignaffini
[50] at higher generator temperatures, suggesting a critical parametric
review while designing the system. Table 1 shows various attempts to
develop a solar absorption system with component wise temperatures
and a few highlights.

2.2. Intermittent operation system

The intermittent operation system has two main differences
compared to continuous operating system. In this system, instead of
a solution pump (PUMP), the pressure is generated by isochoric
heating of the refrigerant solution in the generator. The second
variation is the absence of a separate absorber; instead, the generator
and absorber are a single component (GEN/ABS) which acts as a
generator during the daytime and absorber during the night in an open
cycle. Such a cyclic operation takes a complete day (24 h) for a single
cycle to complete and practically no electrical energy is required in its
operation (Fig. 3(b)). Intermittent operation systems have not been
extensively investigated due to its low coefficient of performance (half
or one-third) compared to continuous operation system.

Rivera and Rivera [66] modeled an intermittent absorption refrig-
eration system operating with ammonia-lithium nitrate mixture using a
compound parabolic concentrating (CPC) collector. Theoretically, they
obtained an efficiency of 0.15–0.4 and were able to produce a
maximum of 11.8 kg of ice with generator temperature of 120 °C.
Later in 2011, Riever et al. [67] performed an experimental study on a
similar system with a CPC collector and were able to reach as low
temperature as −11 °C at the evaporator at a COP of 0.083 at 50%

refrigerant concentration. They observed that the increase in solution
concentration decreases the initial generator temperature and increase
the maximum operating pressure. Again, in 2012, they experimentally
tested and compared the same system with and without water as an
absorbent. They observed that water in the working fluid mixture gave
a 24% higher solar coefficient of performance [68]. In the same year,
they applied direct and inverse artificial neural network (ANN and
ANNi) approach to run the system at required COP by obtaining the
input variables of the system. The configuration 6-6-1 (6 inputs, 6
hidden and 1 output neurons) presented an excellent agreement (R >
0.986) between experimental and simulated values [69]. Tangka and
Kamnang [70] experimentally tested another simple intermittent
absorption system with a COP of 0.487 and an average lowest
refrigeration temperature of 4 °C. They recommended shielding the
solar collector at the end of the generating cycle and keeping the
refrigeration cabinet covered and protected from the day light in order
to avoid adding more heat to the system.

3. Thermal energy storage technologies

Due to intermittency in availability and constant variation in the
solar radiation, thermal energy storage (TES) found its place in
thermodynamic systems. TES not only reduces the discrepancy be-
tween the demand and supply by conserving energy, but also improves
the performance and thermal reliability of the system. Therefore,
designing efficient and economical TES systems is of high importance.
However, only few solar thermal plants in the world have employed
TES at a large scale. Utilization of TES systems in various domestic
solar applications are even investigated today [71]. Designing using
computational fluid dynamic approach is also a vastly used method to
save money, where Fluent ® software seems to be successfully used at
different engineering applications [72].

Thermal energy storages are broadly classified into sensible and

Fig. 4. Classification of thermal energy storage materials.
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latent energy storages. Sensible storage being without any transforma-
tion in their physical state is either solids or liquid. On the other hand,
latent heat storage often changes their state from solid to liquid or
liquid to vapor. Moreover, latent heat storage materials store 5–14
times more heat per volume than the former type of materials.
However, certain thermophysical and chemical properties must be
exhibited for such materials to be employed as latent heat storage
systems (LHSS) [18]. Water is the most common sensible heat storage
medium and has good thermal characteristics. Latent heat storage
materials are gaining popularity due to their diversity, capacity and
performance in thermal applications. A more detailed classification is
shown in Fig. 4.

Sensible heat storages store thermal energy by utilizing the heat
capacity of the solid or liquid. This is during both charging and
discharging the storage system. The thermophysical properties neces-
sary to focus in a sensible heat storage material are specific heat,
volume and change in the temperature of the materials. Table 2 shows
the most used sensible heat storage materials and their properties [73].

Latent heat storage (LHS) materials are also known as Phase
Change Materials (PCMs) due to their property of releasing or
absorbing energy with a change in physical state; liquid to solid or
solid to liquid. However, the main advantage of using LHS over SHS is
their capacity of storing heat at almost similar temperature range.
Initially, these materials act similar to sensible heat storage materials
where the temperature rises linearly with the system enthalpy, but
later, heat is absorbed or release at almost constant temperature with a
change in physical state (Fig. 5). Hence, properties like thermophysical,
kinetic and chemical are critically measured before appropriate usage
of the materials for the various applications.

Important properties of a latent heat storage materials are thermal,
physical, kinetic, chemical and economic. A derived illustration of sub-
properties of these essential features is shown in Fig. 6 [18,75]. A crude
illustration of various thermal storage technologies with respect to their
working temperatures is given in Fig. 7 [76].

3.1. PCM classification

Latent heat storage materials are used in thermal applications since

few decades ago. They are broadly classified based on their physical
transformation for heat absorbing and desorbing capabilities. As seen
from Fig. 4, a wide classification of solid-liquid phase change materials
which are further classified into organic, inorganic and eutectic
materials are presented. A few advantages and disadvantages of
organic and inorganic PCMs and their influence on solar cooling
application are listed in Table 3.

Organic PCMs have stable phase change temperatures without
phase segregation, no super-cooling, and usually non-corrosive proper-
ties [78] which are highly desirable in solar cooling technologies.
Organic materials are classified into paraffins and non-paraffins, where
paraffins have many good qualities with few crucial undesirable
qualities. Similarly, non-paraffins like fatty acids, alcohols, glycols
and esters which constitute the largest group for latent heat storage
materials also exhibit few undesirable properties. Table 4 lists advan-
tages and disadvantages of both paraffins and non-paraffins. Details of
thermal properties, applications and limitations of fatty acids are
discussed in [79] and that of sugar alcohols/polyols are found in
[80,81]. Thermal stability is very crucial in cyclic loads and super-
cooling is the most undesirable property which completely dampens
the thermal performance.

Inorganic PCMs are (mostly) used in high temperature solar
applications and one of the most reported challenges with them is
the maintenance. At lower temperature they freeze and at high
temperatures difficult to handle. They are salts, salt hydrates and
metal alloys. Salts and salt hydrates are the most studied PCMs in
inorganic solid-liquid PCMs. They have high latent heat of fusion per
unit volume, higher thermal conductivity and smaller thermal stresses
(less volume change in phase transition). However, the ratio of
anhydrous salt dissolving in its water varies during the melting process.
This is classified as congruent, incongruent and semi-congruent
melting [30]. Mohamed et al. [82] listed few crucial drawbacks of
inorganic salts in their review of which includes, change of volume, low
thermal conductivity, subcooling (salt hydrates), corrosive, and costly.

Low melting point metals and their alloys have high thermal
conductivity suitable as liquid metals in latent heat storage materials.
They also have small volume change, high electrical conductivity and
low heat of fusion per unit weight, which makes them better than
traditional PCMs in heat transfer capacity [83]. The main reason for
such material's usage in solar applications is their ability to operate for
high demands of large capacity power plants.

Inorganic and organic eutectic materials are a combination of two
or more low melting materials with similar (congruent) melting and
freezing points. The weight percentage of each material can be varied in
order to obtain a variation in melting point of the resulting eutectic
mixture [18]. This gives the resulting mixture a unique property of
tuned melting point temperature according to the requirement. There
are new properties that emerge and a vast scope is revealed in applying
these materials for solar cooling applications.

Nonetheless, organic PCMs have many advantages over inorganic
PCMs except being flammable and low at thermal conductivity. On the
other hand, inorganic PCMs are cheaper, abundant, non-flammable
and have high heat storage capacity and thermal conductivities. Two

Table 2
Properties of sensible heat storage materials.

S No. Material Density (ρ), kg/
m3

Sp. Heat (Cp), kJ/
kgK

Heat Capacity (C), kJ/
m3K

Melting point (°
C)

Thermal conductivity (k), W/
mK

Thermal diffusivity α= k/ρc ×106

(m2/s)

1 Sand 1555 0.8 1244 1500 0.15–0.25 1.172
2 Rock 2480 0.84 2086.6 1800 2–7 1.45
3 Concrete 2240 0.75 1680–1800 1000 1.7 0.356–0.514
4 Granite 2640 0.82 2164 1215 1.7–4.0 0.799–1.840
5 Brick 1698 0.84 1426 1800 1.04 0.484
6 Aluminium 2707 0.896 2425 660 204 84.10
7 Cast iron 7900 0.837 6612 1150 29.3 4.431

Fig. 5. Comparison between latent and sensible heat storage [74].
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concerns with inorganic PCMs are subcooling and phase segregation.
Eutectic PCMs take advantage here in being able to adjust their melting
point by combining different wt% of components, without subcooling
or phase segregation; and have high thermal conductivities and
densities. However, they have low latent and specific heat capacities
[84]. PCMs are classified based on suitable temperature range as well.

In fact, temperature range is one of the main criterions for the
suitability of the PCM in any application. There are numerous
applications which use PCM as thermal energy storage, all fitting a
particular range suitable for their optimum thermal performance [85].
Fig. 8 shows a brief classification based on melting temperatures
helpful to choose PCM for specific application. A more detailed
application based analysis is presented in next chapters.

4. Solar collectors

The applicability of PCM in solar collectors depends largely upon
the operating temperature and the mass flow rate of the heat transfer
fluid. The operating temperature helps in selecting the PCM with
appropriate melting points, and the mass flow rate of the heat transfer
fluid (along with heat load) decides the charging and discharging time
of the heat storage system. With intermittent heat source, solar
absorption system inevitably needs a thermal storage to provide heat
during dark hours. The low-medium temperature PCM can handle the
requirements of an absorption chiller for few hours, which can
effectively influence the system performance.

4.1. Classification

Depending upon the required heat from the absorption chiller
capacity, the solar collectors are selected. The requirement can also be
escalated considering thermal void of charging the thermal storage
unit. Solar collectors are either stationary or single/two-axis tracking.
Depending upon their motion capabilities and concentration ratio, the
indicative temperature range varies. Flat plate collectors used in half
effect absorption cycles have low thermal capacities, unlike most
absorption cycles use collectors with higher output temperatures and
lesser heat loss targeting higher COPs [36]. Kalogirou [86] compiled
types of collectors and their output indicative temperature ranges in
Table 5. Use of different types of collectors and relative efficiencies for
different solar thermal technologies are given in Fig. 9(a) indicating
evacuated tube collectors most suitable for single and double effect
absorption cycles. Sabiha et al.[87] recently studied evacuated tube
solar collectors and their applications, finding its huge potential in
energy producing industries with better performance using nanofluids
as heat transfer fluid. Licuona et al. [88] studied the optimum hot water
temperature required for a 4.5 kW single effect LiBr-H2O absorption
system using a modified characteristic equation model to empirically
calculate the performance of a real chiller. They studied various hot
water temperatures and corresponding system COPs along with solar

Fig. 6. Characteristics properties of a latent heat storage material.

Fig. 7. (a) PCM with respect to storage capacity [76] (b) PCM with respect to heat of
fusion [77].
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coefficient of performance for the solar collector field as shown in
Fig. 9(b).

4.2. Methodologies

Approach of integrating PCM in solar thermal collector goes back to

as early as 1987. Salt hydrate PCM within a plastic container of flat
plate collector with reflector was theoretically and experimentally
investigated by Rabin et al. [90]. Their system and the numerical

Table 3
Comparison of organic and inorganic materials for heat storage [17].

Organic Effect on Solar Cooling system Inorganic Effect on solar cooling system

Advantages Advantages
Non corrosives good Greater phase change enthalpy good
Low or no undercooling crucial
Chemical and thermal stability important
Disadvantages Disadvantages
Lower phase change enthalpy bad subcooling crucial
Low thermal conductivity Crucial (in condenser and generator) Corrosion undesirable
Inflammability undesirable Phase separation undesirable

lack of thermal stability crucial

Table 4
Properties of paraffins and non-paraffins.

Advantages Disadvantages

Paraffins Safe
Reliable
Predictable
Less expensive
Non-corrosive
Low vapor pressure

Low thermal conductivity
High volume change with phase
change
Non-compatibility with plastic
container
Moderately inflammable

Non-paraffins Thermal stability
Chemical durability
Non-corrosiveness
Non-toxicity
Easy availability
Little/no subcooling
Narrow temperature
range

Highly inflammable
Low heat of fusion
Low thermal conductivity
Low flash point
Toxicity
Instability at high temperatures

Fig. 8. Category of PCM based on melting point [83].

Table 5
Solar energy collectors and their output temperatures [86].

Motion Collector type Absorber type Concentration ratio Indicative temperature range (°C)

Stationary Flat plate collector (FPC) Flat 1 30–80
Evacuated tube collector (ETC) Flat 1 50–200
Compound parabolic collector (CPC) Tubular 1–5 60–240

Single-axis tracking Linear Fresnel reflector (LFR) Tubular 10–40 60–250
Parabolic trough collector (PTC) Tubular 15–45 60–300
Cylindrical trough collector (CTC) Tubular 10–50 60–300

Two-axes tracking Parabolic dish reflector (PDR) Point 100–1000 100–500
Heliostat field collector (HFC) Point 100–1500 150–2000

Fig. 9. (a) Comparison of three types of solar collector for different cooling systems
production. ETC (evacuated tube) – CPC (parabolic) – FPC (flat plate) for Desiccant
(DEC), adsorption (ADS) and absorption (ABS) cooling technologies [89], (b) SCOPmax as
a function of collector output temperatures for ɳgenerator =0.6 [88].
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model was intended only to find the thickness of PCM required and the
location of solid/liquid interface. Mettawee and Assassa [91] sub-
merged the solar absorber inside solid paraffin wax to create a
customized compact PCM solar collector. They found that the average
heat transfer coefficient increases sharply during the charging process
due to natural convection, but during the discharge, only an increase in
water mass flow rate can increase the useful heat gain. The melting
temperature of the paraffin wax was 53.5 °C. In a 30 kW LiBr/H2O
single-effect absorption cooling system with 90 m2 of double glazed
flat-plate collectors, Praene et al. [89] simulated and experimentally
investigated the performance of the system with 1500 L hot-water
storage to ensure stable supply of hot water. Eames and Griffiths [92]
used a transient finite volume model to predict heat collection and
retention in a flat plate solar collector (1 m long, 0.125 m deep at 30 °
to the vertical) with water and various concentrations (10–15–20–25–
30%) of PCM slurries at melting temperature of 65 °C. They reported
an improved solar saving fraction due to the use of PCM slurry (heat
retention for longer time), but at the cost of reduced solar collection
efficiency. This was due to the lower specific heat capacity of the PCM
than that of water. Similar reports of lower thermal performance and
repressed heat transfer of PCM integrated solar collector than that of
water-in-glass evacuated tube solar collector was found by Sheng [93].
Naghavi et al. [94] mathematically investigated an evacuated tube heat
pipe solar collector with PCM in the overhead tank that acts as a latent
heat storage system. This tank also contains finned heat exchanger to
transfer heat to flowing water. This way they made the header as
LHESS attached to heat pipes of evacuated tube collectors. The new
system thermal performance was better than the baseline system and
the efficiency did not decrease with increasing flowrate. They suggested
further parametric research on the concept.

4.3. Materials selection

Materials selection is the core and most important step in designing
latent heat thermal energy storage. PCM is selected based upon its
melting temperature and heat of fusion. The parameters necessary to
identify the material is the temperature range required for the
application and heat requirements. Then, the type of PCM is selected
for its physical and chemical properties, considering the drawbacks.
There are different temperature ranges according to application as
shown in Table 4. Numerous studies have been done to list various
PCMs and their thermophysical properties which can be used in
suitable applications. One of the most reliable method of laboratory
thermal analysis is heat flux differential scanning calorimeter (hf-DSC)
to test heat storage capacity of PCM with constant heating/cooling rate
[95]. Based on the temperature range required, various PCMs were
used in application of solar cooling.

Brancato et al. [96] recently investigated few PCMs with melting
temperatures between 80 and 100 °C for application of solar cooling.
They found that those PCM (with high latent heat) characterized by
them still have some issues like subcooling, incongruent melting,
allotropic phase transition; and that the commercially available
(PlusIce A82, S83 & S89) eutectic mixtures are much stable with
lower heat of fusion. They found that Gil et al. [97] selected
Hydroquinone and D-mannitol as PCMs for a temperature range of
140–200 °C. Their basis of storage temperature range was the max-
imum collector output and minimum chiller input temperatures. The
minimum heat of fusion was set to 150 kJ/kg. Several PCMs from the
literature were chosen and tested in their laboratory (Table 6), where
hydroquinone was selected based on high phase change enthalpy and
negligible subcooling. ᴅ-mannitol was also selected based on suitable
melting range and high heat of fusion. Their selection criteria were
based primarily upon the high heat of fusion and suitable melting
temperature. They later repeated the properties tests after finalizing the
two PCMs. Similarly, Agyenim et al. [98] selected PCMs in the
temperature range of 100–130 °C. They used Erythritol as PCM to

improve the efficiency of a domestic LiBr-H2O solar absorption cooling
system. The driving criteria in their experiment was the temperature
required on the hot side of the system for efficient operation. The
generator operating temperature for LiBr absorption system was
determined to be less than 120 °C and erythritol was chosen for its
suitable melting temperature of 117.7 °C. Their selection criteria
included high energy density and ability to deliver near constant heat
source. The PCM was integrated with Thermomax vacuum tube solar
collectors for a temperature range of 90–120 °C [99]. Agyenim [52]
tested three PCMs (Erythritol, RT100 and Magnesium chloride hex-
ahydrate) in four different types (no fin, circular and longitudinal
finned and multitube systems) of storage unit/heat exchanger set-ups
in a 4.5 kW LiBr-H2O solar absorption cooling system. His study
revealed that multitube design is best for melting/charging in short
time; whereas longitudinal fin design yields more uniform melting and
is suitable for discharging with no subcooling. He also calculated the
suitable quantity of PCM required to meet 4 h of peak load. Therefore,
the criteria of selection of PCM implied from the literature seems to
depend mainly upon the suitable melting temperature, high heat of
fusion and design characteristics. Minor subcooling properties can be
overlooked when high latent heat values look promising.

Table 7 lists investigations in solar thermal application with PCMs
and a brief of their finding on the usage of LHTES system. Schweigler
et al. [100] used calcium chloride hexahydrate as PCM in a LiBr-H2O
absorption chiller at low operating temperatures with a maximum COP
of 0.8. They found that usage of PCM helped maintain a low operating
temperature of solar collectors with positive effect on the heat gain. In
general, nitrites exhibited high heat capacities at comparatively lower
costs. Similarly, Serale et al. [101] numerically studied a slurry PCM
based flat plate collector with an efficiency improvement of +0.08
compared to conventional water based technology. A 20% −40%
improvement in heat conversion was seen on average, throughout the
year. Their concern with the 50% or more concentration of PCM was
not possible due to increased demand in pumping energy (design
constrain).

4.4. Storage tank design

The design of the storage tank is responsible for efficient charging
and discharging of the PCM when required. Shell and tube heat
exchanger is the most common type of (PCM) storage unit, with
PCM on the shell side. A bundle of 49 U-shaped tubes distributed in
square pitch; and an identical second storage tank incorporating 196
transversal square fins were tested [103]. When fins were used in the
storage system, the available volume to place PCM was decreased and
therefore the PCM mass had to be reduced from 170 kg with no fins to
155 kg with fins, in the storage system. Table 8 shows the main
characteristics of storage tanks designed highlighting the main differ-
ences of increased heat transfer area by using fins, and decreased PCM
volume. The heat required by the system is the primary criteria to
design the storage unit size (Fig. 10), while an effort must be made to
keep the size as small as possible for economic and handling
feasibilities. Another important criterion of design is the thermal

Table 6
Materials tested with possibility to work as PCM in solar cooling [97].

Material Experimental phase
change temperature (°C)

Experimental phase change
enthalpy (kJ/kg)

Salicylic acid 159.1 (m)/113.3 (s) 161.5 (m)/109.4 (s)
Benzanilide 163.6 (m)/136.1 (s) 138.9 (m)/129.4 (s)
D-mannitol 166.8 (m)/117 (s) 260.8 (m)/214.4 (s)
Hydroquinone 172.5 (m)/159.5 (s) 235.2 (m)/178.7 (s)
Potassium

thiocyanate
176.6 (m)/156.9 (s) 114.4 (m)/112.5 (s)

(m = melting, s= solidification).
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capacity to be delivered. This is estimated by comparing the required
heat to the heat of fusion of PCM, HTF thermal capacity & flow rate,
heat exchanger efficiency and design characteristics of the thermal
storage unit. The auxiliary heat required by an absorption system for
various volumes of storage was also calculated as 230,000 kJ hence a
tank size of 0.8 m3 was chosen (Fig. 10). Nonetheless, to increase the
reliability of a system, a thermal storage tank is necessary [104].
Lorente et al. [105] numerically designed and analyzed two new type of
latent heat storage unit. They made a single and double coaxial spiral
tubes (heat source) inside a cylindrical PCM storage tank and studied
the effect of geometrical features such as helix diameter and pitch on
the overall performance. Doing so, they found the lowest volumetric
ratio of the heated tank and tube with time to reach melting fraction 1
for the PCM with complete geometry of helical tubes as heat source.
Their design was modified until the dictating criterion of PCM melting
fraction of one was reached. Such design modifications are essential to
fully-charge the thermal storage while extracting maximum heat during
discharging process.

4.5. Heat loss

Heat loss is a major concern when designing any thermodynamic
system, especially when the attention is given to thermal storage units.
In solar absorption cooling system, heat is gained as well as rejected.
The rejected heat is fully controlled and any uncontrolled heat loss
changes the performance parameters. Improper insulation can not only
increase the energy loss, but also drastic reduction in exergy efficiency.
A 24 cm thick rock wool was placed surrounding the storage tank to
minimize the heat losses, while 45 cm of Foamglass™ was installed
between the bottom of the tank and the ground [103], yet reading were
taken from the centrally located thermocouples in the tank as the heat
loss is more near the boundaries. Solidification/crystallization process
of the PCM was studied by Suarez et al. [107]. They used a computa-
tional fluid dynamics model to simulate molten salt (60% sodium
nitrate and 40% potassium nitrate) storage tanks to analyze the cooling
process during standby periods. They concluded that more than 3 days
long standby period could cause freezing problems. They also men-
tioned a linear relation between the charging level of the storage tank
and the onset of crystallization. They suggested to charge the tank to anT
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Table 8
Storage tank dimensions and characteristics [103].

Unit Tank without fins Tank with fins

Tank width mm 527 527
Tank height mm 273 273
Tank depth mm 1273 1273
HTF pipes average length mm 2500 2500
Heat transfer surface m2 6.6 26.7
Dimensions of fins mm – 250 × 250
Thickness of fins mm – 0.5
Distance between fins mm – 10
PCM mass kg 170 155

Fig. 10. Size of storage tank with respect to auxiliary heat required [106].
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adequate level, based on operation temperature and standby duration
in order to avoid the risk of freezing.

4.6. Thermal behavior

Heat propagation and distribution in latent storage is one of the
primary concerns when selecting a PCM and designing the heat
exchanger (storage) unit. The thermal behavior of the PCM includes
the melting and freezing profiles in the PCM container. This largely
depends upon the thermal conductivity of the material used. Often,
thermal conductivity is increased by reducing the space between tubes
containing the heat transfer fluid (in a shell and tube design), or by
adding heat transfer enhancements like fins on the heating surface. The
effect of design of the storage container, mass flow rate, insulation,
gravity, known issues with the material (phase segregation) and
suspension of nano-particles play a major role in heat propagation
during the charging/discharging process. Al-Abidi et al. [108] studied
the charging/discharging behavior in a triplex tube heat exchanger with
internal and external fins for both steady and unsteady HTF inlet
temperatures (see Fig. 11). They found that for HTF mass flow rate and
inlet temperature, the charging time is reduced to 58% and 86%,
respectively, indicating a higher influence of the HTF inlet temperature
on the PCM melting process than that of the HTF mass flow rate.
Murray et al. [109] simultaneously charged and discharged a vertical
cylinder with Dodecanoic acid as PCM under various scenarios and
flow rates. Natural convection in melted PCM facilitated direct heat
exchange between the two extreme temperatures, while PCM thermal
conductivity was the primary barrier to reach higher performances.
When Eames et al. [92] numerically studied various concentrations of
PCM filled in a flat plate collector. They observed that a significant
volume of PCM has an average higher temperature with higher
concentration. The overall stored energy was however higher for water
than that of all the PCM concentrations due to increased viscosity and
heat loss at higher temperatures. When Qarnia [110] tested three phase
change materials with solar hot water heater, he found that two of the
three PCMs were not attaining a melting fraction of one in the given
period of time. During discharging process, a part of PCM remains
liquid, indicating that thermal behavior as a crucial factor in selecting

and testing a PCM for the required output temperatures. A compre-
hensive review of PCM melting in containers (rectangular, spherical,
cylindrical and annular shaped) and their thermal behavior analysis is
done recently by Dhaihan and Khodadadi [111]. PCM enhancement
techniques and portability of PCM in the system and its effects is
reviewed in detail by Tay et al. [21].

Stefan or moving boundary problems also need attention in the
study of thermal interface behavior during the charging/discharging
process. Analytical and numerical approach to study the solid-liquid
interface were also made [112]. but, a more detailed study with a
possible empirical relation for the interface behavior is needed in order
to design the TES system in a more efficient way.

4.7. Enhancements

PCM enhancements are useful techniques to increase the heat
transfer rate during charging and discharging process. There are many
approaches to achieve the results; viz, design modification of the heat
exchanger, or physical composition of the PCM itself. Nonetheless,
such modifications come at a cost, generally resulting in heat transfer
rate proportional to cost, time and energy.

4.8. Encapsulation

Thermophysical properties of PCMs can be changed by altering
their chemical composition or by physical modification. PCM encapsu-
lation is encapsulating PCM at micro levels to increase the heat transfer
surface area and decrease the possibility of phase segregation. It also
enhances thermal conductivity (heat transfer rate), decrease PCM
interaction with the outside environment, and significantly controls
the volume change of PCM with increase in operating temperature
preventing leakage during phase change [113]. PCM encapsulation has
been used extensively in building cooling systems where air is passed
through flat containers of PCM [114]. The effect of encapsulated PCM
has a good scope in enhancing the performance of LHTS systems [115]
used in solar absorption cooling system.

Hawlader et al. [116] prepared and characterized encapsulated
paraffin wax to study its efficiency, energy storage and release

Fig. 11. Temperature contour of PCM during solidification, average discharging temperature (Ti =68 o°C); (a) t =15 min, (b) t =30 min, (c) t =45 min, (d) t=60 min [108].
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capacities. They found higher energy storage and release capacities
(145–240 J/g) for the microcapsules and suggested that the efficiency
depends upon core-to-coating ratio, emulsifying time and cross-linking
agent. Shell material used for encapsulation also plays an important
role, primarily due to its ease of fabrication. Materials used in
microencapsulation and macroencapsulation for high temperature
thermal stability are listed by Jacob and Bruno [117]. Organic PCMs
can be encapsulated physico-mechanically, chemically and physico-
chemically. Various approaches to prepare the encapsulated PCM
(organic) as a new kind of TES medium have been extensively
developed and can be manufactured to suit the desired properties
[118]. The morphology of each particle in encapsulated PCM plays a
key role in defining its mechanical strength, chemical and thermal
stability [84]. Su et al. [119] microencapsulated paraffin wax with
Melamine-formaldehyde (MF-3) resin to develop five types of encap-
sulations and found enhanced thermal stability values using thermo-
gravimetric technique. Binary emulsifiers were key factor for thermal
stability. The usage of such materials in the thermal storage systems is
yet to be seen in future. An extensive review on applications, types and
techniques of microencapsulation can be found in [120]. A unique
bibliometric worldwide trend analysis on encapsulated PCM can be
referred [121] to know the current status and future roadmap of this
technical approach.

4.9. Heat transfer enhancement

Heat transfer enhancement techniques by modifying the PCM
container design was mentioned in earlier section. This section reviews
few investigations in this direction. Tairi et.al [122] studied the effect of
natural convection, heat pipe spacing, fin length, number of fins in a
thermal energy storage unit with several fins attached to single and
multiple heat pipes. A heat flux of 40 kW/m2 was given to the heat pipe
evaporator to reach the melting point (608 K) of the PCM (KNO3) with
0.5 thermal conductivity. They performed a two-dimensional transient
finite volume model using enthalpy-porosity technique to study the
performance. They found that the natural convection reduces the
charging time of the system by 30% with more uniform temperature
distribution; decreasing the heat pipe spacing increases the melting
rate of the PCM; temperature difference within the PCM is inversely
proportional to the fin length, and the number of fins do not
significantly affect the system performance. Gil et al. [97] reported a
similar effect of fins after testing two shell and tube PCM tanks, one
with fins and another without fins. They found that fins are useful when
there is a partial charging and discharging processes is expected, not
when complete melting is needed. Their argument was that increasing
fins consumes more money, time and space, reducing the quantity of
actual PCM in the container. Investigating longitudinal fins in a double
pipe heat exchanger containing PCM, Hosseini et al. [123] also
suggested that higher (lengthier) fins reduce the PCM quantity,
affecting overall performance by increasing the weight. They also found
that increasing Stefan number results vortices development at a more
rapid rate in higher fins, which are also the reason for blockage of
vortices merger. Rathod and Banerjee [124] also experimentally
studied the effect of longitudinal fins in a double pipe with PCM.
They reported that at 85 °C inlet temperature, a decrease in solidifica-
tion and melting processes by 43.6% and 24.5%, respectively is
observed. A similar study was done by Prabhakar et al. [125] where
they studied both annular and longitudinal fins in a double pipe. They
reported that for the same volume percentage, longitudinal fins
perform better than annular fins, and that the heat transfer increases
with the fin width and that it should be optimized according to the
application. Enhancing shell-and-tube double pipe latent heat storage
unit was also studied by Tao and He [126]. They compared the results
of four cases in which a helically-finned enhanced (outer) tube with
multiple PCMs significantly enhanced the melting fraction and heat
storage capacity. Employing finned tubes has been however extensively

used in enhancing heat transfer in charging and discharging of PCMs
[127–132]. Use of metal matrix and metal foams as thermal con-
ductivity enhancers (TCE) was done extensively where an increase in
temperature distribution is evident [133–135]. Further study on
thermal energy storage arrangement and heat exchange under specific
operating conditions can be found in [136]. The porosity effecting the
maximum thermal diffusivity in metal foams was also studied where
smaller pore size can have lesser temperature gradient during charging
and discharging, but occupying larger volume of matrix affects the
overall latent heat capacity of the thermal storage system [137]. In
circular concentric tubes, multitubes give higher melting rate but with
subcooling; while longitudinal fins are known to give uniform heat
transfer escaping the subcooling phenomenon [52].

4.10. Nano-fluids

Nano-fluids have been extensively studied to achieve efficient phase
change properties as well as to enhance the absorption capacity of solar
collectors [138]. Hajare and Gawali [139] mixed Al2O3and TiO2

nanoparticles in paraffin wax (melting point at 59.2 °C), with oleic
acid (C17H35COOH) as solvent. They observed 6% reduction in melting
time with addition of 0.05% of TiO2 and concluded that the percentage
of nanoparticles and the location of the encapsulated PCM spheres in
the storage tank plays important role in the enhancement. Chaichan
et al. [140] also performed investigation on same base-PCM (paraffin
wax) and nanoparticles (Al2O3and TiO2), but with different mass
fractions (1%, 2%, 3%, 4% and 5%). They observed similar reduction
in melting time and reported that 5% Al2O3 and TiO2 relatively
enhanced 65% and 40% with mass fraction, respectively. Nano-particle
size and shape distribution can be varied to selectively enhance the
volumetric absorption offering a unique advantage over conventional
collectors [141]. Mettawee and Assassa [142] in their custom built
PCM integrated solar collector, used 80 µm sized aluminium powder
particles with different mass fractions with paraffin wax. They reported
a 60% decrease in charging time and a significant increase in useful
heat gain with aluminium additives instead of pure wax.

Effective latent heat of aqueous nano-fluids were tested by Lee et al.
[143]. They experimentally determined that the latent heat of vapor-
ization can be manipulated substantially up to ± 30% depending upon
the (graphite or silver) nano particle. Graphite nanoparticles increase
thermal storage capacity and in some cases, photo-thermal perfor-
mance [144]. The most promising nano-additives seems to be the
carbon based nanostructure with high aspect ratio due to enhanced
thermo-physical properties as compared to the metal and metal oxide
nanomaterials [113]. Nanocomposite PCM are also know to charge the
material faster and discharge slower, that is, high retention ability
[145]. Li et al. [146] characterized and studied the thermal perfor-
mance of nitrate mixture/SiC ceramic honeycomb composite phase
change materials (KNO3/NaNO3; 50:50 mol%) for thermal energy
storage. The melting temperatures for pure and composite PCMs were
222.6 and 223.4 °C with a significant reduction in latent heat of
melting and freezing temperatures in composite PCM. They reported
a directly proportional relation between the heat storage and release
rates of the composite PCM and the mass fraction of SCH making
nitrate mixture/SCH composite PCM a promising PCM in latent heat
thermal storage system. Recently, Abdollahzadeh and Esmaeilpour
[147] numerically studied the sinusoidal surface waviness (0–0.4) and
nanoparticle dispersion inside a vertical enclosure for various Grashof
number. The found that the geometry can enhance and control the
thermal process where low Grashof number and increased waviness
delays the solidification, while the use of nanoparticles promotes the
solidification process at the cost of reduced capacity of energy storage/
release in the phase change material. Recently, Kardam et al. [148]
reported heat transfer characteristics of PCM (Mg(NO3)2·6H2O) with
carbon nanotubes (CNT) and nanographites under conventional heat-
ing and solar illumination. They observed ultrafast (in seconds) melting
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and solidification rate increase by 77% for CNT-PCM composite (at
0.2 wt%). They concluded that CNT gives better heat transfer perfor-
mance than nanographites to collect and store solar energy in thermal
energy storage systems. In general, CNT are known to enhance thermal
conductivity, mostly without compatibility issues [149]. Jin et al. [150]
added expanded graphite (EG 300 µm) to paraffin wax and significantly
improved heat transfer performance and thermal stability of the
composite PCM at little cost of latent heat of fusion. Optical properties
of nano-fluids were studied and an absorption of > 95% of heat from
the sun was claimed by Taylor et al. [151]. They tested graphite, Al, Cu,
Ag and Au nanofluids prepared by simple model with approximation of
the effective extinction coefficient of the nanofluids (Table 9). Their
results agreed will with the experimental values. They also concluded
that graphite and aluminium nano-fluids can relatively find their way
to real direct absorption solar collectors.

To summarize, the use of nanofluids has improved the efficiency of
solar thermal applications [152]. Direct absorption collectors (DAC)
have improved outlet temperature and thermal efficiencies [153–155],
with a minimal effect on optical properties [156]; whereas in other
types of solar collectors, they improved the convective heat transfer
coefficient [157], and specific heat, with lower environmental damage
cost [158]. Nanofluids increase photo-thermal conversion efficiency at
precise wt% of nano-particles [152], and few hybrid nanofluids have
higher efficiencies [159]. Stability sometimes comes at the cost of
efficiency [160] which needs more study. TiO2, Al2O3 and CuO are the
most investigated nanoparticles [161]; and the most solar spectrum
absorptivity is seen more in CNT (up to 100%) [162]. The use of direct
absorption is hardly seen in solar absorption cooling; and work on the
use of nano-refrigerants in generators is needed [163]. Compact design
and efficiency enhancement are the two major advantages DAC but,
due to long payback period, the economic feasibility might be weak in
developing countries [164]. Low cost systems with about 70% efficiency
and low concentration sunlight (10 suns) with water based carbon
black nanofluids might be a good alternative [165]. More discussion on
types of enhancements and their effects on thermal energy storage
systems are discussed in a recent review by Liu et al. [166]. A review on
nanoparticle enhanced PCM and their effect on thermophysical proper-
ties of PCM can be found in [167].

4.11. Energy-exergy analysis

Mahfuz et al. [168] theoretically studied the thermodynamic
performance of a PCM integrated solar power plant. They found that
the overall exergy efficiency for the parabolic trough collector system
can be increased from 10% to 30% using PCM, and that higher the
PCM melting temperature, higher is the exergetic efficiency. The output
temperature from the collector field was 265.65 °C at 505 kPa. Koca
et al. [169] studied another energy exergy analysis of a latent heat
storage system with PCM CaCl2·6H2O for an in-house built solar
collector and calculated the energy and exergy efficiencies to be 45%
and 2.2%, respectively. Koroneos et al. [170] investigated the applic-
ability of a 70 kW LiBr/H2O absorption system with hot water tank size
of 50 l/m2 of collector area (11,500 l), in installation and working on a
medical center. They reported a payback time period of 24 years

without national subsidies which can reach up to 50% (2010).
However, they recommended a detailed investigation with regards to
economic potential, commercial maturity and presence of technological
barrier.

5. Heat exchangers

Heat exchangers are devices facilitating flow of thermal energy
between two fluids at different temperatures. Hence, in an absorption
system, the generator, condenser, and evaporator fall into two broad
classification of heat exchangers: liquid-liquid (generator, absorber and
other), and liquid-vapor (condenser and evaporator) heat exchangers.
The only two thermofluid differences between the generator and the
absorber liquid-liquid heat exchangers are the mass flow rates and
effective temperature difference of the fluids. The specific heat of the
fluids in question also play an important role, but it is concerned with
material selection rather than a factor affecting the performance of the
heat exchanger. A brief integration of PCM with various types of heat
exchangers is shown in Fig. 12.

5.1. Generator

Generator was named due to its primary function of generating heat
to evaporate the refrigerant. Later, integration of solar thermal
technology with absorption refrigeration systems evolved to make use
of an effective heat exchanger serving the same purpose.

5.2. Effect of generator temperature on system COP

Numerous investigations and optimization on component-wise
thermodynamic modeling of absorption cooling systems have been
done to study the appropriate component temperatures for better
performance [172–179]. For generator temperatures, corresponding
system COP and evaporator temperatures have been identified in order
to store the excess heat when the sun is down. Table 10 lists few
investigations on absorption cooling systems with various thermody-
namic properties of generator.

5.3. Methodologies

There are a number of ways to provide heat to the generator. A heat
storage tank in the hot-side of the system is the most common source,
but it still needs power to pump the HTF. Ponshanmugakumar et al.
[187] numerically investigated a vertical generator integrated with
PCM (Erithritol) for forced convective boiling in a NH3-H2O solar
absorption air-conditioning system connected to concentrating para-
bolic collector field. They developed a TRNSYS model to simulate a real
stainless steel generator with coaxial tubes of 1 m length. The hot water
charging the PCM tubes in the generator as shown in the Fig. 13, is also
connected to a hot water storage tank and an auxiliary boiler. They
found that the use of PCM can decrease the auxiliary heating source
demand during the peak load and low radiation hours. Lorente et al.
[105] numerically and analytically studied melting of PCM (paraffin
wax) in a cylindrical tank with vertical spiral tube(s) as a heater. The

Table 9
Solar thermal nanofluid comparison table [151].

Type vol% Surfactant, vol% 1 M NaOH, vol% (achieve pH 9–10) Sonication time, min Collector depth, cm Approximate cost, $/L

Graphite 0.0004 0.5 0.003 45 10 0.52
Al 0.001 0.25 0.003 30 10 0.64
Copper 0.004 0.25 0.003 30 10 1.85
Silver 0.004 0.25 0.003 30 10 3.65
Gold 0.004 0.25 0.003 30 10 233

*Assumes pure water base–where water + stabilizer =$0.5/L.
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helix radii were changed and properties like melting fraction, tempera-
ture distribution were studied with varying tube geometry. They
suggested that scale analysis combined with numerical simulation is
a powerful method to advance in the design (Fig. 14). Similar attempts
have been seen in boiling binary mixtures in advanced vapor compres-
sion heat pump systems [188,189] and in preheating the weak solution
entering the generator [190]. Hence, there is a scope of research in the
applicability of heat exchangers as generators in absorption systems.
Heat exchangers with PCM is also not a new idea to pursue [191–193],
but with the perspective of using it as a generator in solar absorption
system is a new application and investigations are needed in this
direction. Nonetheless, the melting temperatures and enthalpy of a
suitable PCM can serve to be an integral part of the generator and
effectively act as an alternative heat source with proper generator
design.

5.4. Material selection

It is clear from section 5.1.1, that the evaporator temperature
demand is directly proportional to the generator temperature.
Moreover, it is observed that most generators for a single effect
absorption cooling system work best between 80 and 120 °C for
subzero (0−10 °C) temperatures at the evaporator, and 60–105 °C for
cooling performances. Even with non-conventional refrigerants
(Zn2Cl5/NH3 or NaSCN/NH3) the COPs seems to be affected similarly
with varying values.

PCM melting temperature is the primary filter to select the PCM for
a particular application. Furthermore, the enthalpy of the system and
thermal conductivity of the PCM also play an important role is effective
performance of the generator in generating vapor refrigerant. Tables
below lists selected organic, inorganic and eutectic mixtures with
potential ability to be used as PCM compiled by Zalba et al. [17].
Table 11 list the materials that can be used in generators of absorption
cooling systems (60–105 °C), Table 12 lists the materials (without
redundancy) for refrigeration absorption system (80–120 °C), and
Table 13 contains few of the commercially available PCMs and their

properties claimed. The materials used in manufacturing the generator
is mostly stainless steel. This gives us the advantage of using inorganic
PCM neglecting their corrosive nature. Nonetheless, the primary
criteria to select the material can be deduced from Table 3 and focus
be given on:

• High heat of fusion for stable as well as sufficient delivery of heat
when required.

• No phase segregation or inflammability due to high temperatures
involved.

Temperatures can go higher than expected in some time of the year.
Materials like Hydroquinone (168–173 °C), Potassium thiocyanate
(173 °C) and ᴅ-mannitol (162–170 °C) are successful choices and can
be used for higher range of thermal storage [97]. In the current study,
generator temperatures are in focus, hence the limit (120 °C). Any
excess heat is obvious to be stored to TES system attached to the
system which require calculations based on the amount of time and
heat required as a standby.

5.5. Absorber

Absorber is the most important component of the absorption
refrigeration and cooling system. The most commonly used absorber
is the falling film absorber where the refrigerant vapor is absorbed by
the falling film of solution over cooled horizontal tubes [37]. The
solution flow rate is directly proportional to the heat transfer rate in the
absorber [194,195]. The process of absorption releases heat and
reduces the performance for the absorber, but the cooling pipes absorb
the heat to increase the rate of absorption, therefore, an absorber is a
chemical and physical heat exchanger mechanism to absorb vapor into
a liquid. Hence, the cooler the absorber, better is the performance. In
Fig. 15, absorber temperatures are illustrated from the data provided
by Siddiqui and Said [43] on various solar powered absorption systems.
Also, a general understanding of absorber temperatures (25–35 °C)
with various working fluids can be gained from Table 13.

Fig. 12. Schematic of typical LHTS system [171]: (a) flat-plate; (b) shell and tube with internal flow; (c) shell and tube with parallel flow; (d) shell and tube with cross flow; (e) sphere
packed bed.
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5.6. Working fluid

The COP of the system depends on both thermophysical and
thermochemical properties of the working fluid. Apart from miscibility
of the two fluids in the range of operating temperatures required,
certain factors like non-toxicity, non-corrosive, non-explosive, easily
separable, large boiling point differential, favorable diffusion, viscosity,
and thermal conductivity should also be considered carefully [196].
From over 200 absorbents and 40 refrigerant compounds [197],
Table 14 lists a few investigations with corresponding maximum
coefficient of performances reached.

5.7. Material section

Irrespective of the main function of the absorber which is to absorb
the refrigerant, it rising in temperature on doing so. The heat release is
generally disposed by a cooling water connection. This waste heat can
also be collected for other suitable applications. A list of suitable PCMs
that can be used to store this energy at corresponding temperature
ranges are listed in Table 15. Paraffin materials are more suitable in
this temperature range due to their high heat of fusion and non-
corrosive nature and possible applications that may utilize the heat.
Moreover, as the maximum temperature released from the absorber is
~40 °C (Fig. 15), which may only be used in space cooling application
in cold countries, the system needs little requirement to store energy.

5.8. Applications

Although absorber works in a temperature range of various tropical
climates, if properly use, these temperatures can be used for various
applications with respect to local necessity. For example, in cold
geographical locations, warm water can be used just from absorber
without involving the solar collector circuit. Phase change materials
can be used when the utility is less or as need arises while the system is
not working. Various applications requiring the precise temperature
control can utilize PCM for storing the heat that absorber rejects.

5.9. Condenser

Condenser is type of heat exchanger responsible to reduce the
temperature of the refrigerant by forced convection (air-cooled) at
constant pressure. During this process of condensation, latent heat of
the refrigerant is given out, lowering the temperature of the sub-cooled
refrigerant and stabilizing the superheat. Using PCM at condenser is
intended to reduce the temperature of the condensing refrigerant as
much as possible. Although, significant increase in performance of a
refrigeration system is seen upon the use of PCM at condenser, little
attention has been given in recent years to investigate this approach.
This might be due to few undesirable outcomes like, extended heat
rejection process and frequent compressor ON/OFF [202–204] which
drastically affects the compressor lifetime.

Wang et al. in their three part study (Part-1 [205], Part-2 [206] and
Part-3 [207]) extensively investigated, both experimentally and nu-
merically, the effect of PCM on refrigeration plant performance. They
also tested a novel control purpose of using PCM in the refrigeration
system by placing a shell-and-tube PCM structure at various locations
in a refrigeration cycle. In Part-1, they tested a cooling split system
model placing eutectic PCMs at three different locations. PCM-A was
located between the compressor and the condenser and PCM-B was
located between the condenser and the thermostatic expansion valve
(TEV). They did a thorough measurement calibration, testing and
uncertainty and error analysis. They found that placing PCM-B
between condenser and TEV with 21 °C melting temperature and
220 kJ/kg latent heat gives better COP (8% increase) than placing
the same PCM-A between the compressor and the condenser (6%
increase in COP). The temperature difference in the refrigerant at TEVT
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with and without PCM-B was about 10 oC, whereas the same different
was about 5 °C for PCM-A. In part-2, they developed a dynamic
mathematical model to design and optimize the performance of a
refrigeration system coupled with PCM and variable frequency com-
pressor. To improve the accuracy of the model at low compressor
speed, liquid refrigerant flash into the gas region of the condenser was
conceptualized. The model was in a good agreement with the test data
with a parametric prediction of 8%. However, due its nature, the model
assumed average parameters rather than spatial distribution para-
meters, which made it less precise in predicting the superheating and
sub-cooling. Hence, in part-3, they introduced a tank into the
refrigeration system to control the fluctuations in the cooling load
and help in system stabilization. They placed the PCM tank between
the evaporator and the compressor due to its proven results in their
previous study [205,206]. The main advantage of placing PCM at this
location is to reduce the refrigerant average and peak inlet tempera-
ture. They controlled the condenser pressure by not only using PCM-A
between the compressor and the condenser, but also an additional
PCM heat exchanger in the bypass to control minimum condenser
temperature at low ambient temperatures. They suggested that these
controls contribute to saving energy to a great extent. Finally, they
significantly stabilized the condenser pressure and temperatures, even
at low ambient temperatures.

Cheng et al. [204] tested shape-stabilized paraffin/high density
polyethylene (HDPE) composite phase change material with two
additives, graphite powder (GP) and expanded graphite (EG). They
found that the thermal conductivity of PCM with EG increase 4 times
(0.31–1.36 W/mK). They used this enhanced PCM with a household
refrigerator as a heat storage, charging when the compressor is ON,
and discharging the condenser heat when the compressor is OFF [202].
The condenser midpoint temperature was decrease to 2.3 °C and the
condenser outlet temperature was decrease by 6.3 °C, resulting an
overall energy efficiency increase of 12% at the cost of more frequent
starts of the compressor. Later, they used the data to validate a
dynamic numerical model proving an increase of COP by about 19%
[203]. However, higher overall heat leakage per 24 h was observed due
to full charging of the PCM and decreased heat dissipation the ambient
in off-time period. They suggested more study on various components
of the refrigeration system with various amount and dimensions of
PCM in relation to cost and energy in future.

Recently, Sonnenrein et al. tested standard heat storage compo-
nents (water and paraffin as well as PE-HD foil and aluminium-
compound film) and block copolymer fixed organic paraffin derivative
as two PCM to integrate in a regular household refrigerator. 5 °C and
8 °C reduction in condenser outlet temperature was observed with
water and copolymer compound, respectively. A 10% decrease in power

Fig. 13. Hot water charging the PCM in generator [187].

Fig. 14. Temperature distribution in vertical cut with various helical heating tube diameter RH =100 mm, 200 mm, 240 mm, and 240 mm [105].
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consumption was also observed with variation according the condenser
loading. They stated no need of encapsulation of copolymer compound
due to their stable spatial dimensions. They concluded recommending

copolymer compound as a cost effective PCM in reducing power
consumption of a household refrigerator. In their later study, they
equipped two evaporator types and a standard wire and tube condenser
with PCM used in their previous study and specific graphite
(THERMOPHIT GFG, SGL GROUP) to increase the thermal conduc-
tivity. The power consumption was reduced by 17% and further
research on designing control algorithm was suggested. Table 16 lists
few of the features and noticeable outcomes of investigations con-
ducted on enhancing performance of condenser using phase change
materials.

5.10. Summary

A condenser is required to dissipate the refrigerant temperature
efficiently in less time. In general, a PCM reduces this thermodynamic
nature of a heat exchanger, unless, a PCM with low melting tempera-
ture absorbs the heat quicker and dissipates it in the off-time of the
compressor. This way the ambient where the heat is lost can be
simulated at much lower temperatures and controlled for required
performances. Condenser-PCM integration has been done on small
domestic refrigerators. The advantages are more than the side-effects
and interesting thermal behaviors are pointing the research to explore
more options (Table 17). More work is needed to be done on larger
capacity plants. Effect of PCM on bigger condensers, higher tempera-

Table 11
List of materials suitable for generator temperatures in single-effect absorption cooling systems (60–105 °C).

Type Compound Melting temp. Heat of fusion Thermal conductivity

Inorganic Zn(NO3)2·2H2O 54 n.a. n.a.
NaOH·H2O 58 n.a. n.a.
Na(CH3COO)·3H2O 58 264 n.a.

58.4 226
Cd(NO3)2·4H2O 59.5 n.a. n.a.
Fe(NO3)2·6H2O 60 n.a. n.a.
NaOH 64.3 227.6 n.a.
Na2B4O7·10H2O 68.1 n.a. n.a.
Na3PO4·12H2O 69 n.a. n.a.
Na2P2O7·10H2O 70 184
Ba(OH)2·8H2O 78 265.7 0.653 (liquid, 85.7 °C)

267 0.678 (liquid, 98.2 °C)
280 1.255 (solid, 23 °C)

AlK(SO4)2·12H2O 80 n.a. n.a.
Kal(SO4)2·12H2O 85.8 n.a. n.a.
Al2(SO4)3·18H2O 88 n.a. n.a.
Al(NO3)3·8H2O 89 n.a. n.a.
Mg(NO3)2·6H2O 89 162.8 0.490 (liquid, 95 °C)

90 149.5 0.502 (liquid, 110 °C)
(NH4)Al(SO4)·6H2O 95 269 n.a.
Na2S. ½5H2O 97.5 n.a. n.a.

Inorganic eutectic 58.7% Mg(NO3)·6H2O+41.3% 59 132.2 0.510 (liquid, 65.0 °C)
MgCl2·6H2O 58 132 0.565 (liquid, 85.0 °C)

0.678 (solid, 38.0 °C)
0.678 (solid, 53.0 °C)

53% Mg(NO3)2·6H2O+47% Al(NO3)2·9H2O 61 148 n.a.
14% LiNO3+86% Mg(NO3)2·6H2O 72 > 180 n.a.
66.6% urea+33.4% NH4Br 76 161 0.331 (liquid, 79.8 °C)

0.324 (liquid, 92.5 °C) 1548 (solid, 24 °C)
0.649 (solid, 39.0 °C)
0.682 (solid, 65 °C)

Inorganic non-eutectic Mg(NO3)2·6H2O/Mg(NO3)2·2H2O 55.5 n.a. n.a.
KOH·H2O/KOH 99 n.a. n.a.

Organic Paraffin C22–C45 58–60 189 0.21 (solid)
Paraffin wax 64 173.6 0.167 (liquid, 63.5 °C)

266 0.346 (solid, 33.6 °C)
0.339 (solid, 45.7 °C)

Polyglycol E6000 66 190.0 n.a.
Paraffin C21–C50 66–68 189 0.21 (solid)
Biphenyl 71 119.2 n.a.
Propionamide 79 168.2 n.a.
Naphthalene 80 147.7 0.132 (liquid, 83.8 °C)

0.341 (solid, 49.9 °C)
0.310 (solid, 66.6 °C)

Table 12
lists the materials for refrigeration absorption system (80–120 °C).

Type Compound Melting
temp.

Heat of
fusion

Thermal
conductivity

Inorganic CaBr2·4H2O 110 n.a. n.a.
Al2(SO4)3·16H2O 112 n.a. n.a.
MgCl2·6H2O 117 168.6 0.570 (liquid,

120 °C)
115 165 0.598 (liquid,

140 °C)
116 0.694 (solid,

90 °C)
0.704 (solid,
110 °C)

Organic Erythritol 118.0 339.8 0.326 (liquid,
140 °C)
0.733 (solid,
20 °C)

High-density
polyethylene
(HDPE)

100–150 200 n.a.
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tures and pressures is unknown. The design of PCM heat exchanger,
controlling algorithm and use of various enhanced PCM thermal
properties are needed in future to equip solar thermal technology with
an upgrade.

6. Evaporator

The primary goal of improving solar absorption system is to obtain
efficient cooling at the evaporator. Numerous cycles with varying
technologies are industrially operating and research-wise studied
[211]. PCM in cooling is not a new combination to investigate, in fact,
PCM is now used commercially in domestic refrigerators both on
cooling and freezing side.

6.1. PCM in domestic evaporators

Evaporator is responsible to take the heat load by exchanging heat
during the process of refrigerant evaporation. Evaporator is attached
with a fan coil unit (FCU) to induce forced convection to mobilize and
maximize the effect. Phase change materials have already made a
significant contribution in space cooling of building technology creating
a comfortable environment to live and work between 22 and 26 °C
[212]. It is to be noted that the PCM temperature is kept much lower
(0–15°C) so as to store more energy and last longer when used [213]. A
further reduced operating cooling temperature (subzero) is used in
refrigeration applications for domestic and industrial purposes.
Depending upon the ambient temperature, PCM type and thermal

load, 2−74% enhancement in COP can be achieved by the application of
PCM at domestic refrigerator evaporator [26], but there are few
common advantages and disadvantages observed. For example, Wang
et al. [214] claimed that, in vapor compression evaporation system,
both peak energy and power can be reduced to as much as 35% by the
use of PCM in cooling tower circuit charging at night and cooling the
condenser during the day. Besides this, there are other advantages of
using PCM at the evaporator (Table 18) obtained through observations
of numerous investigations [215–221] done on improving domestic
refrigerator performance. A brief overview of studies done on refrig-
erator performance using PCM at evaporator can be seen in Table 19.

Table 13
A few commercially available materials.

PCM name Type of product Melting temperature (°C) Heat of fusion (kJ/kg) Source

ClimSel C 70 n.a. 70 194 Climator
PCM72 Salt hydrate 72 n.a. Merck KgaA
RT80 Paraffin 79 209 Rubitherm GmbH
TH89 n.a. 89 149 TEAP
RT90 Paraffin 90 197 Rubitherm GmbH
RT110 Paraffin 112 213 Rubitherm GmbH
PCM-OM65P Organic +65 210 RGEES
PureTemp 151 – 151 217 PureTemp
PureTemp108 – 108 180 PureTemp
S117 Salt hydrate 117 160 PCM Products Ltd
S89 Salt hydrate 89 151 PCM Products Ltd
S83 Salt hydrate 83 141 PCM Products Ltd
A118 Organic 118 340 PCM Products Ltd
A95 Organic 95 205 PCM Products Ltd
X120 – 120 180 PCM Products Ltd
H115 – 114 100 PCM Products Ltd
H120 – 120 120 PCM Products Ltd

Fig. 15. Experimental absorber temperatures for NH3-H2O and LiBr-H2O systems.

Table 14
Absorber temperatures in various working pairs.

Author Working pair Capacity Absorber
Temp.

COP

Rivera and Rivera
[66]

Lithium nitrate–
ammonia

11.8 kg of
ice/day

40–44 0.36

Quintanar et al.
[68]

Lithium nitrate–
ammonia-water

8 kg of ice/
day

– 0.0956

El-Ghalban [198] Lithium
chloride–water

20 W 40 0.19

Rasul and
Murphy [199]

Calcium
chloride–
ammonia

0.08–
0.204 kW

20–30 0.65

Aman et al. [200] Ammonia-water 10 kW 30 0.6
Abbaspour and

Saraei [201]
Lithium bromide-
water

0.25 kW 20–40 0.81
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Further discussion on cold thermals storage materials heat transfer and
performance enhancements can be cited in [222].

6.2. Evaporator temperatures in absorption cycles

Comparing evaporator temperatures for single, half, double and
triple effect absorption cycle was studied by few researchers [224–227].
Table 20 shows these studies, both experimental and numerical,
to deduce optimum evaporator temperature of a single effect ab
sorption system for our case study. It can be concluded from the
Table 19 and few more studies [45,46,48–51,54,55,57,61–63,66–
68,70,224,228,229] that the single-effect absorption cycle is the
simplest and has the capability to produce low temperatures (−10 to
7 °C) at evaporator with generator temperature as low as 60 °C and
condenser temperatures between 30 and 40 °C at a COP of about 0.7.
Also, from Section 6.1, it is clear that the selection of PCM largely
depends upon the system being used and the application.

6.3. Material selection

Subzero temperatures or cold storage generally make use of solid-
liquid or liquid-solid phase changer materials. The selection criteria of
PCM for subzero temperatures are [230]:

• Correct phase change temperature and pressure.

• High heat of fusion

• Good cycling stability

• Good thermal conductivity

• Low/no subcoolingsubcooling

• Stable chemical properties: environmental impact and corrosion

• Easy manufacturing and low price

Other specific properties of a cold (ice) thermal storage system
include: specific heat of about 2 kJ/kg K, latent heat of fusion of about
300 kJ/kg, charging temperature between −6 to −3 °C, discharging
between 1 and 3 °C, with a cost of about 14–20 $/kWh. Deciding and
choosing a suitable PCM for the application depends on its financial
and thermal properties. A visual combination of important thermal
properties (Fig. 16) of few types of PCM was produced by Li et al.
[230]. Furthermore, phase change materials and their thermal proper-
ties suitable for air-conditioning applications can be found with Li et al.
[230].

6.4. PCM selection in cold storage applications

Study of PCM in cold storage methods and the associated chal-
lenges (multidimensional freezing, phase-segregation, super-cooling,
corrosion, crystallization and agglomeration etc.) have been in research

Table 15
List of materials suitable for absorber waste heat collection.

Type Compound Melting Temp. Heat of fusion Thermal Conductivity

Inorganic Na2CrO4·10H2O 18 n.a. n.a.
KF·4H2O 18.5 231 n.a.
Mn(NO3)2·6H2O 25.8 125.9 n.a.
CaCl2·6H2O 29 190.8 0.540 (liquid, 38.7 °C)

29.2 171 0.561 (liquid, 61.2 °C)
29.6 174.4 1.088 (solid, 23 °C)
29.7 192
30
29–39

LiNO3·3H2O 30 296 n.a.
Na2SO4·10H2O 32.4 254 0.544

32 251.1
31–32

Na2CO3·10H2O 32–36 246.5 n.a.
33 247

CaBr2·6H2O 34 115.5 n.a.
Na2HPO4·12H2O 35.5 265 n.a.

36 280
35 281
35.2

Zn(NO3)2·6H2O 36 146.9 0.464 (liquid, 39.9 °C)
36.4 147 0.469 (liquid, 61.2 °C)

Inorganic eutectics 66.6% CaCl2·6H2O+33.3% MgCl2·6H2O 25 127 n.a.
48% CaCl2+4.3% NaCl+0.4% KCl+47.3% H2O 26.8 188.0 n.a.
47% Ca(NO3)2·4H2O+33% Mg(NO3)2·6H2O 30 136 n.a.
60% Na(CH3COO)·3H2O+40% CO(NH2)2 31.5 226 n.a.

30 200.5
Organic Paraffin C16–C18 20–22 152 n.a.

Polyglycol E600 22 127.2 0.189 (liquid, 38.6 °C)
0.187 (liquid, 67.0 °C)

Paraffin C13–C24 22–24 189 0.21 (solid)
1-Dodecanol 26 200 n.a.
Paraffin C18 28 244 0.148 (liquid, 40 °C)

27.5 243.5 0.15 (solid)
1-Tetradecanol 38 205 0.358 (solid, 25 °C)

Fatty acids Capric–lauric acid (45–55%) 21 143 n.a.
Dimethyl sebacate 21 120–135 n.a.
34% Mistiric acid+66% Capric acid 24 147.7 0.164 (liquid, 39.1 °C)

0.154 (liquid, 61.2 °C)
Vinyl stearate 27–29 122 n.a.
Capric acid 32 152.7 0.153 (liquid, 38.5 °C)

31.5 153 0.152 (liquid, 55.5 °C)
0.149 (liquid, 40 °C)
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since decades [230–233]. As mentioned earlier, the melting tempera-
ture of the PCM is about 5–10 °C lower than the operating temperature
in case of hot side of the system. PCM at the evaporator (cold side) also
need to have freezing temperature lower than the average output
temperature. In the case of hot-side, especially in solar applications, a
continuous variation in solar irradiation cause minor fluctuations
within minutes and major fluctuations within hours or passage of the
day. With the use of thermal storage system, the input temperatures
can be stabilized so as to achieve a stable output evaporator tempera-
ture. For air-conditioning and refrigeration (ice storage), temperatures
from −5 to 15 °C is optimum for thermal storage
[216,217,219,220,223,234–236], but at lower temperatures, latent
heat storage materials are better than sensible heat storage materials
(like water). Some of the PCMs available in the literature in the
temperature range of −10 to 15 °C are shown in Table 21, and
commercially available products are shown in Table 22. The selection
criteria of PCM at evaporator primarily depends upon its subcooling
property, besides two characteristics: heat of fusion and melting point.
It is very important to know if the PCM solidifies below its melting
temperature, or else, subcooling can drastically reduce the thermal
capacity of the system. Organic materials have an advantage in this
application as they exhibit no subcooling and phase segregation.

7. Challenges

Despite many desirable properties, PCM have various challenges in

its usage. Some of the thermophysical issues faced are: phase separa-
tion, subcooling, low thermal conductivity, corrosion and thermal
stability. Although solid-liquid PCMs are most studied and used,
solid-solid PCM are more favorable in terms of leakage problems,
containment and design flexibility [29].

7.1. Subcooling

Supercooling/Subcooling/Undercooling is the phenomena of PCM
temperature reaching below its freezing temperature, but without
solidification. This delays the phase change and latent heat storage
capability of the system. Furthermore, lower phase change temperature
means lesser difference between the evaporator and the PCM tempera-
ture, which reduces the heat transfer rate and prolongs the compressor
ON time as the PCM acts more like a load than a charging energy
storage unit. In n-eicosane paraffins, the convective heat transfer
coefficient in the presence of subcooling is 10–15% lower than that
of PCM without subcooling [237]. Agyenim [52] indicated subcooling
in his multi-tubes storage system at the start of discharge whereas
longitudinal fins performed the best in uniform discharging. This made
him to suggest a combination of the two designs for desired features.
Therefore, low or no subcooling and high rate of crystallization is an
indication of a good PCM. When Xue [93] investigated the PCM
(Ba(OH)2·8H2O) with evacuated tube solar collector, he observed
serious supbcooling while discharging. Gil et al. selected hydroquinone
as PCM for their solar absorption refrigeration system due to its low
subcooling and high enthalpy properties. Barreneche et al. [238] and
Pitkanen et al. [239] studied ᴅ-mannitol for its polymorphism and
thermos-analysis, and found subcooling behavior.

Paraffins and fatty acids not only show wide range of melting
temperatures, but they are also known to freeze with little or no
subcooling [240,241]. Salt hydrates and clathrate hydrates have poor
nucleating properties, hence form liquid salt hydrates before freezing
[236]. Eutectic water-salt solutions also have subcooling problems but
with high latent heat and desirable melting temperature [242]; while
non-eutectic water-salt solutions do not exhibit very high subcooling
[242]. In general, inorganic PCMs subcool and organic don’t, so
severely [243].

Subcooling is minimized by adding a nucleating agents (like carbon
nanofibers, of similar crystal structure [18,244,245], using “cold finger”
[246] or using rough metallic heat exchanger surface to promote
heterogeneous nucleation [240]. Critical information on factors influ-
encing degree of subcooling, triggering mechanisms and the effect on
output capacity are discussed in [247].

Microencapsulated PCM (MEPCM) is made to enhance its thermal
conductivity and physical interaction capability during the melting
process. Subcooling increases in MEPCM due to higher heat transfer
rate and more contact surface; and it is minimized by (a) controlling
the encapsulation size [248], (b) adding nucleating agents or metal
additives [249–252], (c) optimizing the composition and structure of
the shell [253,254] or, by (d) changing the fill volume in the
encapsulation [255].

7.2. Stability

Repeated charging and discharging of PCM without an excessive
change in its thermos-physical and chemical properties is called
thermal stability/thermal reliability. Complete thermal cycling can
occur one or more times in a 24 h time period, implying at least a
1000 cycles for a 3 years life of a PCM storage. This cyclic charging and
discharging of PCM is very important for its thermal reliability and
commercialization of LHSS in solar applications. Usually, materials
with little or no subcooling are stable [27]. Paraffins are mostly stable
and chemically inert, and have very low subcooling [242]. Solé et al.
[256] studied the thermal stability of D-mannitol, myo-inositol and
galactitol. Authors reported that Myo-inositol showed good cyclic

Table 17
Advantages and disadvantages of using PCM at condenser.

Advantages Disadvantages

• Higher COP

• Shorter compressor global ON-time
ratio

• Lower energy consumption

• Continuous heat rejection from
condenser even during
compressor OFF period

• Smaller starting compressor power
due to higher refrigerant
temperature in condenser

• Faster stable condition of
refrigeration system

• Lower condensation temperature
and pressure

• Higher sub-cooling degree

• Lower heat gain from condenser to
compartment during ON time

• More frequent compressor ON/
OFF

• Higher heat gain from
condenser to compartment
during OFF Time

• More refrigerant displacement
losses

Table 18
Advantage and disadvantages of using PCM at evaporator [26].

Advantage Disadvantage

✓ Higher COP ✓ Higher condensation
temperature

✓ Shorter compressor global ON-time
ratio

✓ Longer compressor ON time
during a cycle

✓ Longer compressor OFF time
✓ Slower compartment temperature

changes
✓ More controlled temperature at

compressor inlet
✓ More stable condition against thermal

load variations
✓ Higher refrigerant density at

compressor inlet
✓ Assistance in case of power outage
✓ Helpfulness for damping defrost and

door opening temperature increase
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stability. ᴅ-mannitol reacted with oxygen during the test, resulting in
an unstable material with low storage capacity. It was recommended to
design the heat storage unit considering D-mannitol's reaction to
oxygen (vacuum storage). Behzadi and Farid [257] tested two com-
mercial organic PCMs Rubitherm 21 and mixed easters (propyl stearic
and palmitate mixture). Rubitherm-21 after 120 days at 55 °C shifted
its melting temperature from 21 to 28 °C with an increase of 27% in
latent heat of fusion while the ester mixture showed no change in mass
and good thermal stability. Thermal enhancement up to 37 °C can be
achieved in thermal stability of 160 °C heat-treated microcapsules of n-
octadecane with a urea-melamine-formaldehyde copolymer shell con-
taining 8.8% cyclohexane [258].

Tang et al. [259] improved thermal conductivity of (hybrid form-
stable PCM) PEG/SiO2–Al2O3 by 12.8% for 3.3 wt% Al2O3. An
excellent thermal stability was observed when the temperature was

below 290 °C. Cai et al. [260] prepared and improved ultrafine
composite fibers of lauric acid and polyamide using carbon nanofibers
(CNF) when they observed maximum weight loss and temperature and
charred residue at 700 °C. Fauzi et al. [261] studied thermal reliability
of two eutectic PCMs, myristic acid/palmitic acid/sodium myristate
(MA/PA/SM) and myristic acid/palmitic acid/sodium palmitate (MA/
PA/SP) and found no chemical degradation and small irregular
changes in their thermal properties. A detailed review of thermal
stability on organic, inorganic and eutectic materials can be found in
the work done by Rathod and Banerjee [262].

7.3. Characterization and testing

It is important to know the reliability of the PCM before its
application. Thermal cycling is conducted for specific parameters

Table 20
Evaporator temperatures for most used working pairs.

Author (s) Study Single-effect Tevap Half-effect Tevap Double-effect
Tevap

Triple-effect
Tevap

Domínguez-Inzunza et al.
[224]

Numerical for NH3–LiNO3

absorption system
−50 to −10 °C for COP 0.1–0.65
@TA=TC=30 °C

−50 to 0 °C for COP
0.15–0.3

−35 °C, max. COP
1.12

0 °C, max. COP 1.22

Gomri [228] Numerical for LiBr-H2O
absorption system

4–10 °C at COP 0.7–0.75 -na- 4–10 °C at COP 1.2–
1.3

4–10 °C at COP
1.63–1.8

Fig. 16. Thermal properties of various phase change materials [230].
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Table 21
Materials suitable for single-effect evaporator temperature range (−10 to 15 °C).

Type Material Melting
point °C

Fusion
heat kJ/kg

emulsion
(tetradecane/
water)

Tetradecane: water (10:90 wt
%)

4.36 18.69

Tetradecane: water (20:80 wt
%)

4.57 31.56

Tetradecane: water (30:70 wt
%)

4.51 73.47

Eutectic Na2SO4/NaCl/KCl/H2O 4 234
CuSO4/H2O −1.6 291
FeSO4/H2O −1.8 287
Na2CO3/H2O −2.1 310
KNO3/H2O −2.8 296
NaF/H2O −3.5 314
Na2SO4/H2O −3.6 285
MgSO4/H2O −3.9 264
NiSO4/H2O −4.2 259
NaCl/H2O −5.0 289
KHCO3/H2O −5.4 269
Sr(NO3)2/H2O −5.8 243
ZnSO4/H2O −6.5 236
BaCl2/H2O −7.8 246
NaH2PO4/H2O −9.9 214
Diethylene glycol −10 247

Eutectic Organic Tetradecane + octadecane −4.02 227.52
91.67% tetradecane + 8.33%
hexadecane

1.7 156.2

Tetradecane + docosane 1.5–5.6 234.33
Tetradecane + geneicosane 3.54–5.56 200.28
Tetrahidrofurano (THF) 5 280
Pentadecane + heneicosane 6.23–7.21 128.25
Pentadecane + octadecane 8.5–9.0 271.93
Pentadecane + docosane 7.6–8.99 214.83

Inorganic eutectic Na2SO4 (31 wt%) 4 234
Inorganic 6 wt% KCl + H2O −10 –

16.5 wt% KHCO3 + H2O −6 –

20.5 wt% NaCO3 + H2O −3 –

LiClO3·3H2O 8.1 253
ZnClO2·3H2O 10 –

H2O 0 333
LiClO3·3H2O 8.1 253
ZnCl2·3H2O 10 –

eutectic water–
salt solutions

NaH2PO4/H2O −9.9 214.25
BaCl2/H2O −7.8 246.44
ZnSO4/H2O −6.5 235.75
Sr (NO3)2/H2O −5.75 243.15
KHCO3/H2O −5.4 268.54
NiSO4/H2O −4.15 258.61
Na2SO4/H2O −3.55 284.95
NaF/H2O −3.5 314.09
NaOH/H2O −2.8 265.98
MgSO4/H2O −3.9 264.42
KNO3/H2O −2.8 296.02
Na2CO3/H2O −2.1 310.23
FeSO4/H2O −1.8 286.81
CuSO4/H2O −1.6 290.91

Organic C14H30 5.5 226
C13H28/C14H30 2.6 212
C13H28/C14H30 0.7 148
C13H28/C14H30 −0.5 138
C13H28/C14H30 −1.5 110
C12H26/C13H28 −5.4 126
C12H26/C13H28 −8.0 147
C12H26/C13H28 −9.1 145
C12H26/C13H28 −9.7 159
Dodecane −9.6 216
Triethylene glycol −7 247
Microencapsulated 94%
tetradecane + 6%
tetradecanol

5.1 202.1

Microencapsulated 100%
tetradecane

5.2 215

Microencapsulated 96%
tetradecane + 4%
tetradecanol

5.2 206.4

Table 21 (continued)

Type Material Melting
point °C

Fusion
heat kJ/kg

Bulk 100% tetradecane 5.5 215
Bulk 96% tetradecane + 4%
tetradecanol

5.5 206.4

Bulk 94% tetradecane + 6%
tetradecanol

5.5 202.1

Paraffin C14 5.5 228
n-Tetradecane 6 230
Polygycol E400 8 99.6
Paraffin C15–C16 8 153
n-Pentadecane 10 –

Paraffin C15 10 205
Tetrabutyl
ammoniumbromide (type A–
type B)

10–12 193–199

KF 4H2O 4.5 165
Paraffin C14 4.5 165
Paraffin C15–C16 8 153
Polyglycol E400 8 99.6
No. of carbon atoms: 15 10 205

Fatty acid Formic acid 7.8 247
Propyl palmitate 10 186

Inorganic
(hydrated salt)

LiClO3·3H2O 8 253
ZnCl2·3H2O 10 –

Salt hydrates K2HPO4·6H2O 4 109
Compound H2O + polyacrylamide 0 295

Table 22
Commercially available PCM for cold storage.

PCM Type Name Melting
temperature
°C

Latent
heat of
fusion
KJ/Kg

Company

Hydrated Salts-
Eutectic PCM

Freezer salt −16 330 TEAP PCM
Preservation 4 105

7 135
7 300
10 170
15 175

Hydrated salts S15 15 160 PlusICE
PCM
Products

S13 13 160
S10 10 155
S8 8 150
S7 7 150

Organic A15 15 130
A9 9 140
A8 8 150
A6 6 150
A4 4 200
A3 3 200
A2 2 200

Eutectic E0 0 332
E−2 −2 306
E−3 −3.7 312
E−6 −6 275
E−10 −10 286

Pure PCM – −30 to 56 – Microteklabs
Microencapsulated

PCM
– −30 to 43 –

Macroencapsulated
PCM

– −30 to 43 –

Paraffin RT−20 8 140 Rubitherm
GmbHRT−4 −4 179

RT−3 4 198
RT−5 9 205
RT2HC −4 to 100 –

Inorganic salts HS 7N −7 to −5 230
Salt solution SN06 −6 284 Cristopia

SN03 −3 328
Salt solution STL−3 −3 328 Mitsubishi

ChemicalSTL−6 −6 284
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considering (a) choice of equipment, (b) technique to characterize the
PCM before/after testing, (c) number of cycles, and (d) heating rate and
thermal cycling method [263]. Fatty acids composites can be stabilized
by four methods [79] (a) adsorption, (b) polymer blends, (c) electro-
static spinning, and (d) microencapsulation. DSC and thermostatic
chamber are used to perform cyclic stability tests with PCM [256]. A
review of methodology used in thermally stable characterization of
PCM can be found in [263]. Thermal stability is different from the
form-stability where the latter is enhancing the performance and safety
of PCM through encapsulation methods and shape stabilization
procedures [33]. Health hazards and toxicity of PCM are also crucial
characteristics of few PCMs. Paraffins release toxic vapor and salt
hydrates need careful handling. A more detailed review in this direction
can be found in [264].

7.4. Corrosion

The use of PCM in solar absorption refrigeration is relatively new
and has been investigated by very few researchers. Their observations
were more focused on the effect of PCM with enhancements on the
overall performance of the system, rather than continuous test to study
specific effects such as corrosion on the containers used. Thus, the
study performed with the use of PCM in solar absorption refrigeration
application are low and need more exploration.

Corrosive properties of water are well known. It is also the most
used hot and cold storage medium in solar absorption cooling systems.
Corrosive properties of other materials with higher latent heat of fusion
are needed for the applications. In terms of a non-corrosive containers,
stainless steels has been much tested with impressive results. Moreno
et al. [265] studied different metals (copper, stainless steel, carbon
steel, aluminium) in contact with salt hydrate PCMs (S10, C10, ZnCl2·
3H2O, NaOH·1·5H2O, K2HPO4·6H2O). Of these, ZnCl2·3H2O and
K2HPO4·6H2O did not exhibit corrosive nature with copper; and
almost all of them showed high corrosion rate with carbon steel after
12 weeks. They suggested stainless steel as suitable to all kind of
studied PCM and rated copper and carbon steel to exhibit high
corrosion in heating and cooling applications, respectively.
Accordingly, they suggested that S10, C10, S46, C48, MgSO4·7H2O
and Na2S2O3·5H2O can be encapsulated with stainless steel and
aluminium (depending upon the application); and ZnCl2·3H2O and
K2HPO4·6H2O can be used with stainless steel and copper encapsula-
tion. Ferrer et al. [266] also studied five selected metals (stainless steel
304, copper, aluminium, carbon steel and stainless steel 316) with one
ester (PureTemp 23), one inorganic mixture and two fatty acid
eutectics(Capric acid (73.5%) + myristic acid (26.5%), and Capric acid
(75.2%) + palmitic acid (24.8%)). They too suggested stainless steel
(304 and 316) and PureTemp 23 as corrosion resistant among the
studied PCMs. Stainless steel (304 and 316) and copper showed
resistance to inorganic salt SP21E. Fatty acids were corrosion resistant
with all the metals. Rest of the combinations exhibited more or less
corrosive nature during the testing.

7.5. Phase segregation

The change in initial design composition of the microscopical
separation of phases over thermal cycles is called phase segregation/
phase separation/ incongruent melting. It is an important issue of cold
thermal storage system and progressively reduces the energy storage
capacity of the LHES system. Most organic PCMs (paraffins, fatty acids
and sugar alcohols) do not exhibit phase segregation [267]. Paraffins,
which are commonly used in solar heating and cooling applications, do
not exhibit phase segregation. Ushak et al. [268] studied bischofite, a
by-product of non-metallic industry, to replace MgCl2·6H2O as a PCM
suitable for solar thermal energy storage system with lower cost. They
concluded that bischofite is a potential PCM for solar energy applica-
tion with melting point of about 100 °C, one of the two main

concerning issues was phase segregation. An encapsulated PCM is a
promising technique to deal with the issue of phase segregation along
with the use of expanded graphite [269,270].

Salt or salt hydrates are used in solar applications operating at
higher temperature ( > 500 °C). A major issue with salt hydrates is
phase segregation. A thickening agent or a polymer [269,271] with
water is added to avoid settling of heavier particles in salt hydrates to
stabilize. However, it lowers storage density [230]. Thickening agents
are mostly super absorbent polymers, cellulose derivatives, or poly-
vinyle alcohols [270,272,273].

7.6. Container design enhancements

Choosing the appropriate container size and heat exchanger is a
crucial part of the storage design. The starting time of the chiller
depends upon the volume of PCM charged. Similarly, the mass flow
rate of the HTF (and its properties) plays an important role in overall
steadiness of thermal storage unit. Shell and tube design is commonly
used in solar absorption cooling systems; and the use of fins increase
the heat transfer rate more uniformly [103]. Increasing the number of
fins decreases the PCM volume, altering desired parametric observa-
tions along with energy storage capacity. Using helical coaxial tubes to
melt the PCM can be more complex in design and much work is
required to test this design on various system capacities. Nonetheless,
scale analysis along with numerical simulation is proven approach to
design a thermal energy storage system [105]. Agyenim [52] reported
subcooling problems with a storage design (multi-tubes) with highest
effectiveness. Therefore, he suggested to include longitudinal fins that
performed the best in terms of satisfactory discharge. Table 23 shows
strengths and weaknesses for using the two designs with best effec-
tiveness and least subcooling effect. He only proposed modified
equations for enhanced COP of LiBr-H2O system.

7.7. Heat loss

Heat losses from the solar collector to the evaporator effectively
influence the COP of the system. Choosing a container for the PCM is
different from insulating it to reduce the heat losses. The overall energy
capacity of the storage unit includes the sensible heat storage of the
container metal. The heat storage capacity of the storage unit can be
calculated accurately when heat losses are minimized to its largest
extent. This will not only enhance the COP of the solar absorption
system, but also its reliability during the night time. Heat loss can occur
through the pipes depending upon the distance of the storage unit in
the system. Heat loss can also occur due to improper insulation of the
storage unit. Glass wool is generally applied (up to 250 °C) as an
insulation around solar collectors and hot water piping. Rubber based
elastomeric foam is used for hot/cold pipelines (−50 °C～+105 °C). In
order to reduce the heat losses, Raja et al. [58] placed the generator
inside the thermal storage unit; additionally saving the pumping
power. Gil et al. [103] insulated the storage tank with a 24 cm thick
rock wool on the sides and 45 cm of Foamglass™ underneath. If the

Table 23
Strengths and weaknesses of two storage design used in [52].

System Longitudinal finned Multitube

Strengths • Most uniformly distributed
temperature

• No sub-cooling during
discharge

• Best discharge efficiency

• Highest final melt
temperature

• Highest output
temperature

• Most energy stored

• Highest overall utilization
efficiency

Weaknesses • Slower charge rate compared
to multitube

• Sub-cooling during
discharge
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standby period increases, this can also lead to freezing problems which
in turn affect the storage capacity of the unit [107].

7.8. Control

The thermal storage unit is charged and discharged according to the
availability of the sun and the cooling demand. The fluctuation of the
heat source cannot affect the output temperature of the evaporator in
most of the applications, including SAR system with thermal storage.
Choosing the most economic mode of cooling using the best para-
meters to maximize the exergy can be done with a meticulous control
program. This depends upon the system and application demands.
Godarzi et al. [274] optimized a LiBr-H2O absorption system with a
latent heat thermal storage unit using exergoeconomic principles and
genetic algorithm. They were able to reduce the exergy losses and raise
the COP by 3.8%. Advanced control algorithms are also required to
maximize energy saving in buildings while maintaining optimum
thermal comfort.

7.9. Material selection

There are practically hundreds of phase change materials that can
be employed at various desirable temperature ranges according to the
applications. Only a couple of PCMs have been investigated in various
thermal circuits of a solar absorption system. Moreover, selecting a
material with its appropriate property is more difficult for any
application. Commercially available PCMs like hydroquinone, erythri-
tol, ᴅ-mannitol and other paraffins are investigated in abundance, but a
clear picture of database of PCMs suitable for required application,
their limitations, explored solutions etc are missing.

7.10. Thermal responses

New designs to investigate and enhance the performance of the
solar absorption system are needed. Agyenim's [52] three cylindrical
shells equipped with mechanical ways to enhance the heat transfer are
worth mentioning. He tested circular and longitudinal fins on the HTF
tube running from the center of the shell with a multi-tubes geometry.
The longitudinal fins exhibited the most uniform melting (except for a
small part at the bottom) during the charging (in hot circuit) and has
the highest discharge efficiency (82.2%) with no sub-cooling. The
highest energy discharged was in multitube system with 83.5%
efficiency. Designs dictated by PCM thermal behavior are still under-
researched.

8. System design for PCM integrated solar absorption
cooling system

During the charging/discharging process, the phase change solid-
liquid boundary constantly shifts and this rate is dependent upon
various heat input parameters, PCM's thermophysical properties and
the design of the heat storage container. It is difficult to exactly
formulate the position of the boundary which forms the part of the
solution [275]. Various experimental and numerical studies have been
conducted to solve the energy formulated equation [276–287]. A
detailed review of heat transfer and phase change problem formulation
can found in [288].

Design of PCM integrated solar absorption cooling system can be
achieved by considering storage capacity, geometry, heat storage
method, thermal behavior, total cost and application specifics. Heat
storage can be done internally or externally. In an external storage
system, storing of heat for the generator or cool energy for the cold
storage is done with a TES system installed/attached outside the
circuit, while the internal storage system is by using (slurry) heat
transfer fluid in the system (solar circuit) to store and also transfer heat
to the TES system [16].

Shell and tube LHS system was numerically analyzed for thermal
behavior of two phase change materials by Adine and Qarnia [110]. To
study the effect of operating and geometric parameters (HTF inlet
temperature, mass flow rate and length of PCM section), they
conducted several experimental iterations using volume control ap-
proach transformed to algebraic equations. Higher mass flow rate (ṁf

=10–2 kg/s) and partial storage resulted more efficient LHS unit with
n-octadecane as a PCM. However, the maximum thermal storage
efficiencies for both the storages were identical. Agyenim et al. [289]
used another type of shell and tube heat exchanger where they tested
two configurations (single and four tubes in a control unit) to study the
temperature gradient (in Erythritol) along three directions (axial,
radial and angular) and suggested that a four tube configuration
suitable to power a LiBr-H2O absorption system. Medrano et al.
[290] tested five small heat exchangers and commercially available
paraffin RT35 and water as a HTF. Average thermal power values were
evaluated and double pipe heat exchanger with PCM embedded in
graphite matrix (DPHX-PCM matrix) was found to be the best option.
Their model set-up consisted of a thermostatic bath to control the
water inlet temperature, pump, valves and an easily replaceable heat
storage system. They used to charge the system with solid PCM until no
solid PCM is observed. Then discharging with cold water with HTF was
started immediately until no liquid PCM is observed; taking readings at
every 10 s. Trp et al. [291] numerically studied the transient heat
transfer phenomenon in a shell and tube heat exchanger with water as
HTF and paraffin as PCM. All the thermocouples were connected to a
data acquisition system through LabView® software collecting data
every 10 s. They deduced few guidelines for parametric designing of a
LHTS system:

• Mass flow rate of the HTF has negligible effect on thermal energy
stored. This can vary with thermal conductivity of the HTF.

• Parametric changes in temperature difference between the HTF inlet
and PCM melting can be used to influence (linearly) the amount of
stored and delivered thermal energy in the LHTS system.

• Parametric changes in geometry, like outer tube radii be 1.2–1.8 for
melting, and 1.2–2 for solidification with a dimensionless length of
the unit=40. Increasing the dimensionless tube length decreases the
energy density and the ratio of the total to the latent energy.

• Energy density and the ratio of total to latent energy stored decrease
significantly with the increasing of outer tube radius during charging
and discharging process

The effects of the Reynolds number and the Stefan number on the
charging and discharging behaviors in fixed geometry storage unit (at 5
degree tilt) was experimentally investigated by Akgün et al. [292] for
three different paraffins. They concluded that the Reynolds number
does not have a considerable effect on total melting time, but a lower
value should be chosen for an energy efficient storage system.
Increasing the Stefan number decreases the melting time drastically
and an average of 0.04 increment in Stefan number with 5 oC
increment in HTF inlet temperature was observed. Gil et al. [103]
placed the shell and tube storage tank with an electrical boiler (24 kWe)
and an air heat exchanger (20 kWe) to cool down the HTF (Therminol
VP-01). Two containers with 49 bent tubes with/without (196) square
fins and PCM (hydroquinone) on shell side were constructed. The
containers size was 527×273×1273 mm with a heat transfer surface of
6.6 m2 and PCM quantity of 155 kg and 170 kg, for with/without fins
respectively. Raja et al. [58] placed the generator inside a hot water
storage tank to reduce the heat losses. Ponshanmugakumar et al. [187]
placed the vertical generator in a thermal storage tank with phase
change material to decrease the heat demand at peak loads and low
radiation periods, whereas Lorente et al. [105] numerically and
analytically studied a vertical cylinder with PCM on the shell side
and HTF in the helical tube inside the shell. They determined the
optimum pitch and diameter of the helix for better performance of the
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heat storage unit. Few new design options were suggested by Zhai et al.
[293] with regards to solar collectors, auxiliary systems and cooling
modes in single effect absorption cooling system. A review on influence
of geometry and initial conditions on the performance of PCM based
energy storages can be found at [294].

8.1. Cost analysis

The two most influential parameters affecting the economics of
solar cooling options are the solar collection technology and the
performance of the system [295]. Solar assisted absorption refrigera-
tion system is more feasible than other conventional as well as solar
powered cooling systems. The main factors affecting the techno-
economic feasibility are cooling load, weather, system performance,
and cost of components [296]. Building features like composite wall
materials/layers, type of glazing, orientation, primary usage and
number of working persons also play an important role in defining
the total load. A suitable selection of solar collectors and storage tanks
contribute to achieve the payback in shorter time period [297].
Although economic analysis for conventional systems (without thermal
storage) [298,299] and systems with sensible storage (water) tanks are
abundant [296,297,300–304], a comparative cost analysis on using
PCM as latent heat thermal storage unit in solar absorption cooling
system are rarely seen. Godarzi et al. [274] designed a PCM storage
based on exergoeconomic analysis and genetic algorithm in a 45.4 kW
LiBr-H2O system. Their analysis showed a payback period of 0.61 yr
without PCM storage to 1.13 yr with PCM storage.

Other investigations analyzing cost of the system with a storage
tank include Misra et al. [305] who optimized LiBr·H2O single-effect
absorption system based on theory of exergetic cost and thermoeco-
nomic optimization technique. They suggested that the techniques
provided cost-effective improvements. They also observed a reduction
of 3.5% production cost with an increase of 12.58% investment cost.
Later, they used the same technique to improve the COP and exergetic
efficiency of the same system by 10.419% and 10.423%, respectively
with an increase of 3.14% investment cost [306]. They later applied the
same technique to NH3-H2O absorption system and were able to
improve COP and exergetic efficiency by 44.2% and 44.6%, respectively
by increasing the investment in evaporator assembly (19.1%) and RHX
(100.6%) and decrease the cost of generator (64.4%), SHX (30.4%) and
rectifier (70.5%) [307].

Calise [300] numerically investigated a LiBr-H2O system using
thermoeconomic and optimization techniques and 64% of primary
energy saving was achieved with a payback period of 12 years. Later,
Calise et al. [297] optimized the same system with the objective of
finding the payback period and overall annual cost. They calculated
three types of payback periods and the one with least value (14.8 years)
includes public funding in capital cost.

Tsoutsos et al. [304] simulated and optimized the size of a complete
LiBr-H2O system for a hospital building in Greece. They simulated four
scenarios with varied collector area, solar fraction heating/cooling
using two size of chiller units (70 kW and 121 kW). The least payback
time (11.5 years) was found in their forth scenario with a combination
of compression vapor pressure and absorption system of 50 kW and
70 kW, respectively. The collector area was 500 m2 and the hot water
storage tank volume was 15 m3. Koroneos et al. [170] calculated a
payback period of 24 years for a 70 kW LiBr-H2O absorption system
cooling a medical center in Greece. Mateus and Oliveira [308]
evaluated the potential of solar absorption system for three types of
buildings (office, hotel and single-family house) in three cities of
various countries. Single-family house and hotel were two most
economically feasible scenarios. They however concluded that the use
of evacuated tube collectors, rather than flat plate collectors can reduce
the collector area to 5–50%. Hang et al. assessed a 150 kW LiBr-H2O
system for a midsized office building in California, USA. A payback of
13.8 years was estimated with 40% government subsidies. Al-Alili

[302] simulated a 10 kW NH3-H2O system for the weather conditions
of Abu Dhabi, UAE. They reported a 47% energy saving by replacing
the current system with conventional vapor compression evaporation
system. They did not mention the payback period but inversely
correlated it with electricity prices.

Al-Ugla et al. [296] calculated a payback period of 18.5 years for a
1500 kW LiBr-H2O solar absorption system working 10 h daily, and it
reduced to 9 years with 50% government subsidy in the Kingdom of
Saudi Arabia. It can also be reduced from 18.5 years to 16 years if the
COP is increased to 0.7644.

9. Conclusions

A detailed review of phase change materials and their enhancement
techniques suitable for solar absorption refrigeration system has been
performed. A comprehensive review on latent heat thermal storage
units, suitable materials selection, PCM challenges, enhancement
techniques used, system and cost analysis is made. Concluding
summaries on the basis of approach to the use of PCM in solar assisted
absorption refrigeration systems have been made. Preferences in
selecting a material according to the component heat balance, dissipa-
tion, operating temperature, and PCM challenges are suggested for an
improved output. Design approaches, challenges faced and solutions in
the container design, heat propagation, PCM behavior and effect on the
system are described. Concluding remarks for future research in
effective utilization of PCM selection basis and approach strategy in
solar absorption cooling are as follows:

1. Melting temperature, latent heat of fusion and PCM thermophysical
issues are three basic factors influencing the selection of PCM in any
application. High heat of fusion, precise melting/solidification
temperature (without subcooling) are two primary requirements in
the selection approach.

2. Erythritol, Hydroquinone and D-mannitol are three much studied
HTFs for the temperature range (140–200 °C) suitable for absorp-
tion refrigeration system. Next to melting point temperature, degree
of subcooling (of inorganic materials) is also an important parameter
that influence the thermal capacity of the system. Other eutectic
mixtures are also suitable provided the challenges are explored and
solutions are tried.

3. Storage tank design plays an important role in effectively maximiz-
ing the heat intake and output from the LHTSS. Shell and tube
design has proven to be the best, but at the cost of low PCM volume
capacity. Multitube design is another proved efficient design with
complete charging and discharging observed. A good heat-exchanger
considering the thermos-physical behavior of PCM has not been
studied yet. Thermal behavior during charging and discharging is
crucial parameter. This depends upon the container design and the
heat transfer rate of the PCM.

4. PCM melting temperature is selected ~10 °C lower than operating
temperature. The PCM enthalpy, heat of fusion and some negative
PCM characteristics like, subcooling, phase segregation and corro-
sion are to be studied well before investing the time and money. Few
commercial PCMs like PlusIce have smooth thermal behavior
suitable for solar energy storage.

5. Numerous mechanical and nano-level enhancements have been
done to increase the heat transfer rate and found promising.
Microencapsulation increases the heat transfer surface area and is
also a solution for phase segregation in salt hydrates. Nucleating
agents are a good option to solve subcooling problem in inorganic
salt hydrates. This method is largely investigated and its application
has a definite positive impact on the storage capacity.

6. A good heat exchange in the generator can save a lot of input energy
and increases the capacity of LHTES systems. Condenser, absorber
and evaporator heat exchanger efficiencies affect the overall COP of
the system. Application of PCM at generator and evaporator is quite
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effective than using PCM at condenser or absorber.
7. Innovative techniques to integrate PCM in a flat plate or custom

designed solar collector have proved efficient. However, this still
requires the pump power which is not the case if the generator is
submerged in the PCM of storage unit. PCM system integration
methods are sparse.

8. PCM increases the initial cost, but saves energy in prolong operating
periods. The added advantage of using PCM in any thermal system is
that it thermally stabilizes the system making its transition between
different modes (day, night and cloudy) smooth.

9. It largely depends upon the economic factor on how far adjustments
can be made. High heat of fusion at precise melting temperature can
come at a cost of PCM issues which might need expensive treatments
like using nanoparticles or encapsulations, or completely changing
the container material or using nucleating agents. The balance
between these parameters depends upon discretion of the research-
er's expertise and the economic viability.

10. Recommendations

Based on the diversity of topics, a few recommendations for future
research in utilization of PCM in solar absorption cooling (and in
general) are made as follows:

1. High temperature HTF are already in use, but high temperature
latent heat storage has not been explored yet. Although materials are
identified for higher temperatures, their reliable design and integra-
tion with the system is hardly seen. Very few pilot storage systems
have been investigated to be commercially implemented. There are
only few studies on the nano enhancement of HTF for high
temperatures applications.

2. Empirical formulation for system design and integration; and
energy-exergy analysis are two areas that needs more investigation.
Study of melting/freezing layer movement in the PCM is hardly seen
in the literature. This is useful in designing an efficient PCM storage
unit.

3. Although optimum generator operating temperatures for single and
multi-effect absorption cycles has been accurately determined
through numerous experimental results, suitable integrated storage
units have not been explored yet. Pumping heat from an external
LHTSS consumes energy and if the generator and LHTS units are
combined, this pumping energy can be saved. So far, only two
attempts have been made in this direction. A more efficient system is
expected with this type of integration.

4. In a cylindrical PCM storage unit, multi-tubes geometry was proven
to be the most effective, but in order to reduce the subcooling,
integration of longitudinal fins with multi-tubes has a promising
scope for better performance. A combination or innovative design
for storage unit is needed in this direction.

5. Absorber and condenser operate at almost same temperature. Yet,
no attempt to combine them into one unit integrated with PCM is
made. Use of PCM at condenser should be critically handled as
thermal conductivity of the PCM is of the highest importance to
dissipate energy in the process. PCM with condenser in hot weather
conditions ( > 40 °C) and its effect on compressor run-time has never
been studied, especially considering how heavily refrigeration is
used in hot countries.

6. In cold storage, materials with subzero temperatures are identified,
but their thermal reliability, phase-segregation and subcooling
issues are not deeply studied. Studies on industrial (large scale)
level thermal cold storage phase change materials are hardly tested.

7. Application of nano-particles with various PCMs open the door to
infinite possibilities and test that give out a new generation of
enhanced PCM. Property customization is a great way to make
application based PCM perfectly suitable for the system operating
condition.

8. Work on phase segregation and high thermal cycling is less seen in
the literature due to long time needed to investigate this phenom-
enon. But this property decides the reliability of the product and
should be focused more. Many salt hydrates exhibit good and
suitable thermal properties but need better ways to enhance their
properties and avoid the issues they are known for.
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