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ARTICLE INFO ABSTRACT

Available online 25 May 2016 Solar energy is one of the widely used renewable energy that can be harnessed either by directly deriving energy
from sunlight or indirectly. Solar water heating system, on the other hand, is one of the applications of solar

Keywords: energy that has drawn great attention among researchers in this field. Solar collectors, storage tanks and heat

Solar energy transfer fluids are the three core components in solar water heater applications, which are reviewed in this
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paper. This paper discusses the latest developments and advancement of a solar water heater based on the
three basic components that may affect the thermal performance of the system. It also reviews the development
of various types of solar collectors in solar water heater, including both the non-concentrating collectors (flat
plate collector, evacuated tube collector) and the concentrating collectors (parabolic dish reflector, parabolic
trough collector). All these are studied in terms of optical optimization, heat loss reduction, heat recuperation
enhancement and different sun tracking mechanisms. Among the non-concentrating and concentrating
collectors, the parabolic dish reflector collectors show the best overall performance. The use of nanofluids as a
heat transfer fluid was also discovered in this paper.
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1. Introduction

Today, fossil fuel has been primarily used to heat and power homes
and fuel cars [1]. It is convenient to use coal, oil and natural gas for
meeting human's energy needs [2], but the limited supply of these
fuels has become the main constraint for people to persist them as the
continuous sources on Earth [3,4]. In recent years, high advancement
in Malaysia's economy has steered to a vividly increases in energy con-
sumption, particularly electrical energy used in commercial and domes-
tically building [5]. As energy plays a crucial role in the daily needs of
humans [6], there are many alternative energy sources that can be
used instead of fossil fuels [7,8], and one of them is renewable energy
(RE) [9]. RE can be described as energy that can be generated by natural
sources such as sunlight; which is a primary source of energy [10]. The
major gains of RE is that no fuel is necessarily required, which eradicates
the emission of carbon dioxide (CO-); one of the factors in air pollution.
Insufficient fossil fuel supplies and disproportionate gas emissions
resulting from increasing fossil fuel consumption have become the
worst contribution to the current global energy problem. It was
recounted that the present petroleum consumption was 105 times
faster than the amount nature can create [11). Predictably, at this huge
rate of consumption, the world's fossil fuel reserves will diminish by
2050 [11,12] and the global demand for energy would turn to be
approximately 30 and 46 TW by 2050 and 2100, respectively [13].
Even though the fossil fuels supply more than 90% of energy demand,
they indeed convey a vertical figure in environmental cost [14].

In China, the application of RE in buildings is a promising solution
toward the conflict between the growing energy demand and environ-
mental protection [15]. It could also provide a solution to the problem,
as they are inexhaustible and have less adverse impacts on the environ-
ment than fossil fuels [16]. Particularly, solar energy systems are able to
offer significant environmental protection such as the reduction of eco-
logical footprints [17]. This energy cannot be exhausted and is constant-
ly renewed. Economical, environmental friendly and safe should be the
consideration in making decisions of the type of energy source for future
demand. Solar energy can be harnessed either by directly or indirectly
deriving energy from sunlight [18]. In reality, the most worthwhile
thing about this energy is that it can be used without polluting and
harming the earth.

In addition, solar energy is the most highly potential of the alterna-
tive energy sources, and universally available sources. It is an attractive
concept because of the combination of solar energy and the heat pump
[19], which can improve the quality of the energy available and show
potential for different applications [20]. The application of solar energy
includes water heating in the domestic sector, health institution and
tourism sector [18,21]. One of the popular devices that harnesses solar
energy which can replace the electric water heater [22] is the solar
water heater and its system is called solar water heating system [23,
24]. Therefore, this paper provides a review of various solar collectors
in solar water heating systems and its applications. The review consists
of an introduction to solar water heater systems including the active
and passive systems, basic components of solar water heating and its
latest researches and advances of solar water heaters.

2. Development of solar water heating system

The history of the advantages of solar water heating system has been
around for many years because it is the easiest way to use the sun to
save energy and money. One of the earliest documented cases of solar
energy involved pioneers moving west after the Civil War. They would
place a cooking pot filled with cold water in the sun all day to have heat-
ed water in the evening. The first solar water heater that resembles the
concept, and is still in use today, was a metal tank. It was painted black
and placed on the roof where it was tilted toward the sun. Practically,
the concept really worked but it usually took all day for the water to
heat and then as soon as the sun went down, it cooled off quickly

because the tank was not insulated. The different applications of solar
energy had been discovered broadly such as utilizing the water heating
system [25], solar air conditioning, food drying [26], lighting and
cooking [27]. Out of the total energy consumption in homes, almost
20% of water heating is consumed for an average family. This advanta-
geous situation can happen because it is a cost-effective way to reduce
energy costs from gas, electricity, or propane sources [28], and also
pollution free [29], which is most beneficial to homeowners as they
produce large amounts of hot water every day [30].

Subsequently, solar water heater is a device of a solar water heating
system that is rightly needed in every home as it has many benefits to
people, community and also the environment which functions to heat
water and produce steam for domestic (i.e., for bathing, washing, and
cleaning) [31] and industrial purposes using solar energy. Its system
plays a vital role in collecting energy from the sun through its panels
or tubes, followed by the production of hot water [14]. This system is
generally installed at the terrace or where sunlight is available and
heats the water during the day. Then, the hot water will be stored in
an insulated storage tank and ready to be used for household utilities
especially in the mornings [31,32]. Indeed, the solar water heater had
effectively entered the global market commercially since the 1800s
[33].Itis not only a safe, simple and reliable technology, but also reason-
able in terms of costs [34]. Acceptance of the technology is usually not
an issue for the user as it is a “behind-the-screen” technology [35].
Moreover, simplicity, technological feasibility, and economical and
commercial viability are the strengthening factors of solar water heaters
which made them popular among the RE products all over the world
[36,37]. For instance, the most popular categories of hot water heaters
in the China market are electric water heaters, gas water heaters, and
solar water heaters [38].

In addition to the system, a collector functions to collect solar energy
from sunlight whereas a storage tank stores hot water that has been
produced through the system itself. In making sure that the water is
always hot, the tank must be insulated well to avoid heat losses, as men-
tioned earlier [39]. Solar energy can be acquired when the absorber
panel coated with selected coating transfers the heat to the riser pipes
underneath the panel. The water will pass through the riser to be heated
up and then channeled to the storage tank. The recirculation of the same
water through the absorber panel in the collector raises the tempera-
ture up to 80 °C (maximum) on a good sunny day. This is recognized
as a complete system of hot water using solar energy with the use of
equipment such as a solar collector, a storage tank and pipelines and
is known as the solar water heating system. The existing solar water
heater today consists of a cylindrical glass tube that works as the
receiver of solar energy and a copper coil through which the water
flows, that is placed inside the glass tube and acts as the collector [40].
The technical and environmental performance of a solar water heater
is examined using the method of life cycle assessment (LCA) [41,42].

Nevertheless, there is still much to do to improve the performance of
solar water heaters which include improving the thermal stratification
of the storage tank, enhancing the performance of the collector,
boosting the heat transfer techniques (consist of collector designs,
collector tilt angles, coating of pipes, fluid flow rates, thermal insulation,
integrated collector storage, thermal energy storage, use of phase
change materials (PCM) [43], and insertion of twisted tapes) [44], and
optimizing the controller. Besides, optimizing the hot water tank struc-
ture and enhancing the immersed heat exchange performance is also
considered as one of their best ways [45].

3. Solar water heating system

One of the most widely known solar thermal applications is the solar
water heating system [46]. The solar water heating system uses natural
solar thermal technology [47,48] which is where solar radiation is con-
verted into heat and transmitted into a transfer medium such as water,
water antifreeze or air. This system is often feasible for replacement of
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electricity and fossil fuels used for water heating [49]. Generally, the
system is very simple because it requires only sunlight to heat the
water. It works when the working fluid is brought in contact with a
dark surface (high absorptive) that is exposed to sunlight, which then
causes the temperature of the fluid to rise [3]. This fluid may be caused
by the water being heated directly, which is called a direct system, or it
may be a heat transfer fluid (such as a glycol or water mixture) that is
passed through some form of a heat exchanger and called an indirect
system. These systems can be classified into two main categories; active
system and passive system [50] as shown in Fig. 1. The active system can
be divided into two which are the open loop and close loop system
whereas the passive system uses the system of thermosiphon and
integral collector storage (ICS).

Almost all solar water heating systems used in temperate climates
are active systems that make use of pumps to circulate the heat transfer
fluids [24]. Theoretically, these systems commonly use flat plates or
evacuated tube collectors, which absorbs both diffused and direct
solar radiation and function even under clouded skies. Water is heated
in the collectors and a pump is used to circulate a water glycol mixture
used as the heat transfer fluid [51]. A solar controller triggers the pump
when the difference between the temperature of water at the bottom of
the tank and the heat transfer fluid at the outlet from the collector
exceeds a set value. A solar coil at the bottom of the hot water tank is
used to heat water. This fluid has some desirable properties such as
low freezing and high boiling points. Their ease of operation and low
cost makes them suitable for low temperature applications below
80 °C. An auxiliary heating system is used to raise the water tempera-
ture during periods when there is less heat available from the solar
collector [52]. The solar water heating system proves to be an effective
technology for converting solar energy into thermal energy. The
efficiency of solar thermal conversion is around 70% when compared
to the solar electrical direct conversion system that has an efficiency
of only 17% [53].

There are two types of solar water heating systems; active and
passive solar heating systems. The active system consists of the open
loop system and closed loop system; whereas the passive system con-
tains thermosiphon and integrated collector storage (ICS).

3.1. Active system

Active solar water heating systems use collectors to heat a fluid, stor-
age units to store solar energy until needed and distribution equipment
to provide the solar energy to the heated spaces in a controlled manner
[54]. In combination with conventional heating equipment, a solar
water heating system provides the same levels of comfort, temperature
stability and reliability as a conventional system. A building that has
been heated is often referred to as a “solar house”. The term solar
house is also applied to buildings that include integral parts of the build-
ing elements that admit, absorb, store and release solar energy and thus
reduce the needs for supporting energy to comfort heating [55]. In
simple definition, the active system uses electrical pumps [56], valves
and controllers to circulate water or other heat transfer fluids trough
the collectors [57]. This system is also known as forced circulation

Active Open Loop
System
Solar Water Closed Loop
Heating .
Systems Thermosiphon
Passive
Integrated
Syst
il Collector
Storage (ICS)

Fig. 1. Solar water heating system.

system and it can be an open loop (direct) active system or a closed
loop (indirect) active system [50]. Open loop (direct) active system
heats the actual household water in the solar collectors. Once heated,
the water is pumped into a storage tank and then piped to spouts for
use in home [58]. Since this system uses regular household water in
the collectors, it should only be used in areas that do not experience
freezing conditions. However, a closed loop (indirect) active system
uses heat to transfer fluids that is usually a water-antifreeze mixture
|58]. After the heat-transfer fluid is heated in the solar collectors, it is
pumped into a storage tank where a heat-exchanger transfers the heat
from the fluid to the household water [59].

3.2. Passive system

On the other hand, a passive solar water heating system can be well-
defined by comparing with the active system in terms of two bases; the
first is the role of the collector and storage that are combined together
into a structure of the building. For example, windows and rooms can
serve as collectors while storage can provide sensible heat of the
building structure and their contents as temperature changes [46].
Meanwhile, the second is that this system delivers no moving fluids
(mechanical energy) but fluid and energy is moved by virtue of the tem-
perature gradients established by absorption of radiation [5]. In other
words, the passive system uses the method of natural convection heat
transfer [56] and without mechanical devices [54], to circulate water
or transfer fluids between a collector and an elevated storage tank
which is placed above the tank [60] as shown in Fig. 2. In this system,
if the fluid is gradually heated up, it will result in the decreasing of the
fluid density. Starting with the collector, for example the flat plate col-
lector (FPC), it collects the radiation from the sun and at that moment,
the fluid in the collector will absorb the heat, causing the fluid density
to decrease as well as affecting the upsurge of fluid to the top of the col-
lector and gushing into the storage tank. Afterward, the fluid will turn
out to be cool at the bottom of the tank and flow back to the collector.
This phenomenon will circulate continuously until there is no sun as
the source of energy [50].

3.2.1. Thermosiphon

The best examples of passive systems are the thermosiphon in Fig. 3
and the integrated collector storage (ICS) [61]. The thermosiphon
system is the most common type of solar water heating system in the
market and most commercially available [62]. It uses this type of roof-
mounted flat plate collector, storage tank and connecting pipe together
|63,64]. However, caution and care should be taken when installing
such a system as the combined weight of the solar collector, storage
tank and the water itself might be too much for the design of the
supporting roof [65]. Moreover, the thermosiphon's concept is just
simple and requires less maintenance due to the absence of control
forces and instrumentations [28]. The efficiency of a collector depends

Batch collector

» Hot water to house

Spigot drain valve
(for cold climate)

Solar storage/backup

Bypass valves water heater

Cold water supply —

Fig. 2. Passive solar heating system [50].
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Fig. 3. The schematic diagram of the thermosiphon hot water system.

on the difference between collector and ambient temperature; the
greater the difference between collector temperature and ambient tem-
perature, the lower the intensity of solar radiation [13].

This system also heats potable water (drinking water) or a heat
transfer fluid and uses natural convection to transport it from the collec-
tor to storage [66]. Thermosiphoning will occur when the water in the
collector expands and become less dense as the existing heat is in-
creased by the solar energy, causing the heated water to rise through
the collector header into the top of the storage tank [46]. Later, the
cold water there will flow down the collector toward the bottom of
the tank [1]. In the storage tank, hot water will accumulate near the
top when the water is heated during the day. To take into account the
periods of low solar radiation levels, storage tanks are normally sized
to hold about a 2-day supply of hot water. It should be noted that the
water flowing through the collectors is potable water that goes to the
user. Any quantity of hot water used will then be replaced through
the freshwater inlet (from the cold water storage tank or main supply)
which later will enter the storage tank near the bottom so as not to
break the stratification [67].

As mentioned before, the circulation process will be continuous as
long as the sun is shining. As the difference of the driving force between
the hot and cold water is only a small density, a proper size that should
be used to minimize pipe friction is definitely larger than the normal
pipe sizes. Connecting lines must also be well insulated to prevent
heat losses and sloped to prevent formation of air pockets which
would stop the circulation. At night, or whenever the collector is cooler
than the water in the tank, the direction of the thermosiphon flow will
reverse, thus cooling the stored water, unless the top of the collector is
placed well below (about 30 cm) the bottom of the storage tank [68].

The performance of a thermosiphon solar water heater can be
affected by the effect of thermal conductivity of the absorber plate of a
solar collector which is found using the alternative simulation system
|66]. Compact solar water heaters in which the absorber plate forms
an integral part of the storage tank have many advantages over both
the conventional thermosiphon and forced convention types. They are
relatively cheap to fabricate and install while they perform equally
well during the day as the conventional types. However, they tend to
lose accumulated energy during periods of low insulation when the
absorber plate temperature falls below that of the water. Even on clear
days, they need to be covered in the late afternoon and throughout
the night if hot water is expected the following morning. Alternatively,
the hot water may be transferred to a second storage tank or to the
domestic electric heater for nighttime storage [69].

The thermosiphon solar water heater still remains today, many
decades since their first appearance, and has been one of the most
interesting technologies for exploitation of solar energy. Their remark-
able efficiencies, combined with simplicity of construction, autonomy

in operation, absence of moving parts and thus the minimization of
necessary maintenance, make them an attractive alternative to pumped
solar systems [70].

3.2.2. Integrated collector storage

Meanwhile, another example of the passive systems is the integrat-
ed collector storage (ICS). It is a combination of the solar collector and
thermal storage tank [71] which incorporates both components in a
single unit [72]. Apart from being one of the simplest forms of solar
water heater in the market and becoming a very popular choice when
choosing solar water heaters [73], it also reduced the cost [74], as they
integrate the collector and the heat storage in the same construction
[75]. Its design varied [5,66], consisting of several metal tanks where
the energy will be absorbed on their exposed surfaces, enclosed in an in-
sulated box with a transparent cover on the top to admit solar radiation.
The outlet at the top of one tank is connected to the bottom of the inlet
of the next tank to create a series. The purpose of having some layers of
glazing over the tanks and the insulated box is to reduce heat loss to the
collector as storage [76,77]. Then, the solar heated water is drawn into
an auxiliary heater inside the house as needed. These systems are less
expensive and simple; however there are usually weaknesses in
which more heat is lost at night. Moreover, in North Carolina, the ICS
system does not provide adequate freezing protection [7].

4. Components of solar water heater

Generally, the solar water heater consists of several basic compo-
nents; the solar radiation collector panel, storage tank and heat transfer
fluid [78,79], as shown in Fig. 4. Besides, there are also several additional
components such as the pump (necessary in active system only),
auxiliary heating unit, piping units and heat exchanger.

4.1. Solar collector

Firstly, the major component of solar water heater is the solar collec-
tor [80]. It is a special kind of heat exchanger that transforms the solar
radiation energy to internal energy of the transport medium [81,82] in
which it absorbs the incoming solar radiation, and converts it into
heat, then transfers the heat to a fluid (usually air, water, or oil) flowing
through the collector [66]. Besides that, it is also a device that can reduce
fossil energy consumptions [83]. The collected energy will be carried
from the circulating fluid either directly to the hot water or space condi-
tioning equipment or to a thermal energy storage tank from which it
can be drawn for use at night and/or cloudy days. There are basically
two types of solar collectors: the first is non-concentrating or stationary
|84] and the second is concentrating [85]. A non-concentrating collector
has the same area for intercepting and absorbing solar radiation, where-
as a sun-tracking concentrating solar collector usually has concave

 Z—
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Fig. 4. Components of the solar water heater.
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reflecting surfaces to intercept and focus the sun's beam to a smaller
receiving area, thus increasing the radiation flux.

4.1.1. Solar collector selection

As it has been the major component of the water heater, it is no
wonder if a large number of it is available in the market [24]. Hence,
in choosing the right solar collector there are some considerations that
must be employed in terms of heating requirements and the environ-
mental conditions [50]. It can also be categorized in terms of the
collecting characteristics, the way the collectors are mounted [86] and
the types of heat transfer fluid. As mentioned earlier, the collecting
characteristic can be non-concentrating collectors and concentrating
collectors. For non-concentrating, it can be a flat type that has no medi-
um to concentrate the incoming solar radiation, while for concentrating,
it has reflectors to concentrate the energy falling on the aperture on to a
heat exchanger with a surface area that is smaller than the aperture.
Other than that, in terms of the ways the collectors are mounted, it
can be static or adjustable. To follow the track of the solar radiation, it
must consider the tilt angle first, which involves the heat transfer fluid
(water, water ethylene glycol solution and air) [9].

4.1.2. Types of solar collector

There are mainly three types of solar collectors [87] that is used in
solar water heating systems such as flat plate solar collector (FPC),
evacuated tube solar collector (ETC) and concentrated solar collector
(parabolic dish and parabolic trough collector) [66]. Flat plate solar col-
lector (FPC) shown in Fig. 5a is one of the types of stationary collectors
[24] and also the major component of any solar water heating system
[53]. It is also a popular collector device [88]. Some of the components

3 /

(a) Flat plate collector (FPC)

Absorber plate with
selective finish

Heat pipe
condenser

Fluid Flow
Collector plate E:
i
\ i+ Heat pipe
N evaporator

Evacuated tube

Nt

(b) Evacuated tube solar collector (ETC)

Fig. 5. Non-concentrating solar collectors) [68]. (a) Flat plate collector (FPC) (b) Evacuated
tube solar collector (ETC).

of this FPC are absorber plates, copper risers, insulations, and glazing
and header tubes [53]. The absorber plate is usually coated with a
blackened surface (high absorptive) in order to absorb as much heat
as possible [24]; however various color coatings have also been
proposed [106]. Copper risers, on the other hand, are welded to the
absorbing plate and connected at both ends by large diameter header
tubes. The function of insulation is to minimize heat loss from the
back and sides of the collector while a header tube is to admit and
discharge the fluid [89].

The two basic functions of a collector can be described as first,
heating the fluid (water, water and antifreeze additive, and air) and
second, collecting as much solar energy as possible at the lowest possi-
ble total cost. The concept of how it works starts with solar radiation
passing through the transparent cover. Then, the absorber surface will
play its role by absorbing the energy or heat from the sun. Fluids that
have been heated will be later transferred to fluid tubes and carried
away to the storage. Although this solar collector have a long effective
life however, it still has adverse effects of the sun's ultraviolet radiation,
corrosion and clogging because of the acidity, alkalinity or hardness of
the heat transfer fluid, freezing of water, deposition of dust, breakage
of the glazing because of thermal expansion, hail and vandalism [24].
Apart from FPC, evacuated tube solar collectors (ETC) are also a type
of stationary collector [66]. Based on Fig. 5b, the basic components of
this collector is the header pipe, manifold, heat pipe, and evacuated
tube [68]. When the solar collector absorbs sunlight and converts
them into usable heat, it is called a solar thermal system; the heat gen-
erated can be used to provide hot water and space heating for home.
Once sunlight passes through the outer glass layer of the evacuated
tube, then, it will be absorbed by a dark layer which becomes hot.
After that, the heat pipe transfers heat to the insulated manifold box
at the top of the collector. The heated liquid will circulate through
another heat exchanger and give heat to a process or water at storage
tank [68].

The water in the glass evacuated tubular solar water heater is the
most widely used form of ETC because it has higher thermal efficiency
than other ETCs employing metal-in-glass manifolds, simpler construc-
tion requirements and lower manufacturing costs. It typically consists of
15 to 40 flooded single-ended tubes with direct connection to a hori-
zontal tank. The solar absorber tube consists of two concentric glass
tubes sealed at one end with an annular vacuum space and a selective
surface absorber on the outer surface (vacuum side) of the inner tube.
The heat transfer in this collector is driven purely by natural circulation
of water through the single-ended tubes. The water in the tubes is then
heated by solar radiation, causing it to rise to the storage tank and
replaced by colder water from the tank. Other than that, there is also
parabolic dish reflectors (PDR) and parabolic trough collectors (PTC)
which are categorized as concentrated solar collectors. The main use
of this type of concentrator is for parabolic dish engines; a system that
involves an electric generator using sunlight instead of crude oil or
coal to produce electricity. The major parts of a system are the solar
dish concentrator and the power conversion unit. Parabolic dish
systems that generate electricity from a central power converter collect
the absorbed sunlight from individual receivers and deliver it via a heat
transfer fluid to the power-conversion systems. The need to circulate
heat transfer fluids throughout the collector field raises design issues
such as piping layout, pumping requirements, and thermal losses.

Fig. 6a shows the point-focus collector that tracks the sun in two axes,
concentrating solar energy onto a receiver located at the focal point of
the dish. The dish structure must fully track the sun to reflect the beam
into the thermal receiver. For this purpose, tracking mechanisms similar
to the ones described in the previous section are employed and doubled
so the collector is tracked in two axes. The receiver absorbs the radiant
solar energy, converting it into thermal energy in a circulating fluid.
The thermal energy then can either be converted into electricity using
an engine generator coupled directly to the receiver, or it can be
transported through pipes to a central power-conversion system. In
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fact, this system can achieve temperatures in excess of 1500 °C. Like
parabolic troughs, parabolic dishes are often called distributed-receiver
systems because the receivers are distributed throughout a collector
field [68]. Going through the advantages, this solar collector is the most
efficient of all collector systems because it is always pointed toward the
sun. In addition, its concentration ratio is in the range of 600 to 2000
and is automatically very efficient in thermal energy absorption and
power conversation systems. In addition, it has a modular collector and
receiver units as well that can either function independently or as part
of a larger system of a dish [23,38].

Meanwhile, the parabolic trough collector (PTC) as shown in Fig. 6b
is made by bending a sheet of reflective material into a parabolic shape
|68]. Parabolic concentrating systems focus the direct solar radiation
parallel to the collector axis onto a focal line [90]. A metal black tube,
covered with a glass tube to reduce heat losses, is placed along the
focal line of the receiver when the parabola is pointed towards the
sun, causing parallel rays on the reflector to be reflected onto the receiv-
er tube [16]. A receiver pipe is installed in this focal line with a heat
transfer fluid flowing inside it that absorbs concentrated solar energy
from the pipe walls and raises its enthalpy. The collector is provided
with a one-axis solar tracking system to ensure that the solar beam
falls parallel to its axis [91]. It is sufficient to use a single axis tracking
of the sun and thus, long collector modules are produced. The collector
can be orientated in an east-west direction, tracking the sun from north
to south, or orientated in a north-south direction and tracking the sun
from east to west [16]. The former tracking mode only requires very
little collector adjustment during the day with the full aperture always
facing the sun at noontime. However, the collector performance during
the early and late hours of the day is greatly reduced due to large
incidence angles (cosine loss). North-south orientated troughs have
their highest cosine loss at noon and the lowest in the mornings and
evenings when the sun is due east or due west [68,92].

Deng et al. [93] revealed the thermal performance for the novel flat
plate solar water heater with micro heat pipe array absorber. The
micro heat pipe array (MHPA) is sprayed with solar selective coating
and arranged closely as the absorber of the collector. The collector's
instantaneous efficiency showed that the slope and intercept of the
instantaneous efficiency curve are 5.6 and 0.85, respectively. The
test results showed that the daily effective heat gains on the three
typical days in different seasons are 13.43 MJ/m?, 11.05 MJ/m?2, and
7.42 MJ/m? respectively, corresponding to the solar irradiation of
18.9 MJ/m?, 17.2 MJ/m?, and 14.7 MJ/m?. Subsequently, the daily aver-
age thermal efficiencies are 71.05%, 64.25%, and 50.49%, respectively.
The results can be the basis and reference for practical application of
the novel solar water heater (SWH). Liu et al. [94] observed a large-
scale solar water heating system (SWHS) with flat plate collectors
based on micro heat pipe array (MHPA-FPCs). The test results proved
that high solar irradiation, high ambient air temperature and low initial
water temperature could achieve higher system efficiency. The daily
system efficiency could reach up to 62% with large solar irradiation
and small temperatures between the collectors, temperatures and the
ambient temperatures. Under different conditions, the average system
efficiency approached 50%. The test results presented excellent charac-
teristics for the large-scale of SWHS with MHPA-FPCs [94].

Recently, the use of phase change material (PCM) in solar collectors
has expanded among researchers. It showed better performance
compared to the traditional evacuated tube used in solar collectors.
Xue [95] investigated the characteristic of domestic solar water heater
with a solar collector coupled phase-change energy storage. The solar
collector is an all-glass evacuated tubular type, and its area is
1.272 mm?. The core component of the solar collector is the collector
tube with 1800 mm in length. The outer diameter of the tube is
58 mm. On the outer surface of the inner glass tube, Cu/Al/stainless
steel is magnet-sputtered as solar selective coating. There are 10 tubes
in the collector. Inside each collector tube, a PCM storage unit is built
in. The diameter, wall thickness, and length of the unit are 42.16 mm,
1.53 mm, and 1.720 mm, respectively.

Few researchers ran a numerical study on solar collectors for solar
water heating thermal performance. Li et al. [96] had a numerical
study on the flow and heat transfer performance of solar water heater
that uses an elliptical collector tube as a solar collector. The results indi-
cated that the temperature distributions of all the tube cross sections are
alike, but their velocity profiles are very dissimilar. The fluid velocity
near the wall decreased with decrease in the ratio of the cross section
major and minor axis. It induced the reduction in the circulation rate
through the collector tubes, which is not conducive to heat transfer.
The mean Nusselt number of the solar water heater with b/a =1 (b
and a here are respectively the major and minor axis of collector tube
cross section) are respectively 59% and 19% larger than the solar water
heaters with b/a = 0.6 and 0.8 for temperatures ranging from 273 K
to 313 K. The predicted results matched fairly well with the experimen-
tal data [96]. Table 1 shows the summary of the evaluation from the
solar collector component of the solar water heating system.

4.2. Storage tank

Other than solar collectors, another component of a solar water
heater is the storage tank, where it was integrated into or located
above a solar collector [97]. It can be both in single unit and integrated
unit. In a single unit, the storage tank is separate from the collector
while the integrated unit is the combination of storage tank and the col-
lector [53]. In a solar water heating system, a well-insulated storage
tank is required to avoid heat losses. This is because the material of
the thermal storage tank is made of high pressure resisted stainless
steel and covered with insulated fiber and aluminium foil [27]. In
some cases, there are some solar water heaters that use pumps to recir-
culate warm water from the storage tanks through the collectors and
exposed piping. Its function is commonly to protect the pipes from
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Table 1
Summary of solar collector and storage tank.

Component  Authors Design descriptions

Efficiency/results

Solar colector Deng et al. [93] Micro heat pipe array (MHPA), spray with solar selective

coating and arranged closely

Liu et al. [94] Flat plate collector based on microheat pipe array (MHPA-FPC)
and large scale of SWH with MHPA-FPC.

Xue [95] Phase change material (PCM) in collector, all-glass evacuated
tubular tube with area, A = 1.272 mm?

Liet al. [96] Elliptical collector tube as solar collector and numerical study

Storage tank Namet al. [99] Varied thermal load in multi-use heat pump water heater and

the heat pump was on/off controlled

Liet al. [45] Different positions of immersed coil heat exchanger inside a

storage tank

Experiment on charging and discharging performance of hot

water tank

Thermal efficiency = 0.71
Thermal efficiency = 0.62

It shows a better performance compared to the traditional evacuated tube
used in solar collector.

The Nusselt number of solar water heater with b/a = 1 (b and a are respectively
major and minor axis of collector tube cross section) are respectively 59% and
19% larger than the solar water heaters with b/a = 0.6 and 0.8.

Efficient method to reduce the heat pump operation time and power
consumption.

Varied flow rate through the heat pump shows better performance
compared to that of the constant flow rate.

Discharging efficiency:

Top-coil was higher 5% and 13.1% than that of the middle-coil tank and
bottom-coil tank respectively

Gap of the discharging efficiency reduced with the increasing of the flow rate
Charging efficiency:

Reduced with the rising of the position

freezing when outside temperatures is dropping extremely [50]. Solar
thermal utilization system is one example where thermal stratification
is gradually applied in many kinds of energy storage fields in order to
adequately store and consume high quality heat energy. As solar radia-
tion has a kind of staggering characteristic, thermal storage becomes
very essential in long-standing operations of load heating [98].

There are few researches related to storage tank in order to improve
the performance of solar water heating systems. Li et al. [45] investigat-
ed the effects of positioning an immersed coil heat exchanger inside a
storage tank on the charging and discharging performance of the hot
water tank. When the flow rate was 5 L/min, the discharging efficiency
of the tanks with top-coil was higher by 5% and 13.1% than that of the
middle-coil tank and bottom-coil tank, respectively. The gap of the
discharging efficiency of the tank with different positions of the heat
exchanger reduced with the increase of the flow rate. However, the
charging efficiency reduced with the rising of the heat exchanger
position. The numerical simulation was also carried out to analyze the
annual performance of the solar water heating system (SWHS) with
different positions of the heat exchanger by TRNSYS. The simulation
results indicated that the SWHS had the lowest annual solar fraction
and annual collector efficiency when the heat exchanger was on the
top level of the tank.

Nam et al. [99] studied the characteristics of thermal storage tank for
varying thermal loads in a multi-use heat pump water heater. The
temperature within the storage tank, the heat pump on/off control
was measured, and the water flow rate through the heat pump varied
and the temperature of the hot water from the heat pump is maintained
to be 60 °C. From the research, it was revealed that the on/off control of
heat pump by measuring the temperature within the storage tank was
an efficient method to reduce the heat pump operation time and
power consumption for water supply in a multi-use heat pump water
heater. By varying the flow rate through the heat pump, better perfor-
mance was shown compared to that of the constant flow rate. The
operation time and power consumption were decreased about 12.2%
and 11.2%, respectively. Table 1 concludes the findings from the storage
tank component of the solar water heating system.

4.3. Heat transfer fluids

Without heat transfer fluid, the solar water heater will be incom-
plete. Its purpose is to collect the heat from the collector and transfer
the heat to the storage tank either directly or indirectly; with the help
of a heat exchanger. There are some characteristics of fluids that should
be highlighted in order to get better heat transfer fluids and to have an
efficient solar water heater configuration. The heat transfer fluids

should have a high specific heat capacity, high thermal conductivity,
low viscosity, low thermal expansion coefficient, anti-corrosive proper-
ty and low cost. Several examples of heat transfer fluids can be identi-
fied such as water, glycol groups, silicon oils and hydrocarbon oils.
Water is the best among the fluids because it has its own advantages
which are low cost, most readily available and thermally efficient.
However it does easily freeze and can cause corrosion [50].
Nanotechnology, a new promising area of research which grows
rapidly, are considered nowadays as one of the most recommended
choices in order to improve the performance of the system [11]. Other
than that, it also has an important function in promoting technology
to the current world [100]. Nanofluid (nanoparticle-suspension) is a
colloidal suspension with nanoparticles dispersed uniformly in a base
fluid and has many unique characteristics in the thermal engineering
field [101,102], due to its anomalous heat transfer properties [103].
Enlightened by the enhanced heat transfer of nanofluids, some
researchers applied it in a common tubular thermosiphon to enhance
its heat transfer performance. There is an investigation about the inter-
face effect of carbon nanotube (CNT) suspension with surfactant on the
thermal performance of a thermosiphon [104]. Besides that, the same
results were found on another investigation on the thermal perfor-
mance in the same miniature thermosiphon using CNT suspensions,
but without surfactant [105]. The experimental results were similar to
those using copper oxide (Cu0O) nanofluids [105]. Another researcher
investigated the total heat resistance of a thermosiphon using pure
water and various water-based nanofluids containing nanoparticles of
aluminium oxide (Al,03) (40-47 nm), CuO (8.6-13.5 nm) and laponite
clay (discs of diameter 25 nm and thickness of 1 nm) [106]. Other
researchers also investigated the heat transfer performance of the heat
pipe using nanofluids consisting of R11 refrigerant and titanium nano-
particles with the particle size of 21 nm [107]. These heat pipes with
nanofluids can be used in solar FPC in order to make the system more
compact. Another study had been conducted to investigate the perfor-
mance of thermosiphon using solar water heater with nanofluids [108].
Ling et al. [109] revealed the performance of a coil-pipe heat
exchanger filled with mannitol for the solar water heating systems.
They found that 14 kg mannitol with latent heat activated can heat
100 L water from 30 to 50 °C in 6 h. The results showed that mannitol
can store high-level energy and the thermal energy storage perfor-
mance are affected by the inlet flow rate and temperature of heat
transfer fluids [109]. An investigation of the solar water heating system
performance using copper oxide/water (CuO/H,0) nanofluids had been
done by Michael and Iniyan [110] in two conditions; forced circulated
system and natural circulated system. They found that the
thermosiphon system showed significant improvement in performance
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Heat transfer fluids

Authors

Design descriptions Advantages

Disadvantages

Nanofluids

Mannitol

Meibodi et al. [111]

Ling et al. [109]

Si0, nanoparticles dispersed in
EG-water mixture as working fluids
in solar plate collector

The coil-pipe heat exchanger filled
with mannitol

Si0, nanofluids has potential to
improve the efficiency

Mannitol can store high-level of
energy and it can heat 100 L of
water from 30to 50 °Cin6 h

Si0, in EG-water based nanofluids
has low thermal conductivity.

Thermal energy storage performance
is affected by the inlet flow rate and
temperature of heat transfer fluid.

Mixture based Jahanbakhsh et al. [112] Ethanol-water as working fluids

Enhanced the heat pipe -
performance at low heat flux with
efficiency of 52%

The concentrations of 50% and 75%

show the best performance

characteristics

compared to the forced circulation system. The thermo-physical prop-
erties of the synthesized nanoparticle and prepared nanofluids were
compared theoretically and experimentally. Meibodi et al. [111] used
Si0,/EG-water nanofluids in solar plate collectors to investigate the
solar system performance. The thermal efficiency and performance
characteristics of solar collectors were obtained for mass flow rates of
between 0.018 and 0.045 kg/s. It elucidated the potential of SiO, nano-
particles in improving the efficiency of the solar collector although it has
a low thermal conductivity compared to other types of nanoparticles.

Jahanbakhsh et al. [112] used ethanol-water as a fluid heat transfer
to analyse a heat pipe operated solar collector. From the results,
it showed that the ethanol in the solution enhanced the heat pipe
performance at low heat flux. The concentrations of 50% and 75%
showed the best performance characteristics in transferring heat. An
efficiency of 52% was obtained for the heat pipe operated solar collector.
Table 2 simplifies the results from the heat transfer fluid of the solar
water heating system.

5. Latest development and applications

On the whole, the solar water heater is a very universal application
today [52]. There are many improvements like the evacuated tubes
as collectors in which higher quality insulation are suggested for
improving solar water heating systems. Unfortunately, it was not really
effective because the cost is too high. Moreover, with an economical
water heating system, it will minimize this drawback to a notable extent
[113]; other than the improvement of the parabolic dish reflector design
and the material of the collector (copper in high thermal conductivity).
Furthermore, cost effectiveness and easily fabricated solar water
heating system with high thermal efficiency are some of the latest
developments as well. Kacan et al. [114] had studied the effects of
optimum independent parameters on solar heating systems including
the influence of the four major variables, namely; outside, inside
temperature, solar radiation on horizontal surface and instantaneous
efficiency of solar collector. The energetic, exergetic and environmental
efficiencies of the solar combi systems and system optimization was
done by a combination of response surface methodology. Measured
parameters and energetic—exergetic and environmental performance
curves are found and a statistical model is created parallel with the
actual data.

In order to increase the thermal efficiency of the system, the
originality of the work is much needed; a stationary V-trough reflector
must be joined to the solar absorber. The stationary V-trough is
preferred due to its much simpler geometry compared to that of the
compound parabolic concentrator. The optical performance of the sta-
tionary V-trough still remains unknown because the current V-trough
is attached to a single-axis sun-tracking system due to its linear focusing
capability. As a result, a detailed optical analysis of the novel stationary
V-trough collector is a significant study to understand its performance
as the sun's position changes throughout the day and year. Finally, prac-
tical viability is also discussed such as a detailed description of how a

prototype V-trough solar water heater was constructed as well as cost
analysis and payback period of the prototype [87]. Milani and Abbas
|115] also focused on multiscale modelling and analyzed the perfor-
mance of evacuated tube collectors for solar water heaters using a
diffuse flat reflector (DFR) at the back of ETC array to improve the
heat capture rate. Panaras et al. [116] investigated the performance of
a combined solar thermal heat pump hot water system using compo-
nent based simulation model and emphasized on the formulation of a
simple and efficient approach for the modeling of the heat pump.

6. Conclusions

This paper has reviewed the state of the art solar energy applica-
tions, with the focus on the solar water heating system that can be
divided into two systems: the active system (open loop and closed
loop) and the passive system (thermosiphon and ICS). This paper also
reviewed solar water heaters that have three basic components: solar
collector, storage tank and heat transfer fluid and its advances in
research. A variety of solar collectors has been discussed, including
non-concentrating collectors (FPC, ETC) and concentrating collectors
(PDR, PTC). Two different types of concentrating solar collectors of
PDR and PTC have been described. Among the non-concentrating and
concentrating collectors, the PDR collector showed the best overall
performance in terms of optical optimization, heat loss reduction, heat
recuperation enhancement and different sun-tracking mechanisms.
After the extensive literature reviewed, it was found that no one
observed the effect of a nanoparticle in the base fluid of the heat pipe
of a solar collector with and without tracking. In addition, it has also
been discovered that the use of nanofluids in the heat pipe is limited
and not on a commercial scale.

Acknowledgements

The financial support by the International Islamic University
Malaysia (UIAM) and Rad Tec Enterprise are greatly acknowledged.
The authors would like to thank Universiti Malaysia Pahang (UMP)
and the Automotive Engineering Centre (AEC) for the financial support
given under RDU1403153 and RDU151411 (RAGS/1/2015/TKO/UMP/
03/2).

References

[1] S.Kalogirou, Thermal performance, economic and environmental life cycle analysis
of thermosiphon solar water heaters, Sol. Energy 83 (1) (2009) 39-48.

K. Chang, T. Lee, K. Chung, Solar water heaters in Taiwan, Renew. Energy 31 (9)
(2006) 1299-1308.

[3] A.H. Al-Badi, M.H. Albadi, Domestic solar water heating system in Oman: current
status and future prospects, Renew. Sust. Energ. Rev. 16 (8) (2012) 5727-5731.
A. Shukla, D. Buddhi, R.L Sawhney, Solar water heaters with phase change material
thermal energy storage medium: a review, Renew. Sust. Energ. Rev. 13 (8) (2009)
2119-2125.

AA. Al-Abidi, S. Bin Mat, K. Sopian, M.Y. Sulaiman, CH. Lim, A. Th, Review of ther-
mal energy storage for air conditioning systems, Renew. Sust. Energ. Rev. 16 (8)
(2012) 5802-5819.

[2

[4

5



186

6]

[7

8

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]

[28]

[29]

[30]

[31]

132]

133]

[34]

[35]

[36]

[37]

[38]

A. Jamar et al. / International Communications in Heat and Mass Transfer 76 (2016) 178-187

K.C. Chang, W.M. Lin, TS. Lee, K.M. Chung, Local market of solar water heaters in
Taiwan: review and perspectives, Renew. Sust. Energ. Rev. 13 (9) (2009)
2605-2612.

J. Blanco, S. Malato, P. Ferndndez-Ibanez, D. Alarcon, W. Gernjak, M.I. Maldonado,
Review of feasible solar energy applications to water processes, Renew. Sust.
Energ. Rev. 13 (6-7) (2009) 1437-1445.

K. Goli¢, V. Kosorit, AK. FurundZi¢, General model of solar water heating system in-
tegration in residential building refurbishment—potential energy savings and envi-
ronmental impact, Renew. Sust. Energ. Rev. 15 (3) (2011) 1533-1544.

H. Dagdougui, A. Ouammi, M. Robba, R. Sacile, Thermal analysis and performance
optimization of a solar water heater flat plate collector: application to Tétouan
(Morocco), Renew. Sust. Energ. Rev. 15 (1) (2011) 630-638.

P. Veeraboina, G.Y. Ratnam, Analysis of the opportunities and challenges of solar
water heating system (SWHS) in India: estimates from the energy audit surveys
and review, Renew. Sust. Energ. Rev. 16 (1) (2012) 668-676.

A.K. Hussein, Applications of nanotechnology in renewable energies—a compre-
hensive overview and understanding, Renew. Sust. Energ. Rev. 42 (2015) 460-476.
K.G. Satyanarayana, A.B. Mariano, ].V.C. Vargas, A review on microalgae, a versatile
source for sustainable energy and materials, Int. |. Energy Res. 35 (4) (2011)
291-311.

U. Sahaym, M.G. Norton, Advances in the application of nanotechnology in en-
abling a ‘hydrogen economy’, J. Mater. Sci. 43 (16) (2008) 5395-5429.

S. Rosiek, FJ. Batlles, Renewable energy solutions for building cooling, heating and
power system installed in an institutional building: case study in southern Spain,
Renew. Sust. Energ. Rev. 26 (2013) 147-168.

X.Shao, Y. Chen, S. Mo, Z. Cheng, T. Yin, Dispersion stability of TiO.-H20 nanofluids
containing mixed nanotubes and nanosheets, Energy Procedia 75 (2015) 2049-2054.
FJ. Cabrera, A. Fernandez-Garcia, R.M.P. Silva, M. Pérez-Garcia, Use of parabolic
trough solar collectors for solar refrigeration and air-conditioning applications,
Renew. Sust. Energ. Rev. 20 (2013) 103-118.

M. Absi Halabi, A. Al-Qattan, A. Al-Otaibi, Application of solar energy in the oil
industry—current status and future prospects, Renew. Sust. Energ. Rev. 43
(2015) 296-314.

Z.A.A. Majid, Kajian Prestasi Sistem Pengering Pam Haba Terbantu Suria Dengan
Pengumpul Suria Multifungsi, Universiti Kebangsaan Malaysia, Bangi, Malaysia,
2011.

R. Daghigh, M.H. Ruslan, M.Y. Sulaiman, K. Sopian, Review of solar assisted heat
pump drying systems for agricultural and marine products, Renew. Sust. Energ.
Rev. 14 (9) (2010) 2564-2579.

Z.M. Amin, M.N.A. Hawlader, A review on solar assisted heat pump systems in
Singapore, Renew. Sust. Energ. Rev. 26 (2013) 286-293.

B. Batidzirai, EH. Lysen, S. van Egmond, W.G. van Sark, Potential for solar water
heating in Zimbabwe, Renew. Sust. Energ. Rev. 13 (3) (2009) 567-582.

H. Cassard, P. Denholm, S. Ong, Technical and economic performance of residential
solar water heating in the United States, Renew. Sust. Energ. Rev. 15 (8) (2011)
3789-3800.

M.Y.H. Othman, K. Sopian, Teknologi Tenaga Suria, 2002.

Y. Tian, C.Y. Zhao, A review of solar collectors and thermal energy storage in solar
thermal applications, Appl. Energy 104 (2013) 538-553.

E. Fabrizio, F. Seguro, M. Filippi, Integrated HVAC and DHW production systems for
zero energy buildings, Renew. Sust. Energ. Rev. 40 (2014) 515-541.

AA. El-Sebaii, S.M. Shalaby, Solar drying of agricultural products: a review, Renew.
Sust. Energ. Rev. 16 (1) (2012) 37-43.

R. Shukla, K. Sumathy, P. Erickson, ]. Gong, Recent advances in the solar water
heating systems: a review, Renew. Sust. Energ. Rev. 19 (2013) 173-190.

S.A. de Souza, W. de Queiroz Lamas, Thermoeconomic and ecological analysis ap-
plied to heating industrial process in chemical reactors, Renew. Sust. Energ. Rev.
29 (2014) 96-107.

S. Mekhilef, SZ. Faramarzi, R. Saidur, Z. Salam, The application of solar technologies
for sustainable development of agricultural sector, Renew. Sust. Energ. Rev. 18
(2013) 583-594.

B. Rassamakin, S. Khairnasov, V. Zaripov, A. Rassamakin, O. Alforova, Aluminum
heat pipes applied in solar collectors, Sol. Energy 94 (2013) 145-154.

M.S. Murthy, Y.S. Patil, D. Ambekar, T. Patil, G. Sonawane, R. Chaudhari, G. Patil, S.V.
Sharma, B. Polem, S.S. Kolte, N. Doji, Concrete slab solar water heating system,
Clean Energy and Technology (CET), 2011 IEEE First Conference on 2011,
pp. 332-336.

H. Runqing, S. Peijun, W. Zhongying, An overview of the development of solar
water heater industry in China, Energy Policy 51 (2012) 46-51.

S. Mekhilef, A. Safari, W.E.S. Mustaffa, R. Saidur, R. Omar, M.AA. Younis, Solar ener-
gy in Malaysia: current state and prospects, Renew. Sust. Energ. Rev. 16 (1) (2012)
386-396.

V. Devabhaktuni, M. Alam, S. Shekara Sreenadh Reddy Depuru, R.C. Green i, D.
Nims, C. Near, Solar energy: trends and enabling technologies, Renew. Sust.
Energ. Rev. 19 (2013) 555-564.

J.A. Elias-Maxil, J.P. van der Hoek, J. Hofman, L. Rietveld, Energy in the urban water
cycle: actions to reduce the total expenditure of fossil fuels with emphasis on heat
reclamation from urban water, Renew. Sust. Energ. Rev. 30 (2014) 808-820.

J. Ananth, S. Jaisankar, Investigation on heat transfer and friction factor character-
istics of thermosiphon solar water heating system with left-right twist regularly
spaced with rod and spacer, Energy 65 (2014) 357-363.

P.L. Chang, S.P. Ho, CW. Hsu, Dynamic simulation of government subsidy policy ef-
fects on solar water heaters installation in Taiwan, Renew. Sust. Energ. Rev. 20
(2013) 385-396.

X. Fang, D. Li, Solar photovoltaic and thermal technology and applications in China,
Renew. Sust. Energ. Rev. 23 (2013) 330-340.

[39]

[40

[41]
[42]

[43]

[44

[45]

[46

[47]

[48]

[49]
[50]

[51]

[52]

[53]
[54]
[55]
[56]

[57]

[58]

[59]

[60]
[61]

[62]

[63]

[64

[65]

[66]

[67]
[68]
[69]

[70]

[71]
[72]

(73]

C.D. Ho, T.C. Chen, The recycle effect on the collector efficiency improvement of
double-pass sheet-and-tube solar water heaters with external recycle, Renew. En-
ergy 31 (7) (2006) 953-970.

H. Al-Madani, The performance of a cylindrical solar water heater, Renew. Energy
31 (11) (2006) 1751-1763.

CJ. Koroneos, E.AA. Nanaki, Life cycle environmental impact assessment of a solar
water heater, J. Clean. Prod. 37 (2012) 154-161.

P. Hernandez, P. Kenny, Net energy analysis of domestic solar water heating instal-
lations in operation, Renew. Sust. Energ. Rev. 16 (1) (2012) 170-177.

M.K.A. Sharif, A.A. Al-Abidi, S. Mat, K. Sopian, M.H. Ruslan, M.Y. Sulaiman, M.A.M.
Rosli, Review of the application of phase change material for heating and domestic
hot water systems, Renew. Sust. Energ. Rev. 42 (2015) 557-568.

S. Sadhishkumar, T. Balusamy, Performance improvement in solar water heating
systems—a review, Renew. Sust. Energ. Rev. 37 (2014) 191-198.

S.Li, Y. Zhang, K. Zhang, X. Li, Y. Li, X. Zhang, Study on performance of storage tanks
in solar water heater system in charge and discharge progress, Energy Procedia 48
(2014) 384-393.

M. Raisul Islam, K. Sumathy, S. Ullah Khan, Solar water heating systems and their
market trends, Renew. Sust. Energ. Rev. 17 (2013) 1-25.

C. Yan, S. Wang, Z. Ma, W. Shi, A simplified method for optimal design of solar
water heating systems based on life-cycle energy analysis, Renew. Energy 74
(2015) 271-278.

A. Date, A. Date, C. Dixon, A. Akbarzadeh, Theoretical and experimental study on
heat pipe cooled thermoelectric generators with water heating using concentrated
solar thermal energy, Sol. Energy 105 (2014) 656-668.

P. Sivakumar, W. Christraj, M. Sridharan, N. Jayamalathi, Performance improvement
study of solar water heating system, ARPN J. Eng. Appl. Sci. 7 (1) (2012) 45-49.

K. Patel, P. Patel, ]. Patel, Review of solar water heating systems, Int. . Adv. Eng.
Technol. 3 (4) (2012) 4.

M.M. Aman, K.H. Solangi, M.S. Hossain, A. Badarudin, G.B. Jasmon, H. Mokhlis,
A.H.A. Bakar, S.N. Kazi, A review of safety, health and environmental (SHE) issues
of solar energy system, Renew. Sust. Energ. Rev. 41 (2015) 1190-1204.

L.M. Ayompe, A. Duffy, S.J. McCormack, M. Conlon, Validated TRNSYS model for
forced circulation solar water heating systems with flat plate and heat pipe evacu-
ated tube collectors, Appl. Therm. Eng. 31 (8) (2011) 1536-1542.

S. Jaisankar, J. Ananth, S. Thulasi, S.T. Jayasuthakar, K.N. Sheeba, A comprehensive
review on solar water heaters, Renew. Sust. Energ. Rev. 15 (6) (2011) 3045-3050.
H.Y. Chan, S.B. Riffat, ]. Zhu, Review of passive solar heating and cooling technolo-
gies, Renew. Sust. Energ. Rev. 14 (2) (2010) 781-789.

J.A. Duffie, W.A. Beckman, Solar Engineering of Thermal Processes, 4 ed. John Wiley
& Sons, 2013.

Z. Wang, W. Yang, F. Qiu, X. Zhang, X. Zhao, Solar water heating: from theory, ap-
plication, marketing and research, Renew. Sust. Energ. Rev. 41 (2015) 68-84.

B.R. Chen, Y.W. Chang, W.S. Lee, S.L. Chen, Long-term thermal performance of a
two-phase thermosyphon solar water heater, Sol. Energy 83 (7) (2009)
1048-1055.

Y.C. Soo Too, G.L. Morrison, M. Behnia, Performance of solar water heaters with
narrow mantle heat exchangers, Sol. Energy 83 (3) (2009) 350-362.

S.R. Samo, AA. Siyal, Z.A. Siyal, A. Rahman, Analysis of an active and passive solar
water heating system, Sixteenth International Water Technology Conference, Is-
tanbul, Turkey, 2012.

AJ.N. Khalifa, Forced versus natural circulation solar water heaters: a comparative
performance study, Renew. Energy 14 (1) (1998) 77-82.

S. Mekhilef, R. Saidur, A. Safari, A review on solar energy use in industries, Renew.
Sust. Energ. Rev. 15 (4) (2011) 1777-1790.

V.N. Drosou, P.D. Tsekouras, T.I. Oikonomou, P.I. Kosmopoulos, C.S. Karytsas, The
HIGH-COMBI project: high solar fraction heating and cooling systems with combi-
nation of innovative components and methods, Renew. Sust. Energ. Rev. 29 (2014)
463-472.

A.Sharma, C.R. Chen, Solar water heating system with phase change materials, Int.
Rev. Chem. Eng. 1 (4) (2009) 11.

.M. Michaelides, W.C. Lee, D.R. Wilson, P.P. Votsis, An investigation into the perfor-
mance and cost effectiveness of thermosyphon solar water heaters, Renew. Energy
2 (3) (1992) 219-225.

Z.A.A. Majid, M.H. Ruslan, K. Sopian, Characteristics of solar thermal absorber ma-
terials for cross absorber design in solar air collector, Int. J. Automot. Mech. Eng. 11
(2015) 2582-2590.

M.S. Hossain, R. Saidur, H. Fayaz, N.A. Rahim, M.R. Islam, J.U. Ahamed, M.M.
Rahman, Review on solar water heater collector and thermal energy performance
of circulating pipe, Renew. Sust. Energ. Rev. 15 (8) (2011) 3801-3812.

A.A. Karaghouli, W.E. Alnaser, Experimental study on thermosyphon solar water
heater in Bahrain, Renew. Energy 24 (3) (2001) 389-396.

S.A. Kalogirou, Solar thermal collectors and applications, Prog. Energy Combust. Sci.
30 (3) (2004) 231-295.

F.O. Akuffo, E.A. Jackson, Simulation studies on a compact solar water heater in the
tropics, Solar Wind Technol. 5 (3) (1988) 229-237.

J. Huang, S. Pu, W. Gao, Y. Que, Experimental investigation on thermal performance
of thermosyphon flat-plate solar water heater with a mantle heat exchanger, Ener-
gy 35 (9) (2010) 3563-3568.

R. Kumar, M.A. Rosen, Integrated collector-storage solar water heater with extend-
ed storage unit, Appl. Therm. Eng. 31 (2) (2011) 348-354.

C. Garnier, J. Currie, T. Muneer, Integrated collector storage solar water heater:
temperature stratification, Appl. Energy 86 (9) (2009) 1465-1469.

J.V.D. Souza, G. Fraisse, M. Pailha, S. Xin, Experimental study of a partially heated
cavity of an integrated collector storage solar water heater (ICSSWH), Sol. Energy
101 (2014) 53-62.



[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

A. Jamar et al. / International Communications in Heat and Mass Transfer 76 (2016) 178-187

M. Souliotis, D. Chemisana, Y.G. Caouris, Y. Tripanagnostopoulos, Experimental
study of integrated collector storage solar water heaters, Renew. Energy 50
(2013) 1083-1094.

K.P. Gertzos, Y.G. Caouris, T. Panidis, Optimal design and placement of serpentine
heat exchangers for indirect heat withdrawal, inside flat plate integrated collector
storage solar water heaters (ICSSWH), Renew. Energy 35 (8) (2010) 1741-1750.
B.v.d. Ree, A. Schaap, WP1.E8/Theoretical evaluation of promising system:
integrated collector storage, New Generation of Solar Thermal System, Solar- und
Warmetechnik Stuttgart (SWT), The Netherlands, 2006.

G. Rai, Solar Energy Utilisation: A Textbook for Engineering Students, Khanna Pub-
lishers, 1987.

R. Kumar, M.A. Rosen, Thermal performance of integrated collector storage solar
water heater with corrugated absorber surface, Appl. Therm. Eng. 30 (13) (2010)
1764-1768.

G. Donev, W.G.J.H.M. van Sark, K. Blok, O. Dintchev, Solar water heating potential in
South Africa in dynamic energy market conditions, Renew. Sust. Energ. Rev. 16 (5)
(2012) 3002-3013.

V. Krishnavel, A. Karthick, K.K. Murugavel, Experimental analysis of concrete ab-
sorber solar water heating systems, Energy Build. 84 (2014) 501-505.

A. Garcia, RH. Martin, . Pérez-Garcia, Experimental study of heat transfer enhance-
ment in a flat-plate solar water collector with wire-coil inserts, Appl. Therm. Eng.
61 (2) (2013) 461-468.

A.Sakhrieh, A. Al-Ghandoor, Experimental investigation of the performance of five
types of solar collectors, Energy Convers. Manag. 65 (2013) 715-720.

[83] J.Ji, Y. Wang, W. Yuan, W. Sun, W. He, C. Guo, Experimental comparison of two PV

[84]

[85]

[86]

[87]

[88]

(89]

[90]

[91]

[92]

(93]

[94]
[95]

[96]

direct-coupled solar water heating systems with the traditional system, Appl. En-
ergy 136 (2014) 110-118.

S.I. Khan, A. Islam, Performance analysis of solar water heater, Smart Grid Renew.
Energy 2 (4) (2011) 396-398.

L.A. Chidambaram, A.S. Ramana, G. Kamaraj, R. Velraj, Review of solar cooling
methods and thermal storage options, Renew. Sust. Energ. Rev. 15 (6) (2011)
3220-3228.

J.G. Rogers, M.C. McManus, S.J.G. Cooper, Potential for reliance on solar water
heating throughout the summer in northern cloudy climates, Energy Build. 66
(2013) 128-135.

K.K. Chong, K.G. Chay, KH. Chin, Study of a solar water heater using stationary V-
trough collector, Renew. Energy 39 (1) (2012) 207-215.

0. Mahian, A. Kianifar, A.Z. Sahin, S. Wongwises, Performance analysis of a
minichannel-based solar collector using different nanofluids, Energy Convers.
Manag. 88 (2014) 129-138.

M. Srinivas, Domestic solar hot water systems: developments, evaluations and es-
sentials for “viability” with a special reference to India, Renew. Sust. Energ. Rev. 15
(8) (2011) 3850-3861.

A. Fernindez-Garcia, E. Zarza, L. Valenzuela, M. Pérez, Parabolic-trough solar col-
lectors and their applications, Renew. Sust. Energ. Rev. 14 (7) (2010) 1695-1721.
M. Jradi, S. Riffat, Tri-generation systems: energy policies, prime movers, cooling
technologies, configurations and operation strategies, Renew. Sust. Energ. Rev. 32
(2014) 396-415.

L.Q. Liu, ZX. Wang, H.Q. Zhang, Y.C. Xue, Solar energy development in China—a re-
view, Renew. Sust. Energ. Rev. 14 (1) (2010) 301-311.

Y. Deng, Y. Zhao, Z. Quan, T. Zhu, Experimental study of the thermal performance
for the novel flat plate solar water heater with micro heat pipe array absorber, En-
ergy Procedia 70 (2015) 41-48.

H. Liu, W. Wang, Y. Zhao, Y. Deng, Field study of the performance for a solar water
heating system with MHPA-FPCs, Energy Procedia 70 (2015) 79-86.

H.S. Xue, Experimental investigation of a domestic solar water heater with solar
collector coupled phase-change energy storage, Renew. Energy 86 (2016) 257-261.
K. Li, T. Li, H. Tao, Y. Pan, ]. Zhang, Numerical investigation of flow and heat transfer
performance of solar water heater with elliptical collector tube, Energy Procedia 70
(2015) 285-292.

[97]
(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

187

A. Gastli, Y. Charabi, Solar water heating initiative in Oman energy saving and car-
bon credits, Renew. Sust. Energ. Rev. 15 (4) (2011) 1851-1856.

Y.M. Han, R.Z. Wang, Y.J. Dai, Thermal stratification within the water tank, Renew.
Sust. Energ. Rev. 13 (5) (2009) 1014-1026.

H. Nam, C. Bai, J. Sim, A study on characteristics of thermal storage tank for varying
thermal load in multi-use heat pump water heater, Appl. Therm. Eng. 66 (1-2)
(2014) 640-645.

A.N. Al-Shamani, M.H. Yazdi, M.A. Alghoul, A.M. Abed, M.H. Ruslan, S. Mat, K.
Sopian, Nanofluids for improved efficiency in cooling solar collectors—a review,
Renew. Sust. Energ. Rev. 38 (2014) 348-367.

W.H. Azmi, K.V. Sharma, P.K. Sarma, R. Mamat, G. Najafi, Heat transfer and friction
factor of water based TiO; and SiO» nanofluids under turbulent flow in a tube, Int.
Commun. Heat Mass Transfer 59 (2014) 30-38.

I. Zakaria, W.H. Azmi, WAN.W. Mohamed, R. Mamat, G. Najafi, Experimental in-
vestigation of thermal conductivity and electrical conductivity of Al,O5 nanofluid
in water-ethylene glycol mixture for proton exchange membrane fuel cell applica-
tion, Int. Commun. Heat Mass Transfer 61 (2015) 61-68.

W.H. Azmi, K.V. Sharma, R. Mamat, G. Najafi, M.S. Mohamad, The enhancement of
effective thermal conductivity and effective dynamic viscosity of nanofluids—a re-
view, Renew. Sust. Energ. Rev. 53 (2016) 1046-1058.

H.S. Xue, J.R. Fan, Y.C. Hu, RH. Hong, K.F. Cen, The interface effect of carbon nano-
tube suspension on the thermal performance of a two-phase closed
thermosyphon, J. Appl. Phys. 100 (10) (2006) 104909.

ZH. Liu, X.F. Yang, G.S. Wang, G.L. Guo, Influence of carbon nanotube suspension
on the thermal performance of a miniature thermosyphon, Int. |. Heat Mass Transf.
53 (9) (2010) 1914-1920.

S. Khandekar, Y.M. Joshi, B. Mehta, Thermal performance of closed two-phase
thermosyphon using nanofluids, Int. J. Therm. Sci. 47 (6) (2008) 659-667.

P. Naphon, D. Thongkum, P. Assadamongkol, Heat pipe efficiency enhancement
with refrigerant-nanoparticles mixtures, Energy Convers. Manag. 50 (3) (2009)
772-776.

A. Pise, S. Chougule, Experimental investigation heat transfer augmentation of
solar heat pipe collector by using nanofluid, 21st National and 10th ISHMT-
ASME Heat and Mass Transfer Conference, Madras, India Dec, 2011, pp. 27-30.
Z.Ling, G. Zeng, T. Xu, X. Fang, Z. Zhang, Performance of a coil-pipe heat exchanger
filled with mannitol for solar water heating system, Energy Procedia 75 (2015)
827-833.

J.J. Michael, S. Iniyan, Performance of copper oxide/water nanofluid in a flat plate
solar water heater under natural and forced circulations, Energy Convers. Manag.
95 (2015) 160-169.

S.S. Meibodi, A. Kianifar, H. Niazmand, O. Mahian, S. Wongwises, Experimental in-
vestigation on the thermal efficiency and performance characteristics of a flat plate
solar collector using Si0O,/EG-water nanofluids, Int. Commun. Heat Mass Transfer
65 (2015) 71-75.

A. Jahanbakhsh, H.R. Haghgou, S. Alizadeh, Experimental analysis of a heat pipe op-
erated solar collector using water—ethanol solution as the working fluid, Sol. Ener-
gy 118 (2015) 267-275.

P. Gang, L. Guigiang, Z. Xi, ]. Jie, S. Yuehong, Experimental study and exergetic anal-
ysis of a CPC-type solar water heater system using higher-temperature circulation
in winter, Sol. Energy 86 (5) (2012) 1280-1286.

E. Kacan, K. Ulgen, E. Kacan, What is the effect of optimum independent parame-
ters on solar heating systems? Energy Convers. Manag. 105 (2015) 103-117.

D. Milani, A. Abbas, Multiscale modeling and performance analysis of evacuated
tube collectors for solar water heaters using diffuse flat reflector, Renew. Energy
86 (2016) 360-374.

G. Panaras, E. Mathioulakis, V. Belessiotis, Investigation of the performance of a
combined solar thermal heat pump hot water system, Sol. Energy 93 (2013)
169-182.



