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Abstract

Nowadays, industrial are widely use solar air collectors for low moderate temperature applications such as like
timber seasoning, crop drying, and space heating. The high performance of the energy conversion and energy
storage performance of the solar collectors has drawn the increasing attention energy research field. This paper
focuses on reviewing the developments different types of solar thermal and its applications, providing a review
of solar collectors and methods of performance enhancement. The goal of this review is to provide the necessary
information for future solar power stations are overview.
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1. Introduction

Solar air heaters are simple devices that utilize incident solar radiation to obtain clean energy for a wide usage.
The solar air heater device intercepts solar radiation, converts this radiation to the heat in air and delivers the air
for use. The main components of a solar air heater is an absorber plate, one or more channels for the flowing air,
insulation for the bottom and lateral sides of the solar collector and one or more transparent covers. The use of a
blower is optional for the air supply.

2. Solar collectors

The high energy storage performance and efficiency have led to plan thermal applications which increased
attention of the research to enhance solar energy. A solar collector has ability to convert the solar energy to the
working fluid thermal energy for applications of solar energy and also directly to an electrical energy for the
applications of Photovoltaic. The applications of solar heating were absorbed as heat by solar collector which
was transported to the operation liquid. The heat transferred by the liquids may be utilized for heating to provide
local hot water or to benefit the heating storage trough which might be used the heat later (for cloudy days or
night). For applications of PV, it was not only converted the solar radiation to electrical energy, but the different
waste heat production, which was recollect for heating utilized by board PV attaching with recovering the
working liquids filled tube (De Winter, 1991).

2.1 Flat plate Collector

The solar collector with flat plate were always faced to direction, and also, need to be on proper faced. A flat
plate solar collector permanently included to covers with glass, plates for absorber, layers for insulation,
recuperating tubes and other auxiliaries. The cover with glass reduced convective losses from the plate absorber,
and also reduced the collector radiation losses cause to the influence of greenhouse. The reason to consider a
desirable material glazing as low iron glass was high transmittance relatively for solar heating approximately
from 0.85 to 0.87 and the necessary low transmittance for the long wave solar radiation from 5.0 Im to 50 Im
(Khoukhi and Maruyama, 2005; Parsons, 1995; Hellstrom et.al., 2003). Hellstrom et al. (2003) was performed
the effect of thermal properties and optical on the solar collectors with flat plate performance and concluded that
the efficiency enhance by 5.6% at 50°C when adding of a Teflon film as second glass layer, whereas a Teflon
honeycomb installation for decrease the loss of convective was provide the overall efficiency by 12.1%.
Furthermore, the glazing cover antireflection treatment was provided the output by 6.52% at 55°C working
temperature. Coating plate absorbers with blackened surface for absorption too much possible heat; however
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various color coatings was reported in the literatures (Tripanagnostopolous et.al., 2000; Wazwaz et.al., 2002; Orel
et.al., 2002). Selective surfaces desirable was consisted of an upper thin layer which was absorbed maximum
solar intensity with shortwave and approximately transferred to thermal radiation with long wave, and the lower
layer that was the low emittance and the high reflectance for high wave radiation. Some desirable optical
surfaces efficiency selective normally production a high cost, but several low cost production ideas were also
reported (Konttinen et.al., 2003). Likewise, the solar plate for enhancing thermal efficiency, the absorber losing
heat also needs to decrease. Francia (1961) was studied that the insertion of honeycomb, which was consisted of
transparent material with faced to the gap air between the absorber and glazing which also, reduced the heat loss.
The absorbing heat by the plate absorber should be rapidly transported to liquids for preventing the system of the
overheating (Slaman and Griessen, 2009). Kumar and Reddy (2009) were introduced the solar receivers heat
transfer with porous medium and concluded heat transfer enhancement significantly by 64.3%. Lambert et al,
(2006) were studied that the flow oscillation may significantly increase the heat transfer when thermal
diffusivities improving of the solar collector’s fluids. Ho et al. (2005) were presented a structure of double pass
to receive solar and benefit a best heat transfer rate.

2.2 Hybrid Photovoltaic Thermal (PVT) Collector

Hybrid PVT collector have converted solar radiation into heat and electricity directly (Aste et.al., 2008). A
typical PVT collector included to PV module of an optimum performance with range of 5% to 20% and plate
absorber with PV back module. The plate heat removal cooled the PV module to a proper temperature for high
electrical efficiency at same time is collecting the waste heat, that may use for low temperature applications, as
adsorption cooling systems and production hot water (washing and showering) (Wang and Zhai,2012). Recently,
most of the significant researches on PVT collectors were related to collectors of flat plate. Many investigations
were focused to tube dimensions and absorber plate (Bergene and Lovvik,1995), rates of fluid flow (Kalogirou,
2001; Prakash,1994), size of tank (Agarwal and Garg, 1994), packing factor of PV cell (Fujisawa and Tani;
2001), amorphous silicon using (LESOPB et.al., 2000, Platz et.al., 1997], metal fins using (Tonui and
Tripanagnostopoulos, 2007), and multiple passage configurations (Hegazy, 2000). The numerical method for
these collectors has been studied the relation of electrical energy and thermal output (Coventry, 2002; Zondag
et.al., 2002). Furthermore, the PVT collector’s exergy analysis, based on the Thermodynamics (second Law)
(Joshi and Tiwari, 2007).

2.3 Bifacial PVT Collectors

The hybrids collector may divide to those utilize liquid for removing the heat, and also using the air. H,O was
the operating liquid in the collectors of hybrid PVT, due to its high capacity heating and good properties. Tina
et.al., (2012) were examined submerge water solar heating system and concluded the 4 cm layer thickness which
decreased the thermal drift and the reflection of their system and reduced the PVT performance by 14%. Firstly,
the sunlight mainly was absorbed water of the infrared area and secondly, the fully transparent of water in the
short wavelength area have been related reasons for efficiency boost. The long wavelength intensity may be
absorbed by liquid for heat production and short wavelength radiation may be used by PV design for electricity
production. Water natural compatibility of PV design has been confirmed by (Palmer and Williams, 1974);
Robles-Ocampo et.al., 2007; Nelson, 2003). The lower curves like the short circuit current Isc of the rear face
alone at various day times; the middle curves of Isc for front panel; the upper curves represents the total Isc at
different the PV module face. They were illustrated that PV module production by 38% more electrical energy
than the available PVT system, without increasing of the system cost noticeable.

2.4 Heliostat field Collectors (HFC)

The HFC which noun as central receiver included of many flat mirrors heliostats. The arrays of heliostats/mirrors
needs to have true direction for reflecting incident lights of solar to a general tower because the position changes
of the sun at day. The orientation of each unique heliostat was controlled by the automatic control system which
provided power by tracking altazimuth technique. Likewise, the optimized field layout design was needed in
order to put those heliostats with a significant overall optical performance. Wei et al. (2010) were reported the
technique noun ‘YNES’ in order to arrange the field layout optimization. The field layout optimization of
heliostats may be reflected the light of solar to the main tower, where a location of a steam generator was
absorbed the heating energy and liquid heating up to the steam of high pressure and high temperature. The fluid
heat transport through the steam generator may be liquid/steam, sodium as molten salts or liquid, whereas the
thermal storage region may liquid sodium, or molten nitrate salt (Medrano et.al., 2010). The central solar
collector’s tower may be classified into cavity and external type. The receiver was utilized the external type solar
at Barstow, California, USA which indicated in Figure 1.
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Figure 1. Solar tower types (Battleson, 1981): (a) cavity receiver and (b) external receiver

It has been positioned up to the central tower; the comparison of 25 layers (7m receiver diameter) has been
conducted and six of which preheated liquid and eighteen for vapor production. Typically the external receivers
with a diameter ratio of 2:1 to were tested. The receiver area was normally arranged to be as minimum as
possible to reduce heat loss. Although, receiver lower limit region was evaluated by the tubes optimum
temperature operation, the heat exchanger and removal heat capability of the fluid transport, in order to prevent
the overheated happened to fluid heat transfer. The lower limit of the receiver region may decrease by utilized
the higher temperature tolerance tubes, or using the higher heat removal capability of fluid heat transport. The
heat transfer fluid consists of liquid/steam, molten salts and liquid sodium, synthetic oils between the molten salt
and water sodium have higher heat capability removal than preparing oils and vapor (Battleson,1981). The
limitation firstly to receiver design was heat flux that may absorb into the surface of receiver and transported
through the fluid heat transfer, preventing the overheating walls receiver and the fluid heat transfer within them.
The entire wall average flux over absorber was typically 0.3 to 1.3 of the optimum values. Other two significant
consumptions which arranging heat flux were the temperature gradients limiting along to panels receiver and the
heat cycle daily of the receiver of tubes.

2.5 Parabolic Dish Collectors

Parabolic dish collectors (2012) were used the parabolic dish array which has mirrors shape like to the dish of
satellite) for focusing solar radiation to the receiver which located at the general local position of a dish faces.
Convection heat transfer which consisted of the receiver was then heated up to operation pressures and
temperatures so as to create electrical power of an engine receiver attachment (Stirling engine, report 2014). The
engines under taken were included Sterling (Tavakolpour et.al., 2008) and engines of Brayton (Zhang et.al.,
2007). In USA number of systems with prototype dish engine, under the range of (7- 25) kW were deployed in
different area. The advantages of dish engine systems (Parabolic type) as follow: low startup losses, high
efficiency of an optical and good modularity which may easy scaled up for meeting the power needed for remote
area which centralized as too expensive power supply. The technologies of parabolic dish engine were illustrated
for many applications proposed for America (2012).

2.6 Parabolic Container Collectors

Parabolic container collectors may focus the sunlight with the rate of concentration around 50, with the container
size. The temperature of the focal line may be as high as 300°C to 340°C. The main components of these
collectors are parabolic mirrors to reflect solar radiation in symmetry axis to its general line of focal. The line of
focal which metal receiver was tube covering of glass for heat loss reduction was placed for absorbing the heat
collection. The parabolic container collectors may be faced either in a south-north direction or an east-west
direction, tracking the sun from east to west. An experimental work was conducted by (Bakos, 2006) study
influence of parabolic axis trough tracking on the collected of sun light, and a comparison was made of the case
which utilized a constant surface orientation. Significant results measured solar heating collector on the tracking
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face. Abdallah (2004) was examined experimentally the influence of utilizing different solar tracking systems
types on the current-voltage parameters and electrical energy of flat-plate PV for four types comparison of
electromechanical solar energy systems: north-south axis, east-west axis, and one, two vertical axis, ,. The results
showed that the ampere-volt parameters on tracking faces has been greater than that on a constant face, with
increasing of electricity energy get 15.69%, 34.43%, 37.53% and 43.87% respectively. Additionally, (Kacira
et.al., 2004) were studied the peak tilt angle changed from 61° in winter to 13° in summer.

3. Solar Air Heaters Types

Solar air heaters divided based on main parts. First part was related to the flow configuration of air channel.
Flow configurations of various air channels may be constructed to enhance the system efficiency. These
configurations can be expressed in four sub titles under this subject. The sub title were; single flow single pass,
double flow single pass, single flow double pass and single flow recycled double pass. The second part was
related to the design air channel.

The air channel design affects the system efficiency significantly. For that reason various design configurations
may be utilized in the solar collectors. The second category may also be expressed in three subtitles such as; flat
plate, extended surface assisted, porous media assisted. All main and sub titles were explained below.

3.1 Classification According to Air Channel Flow Configuration
3.1.1 Single Flow Single Pass

Experimental study of porous media in solar air heater has been conducted by (Ben et.al., 1996). They concluded
the effect of solar radiation and mass flow rate on solar collector efficiency. Single flow single pass was the most
common and simplest type of solar air heater in Figure 2. Generally, a black plate has been utilized for a high
rate of solar absorption and as a selective absorber plate. The air flow channel was insulated on the bottom and
lateral sides for preventing heat loss. The insulation materials may be glass wool, polyurethane or rock wool. The
solar radiations pass through the top cover (transparent part) to the absorber plate. The temperature of the
absorber plate was increased since its bottom was insulated. The single flow single pass solar collector, there was
an inlet and outlet for the air to enter and leaved the channel directly. That was why this kind of solar air heater
was named as single flow single pass for many investigators (Foued et.al., 2013; Bhagoria et.al., 2002).
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Figure 2. Single flow single pass

3.1.2 Double Flow Single Pass

Foued et al., (2013), the double flow solar performance studied and compare single pass and found that double
pass operation increase solar collector efficiency. The double flow single pass solar was very similar to single
flow single pass heater. The main difference between them was the number of air flow channels. In the double
flow single pass solar air heater, there were two air channels as indicated in Figure 3. The top channel included
of a solar absorber and a cover glass. The second channel located on the bottom of the first channel included of
the same absorber plate (on top) with insulation (on bottom). The air was entered the collector as divided; half
passes through the upper channel while the remainder flows through the bottom channel. For both channels, the
airflow enters the channel and directly leaves it. That was why this kind of solar air hearer was defined a double
flow single pass. Using a double flow single pass solar enhance the performance of the thermal system can be
higher than a single flow model based on same flow rate (Ozgen et al., 2009).
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Figure 3. Double flow single pass

3.1.3 Single Flow Double Pass

The main goal of utilizing double pass arrangement is to reduce the heat loss to surrounding from the front
collector face and also improving the thermal performance of the system (Peng et al., 2010). Gonzalez et al.,
(2012) studied the thermal efficiency of a double pass solar air heater which designed and manufactured at
INENCO experimentally, and the thermal model developed to describe its thermal behavior theoretically. The
results illustrated a temperature rise of 35°C with respect to the inlet air temperature, for a solar radiation around
900 W/m2. The average daily efficiency of 34% has been concluded. Two overlapping air flow channels in a
single flow double pass solar were selected. Air flows at upper channel, changes direction at the end of channel
and enters the lower channel. It flows straight in the bottom channel. This is the main reason to define solar air
heater as .single flow double pass. Figure 4a demonstrates one of them. It can be seen that there are two
overlapping air flow channels.
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Figure 4. The single flow double pass with absorber plate, a) solar air heater with glass separator b) solar heating
with absorber separator.

These channels are separated by a glass from each other and the absorber is placed at the bottom side of the
lower channel. Air flows from the first and the second transparent sheet and is received by the absorber. The
bottom side of the absorber is insulated. For the second design, the absorber plate is placed as a separator

24



www.ccsenet.org/mas Modern Applied Science Vol. 9, No. 9; 2015

between the upper and lower channels as showed in Figure 4b. The upper air flow channel is formed by absorber
plate and glass cover where the lower air flow channel has been located among the insulated lower plates and the
same absorber plates (Ahmad et al. 2011).

3.1.4 Single Flow Recycled Double Pass

The using of recycled heated air in the solar air heater design can enhance its efficiency and adjust the air outlet
temperature (Choudhury,1999). The partial circulation of the air heated may provide the desired air temperature
at the exit of air flow if the temperature at outlet is different than the desired temperature. As shown in Figure 5,
the solar air heater included of 2 channels. The upper channel is consisted by the absorber plate (underneath) and
the glass cover (on top). The walls of the other channel are insulated. The heated air is transported to the bottom
channel and then it flows into the main air flow channel. There is a single inlet and outlet in the system and this
is the reason to call this type as single flow recycled double pass heater (Alvarez et al., 2004).
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Figure 5. The single flow recycled double pass

3.2 Classification According to Air Channel Design
3.2.1 Flat Plate

The attention of researchers has given to analysis of flat plate solar heating by experimental work for cost and
efficiency analysis of solar heating with two pass (Gaur, 2010). A flat plate collector utilized to heat the air
commonly known as a solar heating (Gupta et al., 2013). The type of the flat plate is the simplest form of solar
air heater. This solar heating type consists of an absorber plate and one or more glass covers as shown in Figure
6. The solar heating sides except the glass cover must be well insulated for preventing the heat loss. Air may
flow either under or over the absorber plate. Flat plate solar air heaters may be designed as single pass, double
pass, double flow or recycled. The absorber plate has generally a smooth plate and it does not contain a fin,
roughness element or obstacle. This reason to call this type of solar air heater is a Flat Air Channel. The Flat Air
Channel solar air heater construction is simple; hence it has a low cost. Since no mechanism or method is
utilized to improve the channel heat transfer, this kind of solar air heater efficiency is lower than other types
(Gupta et al., 2013).
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Figure 6. The flat plate solar air heater (Gupta et al., 2013)

3.2.2 Extended Surface Assisted

The thermal efficiency of the double pass solar air collector with finned absorber has been studied
experimentally and analytically by (Bashira, 2005). The efficiency was increased to the mass flow rate and solar
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intensity, but the efficiency was depended to mass flow rate. Several designs were investigated for increasing the
low thermal efficiency of flat air channel solar air heaters. Since the absorber plate type was one of the most
important parameter that affected the thermal performance of the solar air heaters, number of absorber
modifications were studied (Moummi et al., 2004). The surface area extension of the absorber plate may be an
efficient way to enhance the solar air heaters efficiency. Attaching fins, obstacles, ribs or any other roughness
element (any element that causes roughness to the absorber plate) on the absorber plate might extend the solar air
heater surface area. The assistance of a solar air heater by an extended surface of air channel has a transparent
cover, insulation material and a roughened absorber plate that absorbs the solar radiation. The fins mounted or
roughness element to the absorber plate not only extended the absorption area but also increased the mixing of
air flowing in the channel and consequently improved the heat transport coefficient. A solar heating collector
with channel was assisted by an extended surface may be designed as a single pass, double flow, double pass or
recycled model as indicated in Figure 7. Although the utilize of fins or roughness elements increase the heat
transfer coefficient and surface area, the pressure drop through the channel can be increased with the same time.
The channel pressure drop increasing may result, as the increase in the required power of the blower or fan that
supplies the air to the heater was also required. That is why a lot of research has involved designing the
roughness element or fin geometries (Omojaro et al., 2010).
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Figure 7. The fin assisted absorber plate (Omojaro et al., 2010)

3.2.3 Porous Media Assisted

Many researches were focusing on the air heater performance enhancement by integrating flat plate collector
with energy storage systems and packed bed Ozturk, and Demirel (2004) [57]. The single pass solar heating and
different porous media was conducted experimentally (Prasad et al., 2009). Their results indicated that the solar
heating efficiency by using steel wool as a porous medium was higher than the glass wool as well as
conventional air heater. The solar air heater channel with a porous medium assisted could be a useful way to
improve the outlet air temperature and thermal efficiency. The packed bed utilization in solar air heater channel
flowing was increased both the heat transport area and mixing of air stream. These solar heaters include an
insulating material, a transparent cover, porous media and an absorber plate Figure 8. The porous media was
inserted in the channel flow of the solar air heater. The air flows into a channel in contact with the porous media
which was in contact with the absorber. Assistance of porous media heaters may be designed as single pass,
double pass or recycled but they were generally single flow double pass systems. The porous media may be
chosen from high conductive materials to accelerate heat transfer between the porous media and the air flows
inside the channel. The porosity of the porous media was very important parameter to indicate a pressure drop in
the channel. Though the porosity decreasing improves the effective heat transfer coefficient, it also increases the
pressure drop through the channel. This is the reason to perform these studies on the characteristics of porous
media required for designing a system with high heat transfer rate and low pressure drop. There is no doubt that
with the optimum porosity, thickness and position, the heat transfer between absorber and air flow through the
channel may be improve considerably (Sopian et al., 2009).

26



WwwWw.ccsenet.org/mas Modern Applied Science Vol. 9, No. 9; 2015

1.Gloss cover [one or more) b |nsailation
2. First air flow channel 6.5olar radiation
1. Absurber plale 7, Forous media

4. Sacond alr low channe|

Figure 8. The porous assisted solar air heater (Sopian et al., 2009)

4. Methods of Performance Enhancement
4.1 The High Conductive Materials for Heat Enhancement

The PCM storage system for heat transfer may be improved by composing material with significant thermal
conductivity (sensible heat phase) through the phase change materials (latent heat phase). For phase change
materials/ceramic compound, the molten phase change materials was immobilized and retained for the small
porosity which identified by the ceramic network surface tension and capillary forces, and offered the utilizing
potential direct connect heat exchanger (Tamme et al., 1991). Petri et al, (1984) were examined a porous medium
laboratory scale storage unit consisting 2.22 kg composite BaCO3-Na,CO3 (melting point of 800-C)/MgO. The
composite material was compressed through cylindrical pellets with the height of 1.5¢cm and the diameter of 2cm.
The 200 cycling examined illustrated high stability of BaCO;-Na,CO,/MgO composite.

Gokon et al.,(2008) tested experimentally the using of feasibility of carbonate (K,CO3;—Na,CO;-Li,CO2)/
MgO composite material as a medium of heating storage for prolong the cooling time in a reactor with double
wall. The graphite was also conducted as an enhancement heat transport cause to its good thermal conductivity,
chemical resistance and low density (Zhang, et al., 2010). The paraffin graphite composite thermal conductivity
may increase up to 70 Wm™' K depending to the graphite percentage. The material cost can increase and also
the size storage capacity can decrease by the fraction graphite increasing, the graphite content might limit. The
plastic flexible capsules were utilized for low temperature phase change materials applications. To encapsulate
the phase change materials and melt temperature above 210°C, the material was commonly not cheap. If the
capsule was utilized to include the phase change materials, the phase change materials initially volume might not
exceed 75% to withstand the pressure drop through the cycle of solidification/melting. The parallel cylindrical
capsule with the length of 0.5m shows in Figure 9. They were filled with eutectic NaNO;—KNO; and collected
into the trough (Zhang et al., 2010).

Figure 9. Laboratory scale test for cylindrical capsules utilization (Zhang et al., 2010)
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4.2 Extended Heat Transfer Surface

Heat transfer extension surface using finned tubes or capsules may decrease for heat transfer distance into phase
change materials with heat transport enhancement. The material of fin may be aluminum, graphite foil, copper
and steel. As shown in Table 1, the different materials relevant properties and costs (Bauer et al., 2006). The cost
of volume specific was a quantity cost evaluated, density and thermal conductivity. The reason to provide the
advantages with the graphite foil, like the low density, the good thermal conductivity and the high corrosion
resistivity against nitrite and nitrate salts with temperatures higher than 210°C, it was demonstrated as fin
material experimentally as shown in Figure 10.

Table 1. fins materials properties considered (Bauer et al., 2006)

Aluminum 3::;) onsStt:elln lessCopperGraphite
Volume specific cost estimation 7000 15,000 20,000 40,000 10,000
Density (kg/m’) 2700 7811 7800 8811 999
Thermal conductivity (W/m.K)200 30 21 349 150
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Figure 10. A storage graphite foil fins unit and PCM eutectic salts (Bauer et al., 2006)

4.3 Intermediate Medium of Heat Transfer for Enhancement.

The incorporating of heat storage concept with intermediate high fluid conductive was indicated in Figure 11
(Lopez et al., 2010), which defined as reflux heat transfer storage.

Whaber :ﬂ_ .

Dimchaege Hust -~

ﬂ:::.:m:n

Irtermedute

Eschanges
b HTF Conpe
Thermat At
Starage Unif Channedy
Infermradute
Charge Haat HTF Yapoe
Exchanges
o L Infeemadorte
Sodant Steam A [ HTF Pl

" Stemn Outiet

Figure 11. The reflux heat transfer storage concept (Lopez et al., 2010)

The concept has depended to the reflux condensation evaporation in the intermediate heat transfer fluid
occurring. The whole system storage includes of a phase change materials, and heat exchangers. The liquid HTF

28



www.ccsenet.org/mas Modern Applied Science Vol. 9, No. 9; 2015

was absorbed the energy into vaporization, in the charging process, and the vapor was flowing upwards into the
transport channels phase change materials distributed. Then the vapor condenses on the surfaces of the channel
and the latent heat of vapor was transferred to PCM across the walls. The liquefied heat transfer fluid was
returned to pool cause for gravity. A PCM heat causes HTF liquid to evaporate, in the discharging process and
the vapor energy transport to the operation liquid moving into the top heat exchanger. Firstly, the concept has
been illustrated successfully by Adinberg et al, (2008). The chloride of sodium as phase change materials and
sodium metal to temperature storage 700°C has been used experimentally. An alloy of Zinc/Tin (80/30) and a
eutectic mixing of diphenyl oxide and biphenyl has been studied as the phase change materials-heat transfer fluid
system to produce high temperature super-heated vapor with temperature range of 340-399-C (Lopez et al.,
2010).

4.4 Heat Pipes for Enhancement

As we know that the heat pipes have good effective thermal conductivity. They may incorporate through the
PCMs storage systems for serving the heating energy among the PCMs and the HTFs. Figure 12 presents a PCM
heating storage system by utilizing the heat pipes for heat transport improving (Steinmann and Tamme, 2008).
The heat pipes could transport heat among the PCMs and the HTFs with the condensation and evaporation of
heat pipe operation liquid which occurred at the heat pipes ends.

Phase change material (FCM)
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Figure 12. Phase change materials heat transfer (Steinmann and Tamme, 2008)

4.5 Multiple PCMs for Enhancement

Thermal storage systems adopted multiple PCMs with various melting temperatures was also attractive to
enhance heat transport technology. In the phase change materials system, a few modules were containing various
phase change materials and various melting temperatures were fixed in series. The multiple phase change
materials have been employed for enhancing the thermal efficiency for systems of latent storage. It was
significant to choose the proper phase change materials and the phase change materials relative appropriate. The
multiple phase change materials in shell-tube units must be in the flow direction that the melting temperature
increases in the discharging process and reduces in the charging process (Steinmann and Tamme, 2008). The rate
of heat transfer in the storage unit was depending on the temperature difference between the PCM and the HTF.
If a single phase change materials was utilized, this difference gradually decreases in the heat transfer fluid flow
direction, and the results of the rate decreasing of the heat transport. If multiple phase change materials were
consisted of the storage unit in the series, the difference of temperature may be refer to roughly constant as both
the heat transfer fluid temperature and the melting point of the phase change materials reduce in the heat transfer
fluid flow direction in the charging process and both of them increase in the heat transfer fluid flow direction in
the discharging process. Therefore, the heat flux from the phase change materials to the heat transfer fluid was
closely constant. For the case that the encapsulated phase change materials was immersed in a large storage
container so that the temperature variation of the heat transfer fluid may ignore with the flow direction, in order
to extract maximum achieving, the multiple phase change materials might be designed in the radial direction
rather than in axial direction as flow direction (Steinmann and Tamme, 2008). Wang et al. (2001) were studied
experimentally the melting process of a cylindrical thermal storage capsule which was filled by three phase
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change materials with lowest melting point phase change materials at center and other phase change materials
designed for increasing melting point from center to outer. The thermal efficiency for same capsule with only
phase change materials evaluated for same comparison. Results illustrated that melting time has 36-41% shorter
in the three phase change materials capsule than that in the single phase change materials capsule. The evaluation
of the thermal efficiency of a thermal storage system using three phase change materials and filled in a number
of cylindrical capsules with air flowing across them has been performed by (Adinberg et al., 1999; Shabgard et
al., 2010). A similar conclusion (Jegadheeswaran and Pohekar, 2009; Wang et al., 2001) showed that the
performance of a thermal porous storage system focusing five phase change materials was from 12% to 25%
higher than that of single phase change materials system. A study to design and tested a vertical shell and tube
thermal storage system with 3 high temperature phase change materials-KNO3 (first phase change materials),
eutectic KNO3/KCl (second phase change materials) and NaNO3 (third phase change materials) has introduced
by Michels and Paal (1989). This system has adapted to the one using of parabolic trough solar energy plants.
Results indicated around 92% of phase change materials in multiple phase change materials storage unit
completely molten at 66 which solidified completely at end of discharging. For single storage unit containing
NaNO3 as phase change materials, at least 100% of the phase change materials has molten completely at the
charging end but 2% has solidified completely at discharging end. Farid et al. (1990) clarify the reason of
multiple phase change materials unit have given higher using of possibly PCM. A multiple PCMs storage unit
also has the higher exergy performance (Adebiyi et al. 1996; Michels and Pitz-Paal, 2007) and offers uniform
heat transfer fluid outlet temperature (Farid et al., 1989; Adine and Qarnia, (2009).

5. Conclusions

The solar thermal applications are reviewed with focusing to the two main subsystems: heating energy storage
subsystems and solar collectors. Many of solar collectors are discussed, consisting concentrating and
non-concentrating types. For non-concentrating collectors, the PVT solar collectors conclude the best efficiency.
Heat transfer augmentation has necessary to overcome the low heat transfer for these applications. For this
purpose, graphite composites and metal foams were studied to be the perfect materials. Finally, the current status
of existing solar power stations is reviewed, with potential developments future research being suggested. The
high temperature phase change materials with melting temperatures above 45°C were included. The promising
substances consisted salt eutectics, pure inorganic salts, metals and metallic eutectic alloys. Number of pure
inorganic salts and salt eutectics focused on the chlorides basis, nitrates and carbonates which have low cost. The
assessment of the thermal properties of various phase change materials is studied. The applications of the heat
storage utilized as a part of solar air heating systems, solar water heating systems, solar green house, solar
cooking, space heating and cooling buildings application, off peak electricity storage systems, waste heat
recovery systems. This review paper also introduces the melt fraction studies of the few identified phase change
materials utilized in many storage systems applications with different heat exchanger container materials. The
research and development is based and productive, concentrating on both the resolution of specific phase change
materials and problems and the study of the characteristics of new materials. This review paper appears the
different heat transfer solution methods have been employed by different investigator. The experimental,
theoretical and numerical studies have been carried out on the thermophysical properties of new materials with
phase change. There are five pure inorganic salts based on nitrates and hydroxides with different range of
melting temperatures, the fusion latent heats of more potential phase change materials within the range of
melting temperatures in binary and ternary chloride eutectic salts. They also found the high latent heat of fusion,
most of which were above 250 kJ kg—1. Identifying a suitable phase change materials has been one aspect in the
development of a high temperature phase change thermal storage system. Another aspect and also a challenge
were to improve the system thermal efficiency due to the low thermal conductivity of salts. The thermal
performance augmentation methods employed in phase change thermal storage systems with high temperature.
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