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Abstract: Flat plate and evacuated tube solar water collectors are widely used for supplying hot water for domestic and industrial applications in the world. However, there is no enough information regarding thermal efficiencies of different type solar water collectors for various environmental and climatic conditions. Therefore, in this work; thermal efficiencies of different types of flat plate solar water collector panels  such as aluminum, copper, 304 chromium and evacuated tube have been compared. It was seen from the results that the efficiencies of aluminum and copper collector panels are changing between 56%...68% while  the efficiencies of 304 stainless steel chromium panels are varied between  67%...88. In addition, evacuated tube type solar water collectors have less heat loss but lower absorber surface area to gross area ratio (about 70%) when compared with flat plate solar water collectors. Based on absorber surface area, evacuated tube type solar water collectors have more efficiency than equivalent flat plate collectors. However in practical applications, gross area of any solar water collector should be considered for comparison. In this case, the efficiencies of evacuated tube type solar water collectors are changing between 50%...70%. Besides, it should be kept in mind that evacuated tube type solar water collectors can be preferred for cold environmental and climatic conditions because of their less heat loss and cold resistant. 
Key words: Efficiency, solar water collector,  flat plate, evacuated tube, aluminium, copper, chromium.
INTRODUCTION
Water is used in households predominantly for drinking, cooking and hygiene purposes such as bathing and the washing of dishes. Water is also needed to be heated to meet hot water necessity for cooking and hygiene. The use of hot water during the day is approximately the same in the morning as it is in the evening, but less during the afternoon in households (Nieuwoudt and Mathews, 2005).
Different heat sources are employed for heating water. However, in most developing countries, supplies of non-renewable sources of energy are either unavailable, unreliable or too expensive. In renewable energy sources, solar energy is the most appropriate for heating water. This energy allows independent systems to be constructed and possesses a thermal conversion mode which necessitates a simple technology (Koyuncu, 2006). 
Solar energy received on the ground is abundant and inexhaustible. In addition to its inexhaustible nature, solar energy has the advantage of being a source of nonpolluting energy. This energy could be harnessed in several ways. The most promising energy forms are solar collectors with thermal conversion, which can be used to heat water for domestic and industrial applications. These applications are developing most rapidly and are the basis of small but growing industry (Hazami et al., 2005).
Collectors are the heart of the solar processes. In solar collector, energy transfer from a distant source of radiant energy to a fluid (Eames and Griffiths, 2006; Hussein et al., 2008; Mazman et al., 2008; Saman et al., 2005; Sharma et al., 2007; Shukla et al., 2009; Talmatsky and Kribus, 2008).  The flux of incident radiation is, at best, approximately 1100 W/m2, and it is variable. The wavelength range is from 0.3 to 3 μm, which is considerably shorter than that of the emitted radiation from most energy absorbing surfaces. Thus, the analysis of solar collectors presents unique problems of low and variable energy fluxes and the relatively large importance of radiation. Collectors can be designed for applications requiring energy delivery at moderate temperatures, up to perhaps 100 °C above ambient temperature. They use both beam and diffuse solar radiation, do not require tracking of the sun, and require little maintenance. Collectors are enormously used for supplying hot water for domestic and industrial applications in the world (Enibe, 2003; Kürklü et al., 2002). Collectors have high efficiency and they are approximately, 2.0, 3.5, 4.0, 6.0, 7.0 and 12.0 times more profitable when compared with other energy sources such as wood, coal, natural gas, oil, LPG and electricity, respectively for heating water for domestic applications (Koyuncu, 2002).    

COMPARISON METHOD OF COLLECTORS 
In order to compare the different types of solar water collectors, the collector arrays must be installed to the sunward direction and must be positioned with the optimum or ideal collector tilt angle (collector panel slope) for obtaining possible maximum solar energy. For example, collector array must be directed to the south if the location or country on north hemisphere or vice versa (Figure 1, URL-1). The optimum or ideal collector tilt angle that is seen form Figure 2 for any location can be computed by using Equations 1 and 2. The ideal collector array slope is changing depends on latitude of the location, declination angle and the number of the day (Koyuncu, 2002). All symbols used in equations are described in the Nomenclature. In addition, it should be noted that for standard flat plate collector test, 45° preffered as an ideal collector tilt angle by EN 12975-2 (Anonymous, 2003).  

[image: image1.wmf])

(

d

f

b

-

=

                                                 (1)

[image: image2.wmf]÷

ø

ö

ç

è

æ

+

=

365

284

360

sin

45

,

23

n

d

           
      (2)     
[image: image3.png]



Figure 1. Schematic presentation of sun, earth and collector array position (URL-1)
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Figure 2. Schematic presentation of the optimum or ideal collector tilt angle (collector panel slope)
In addition, to compare the thermal efficiency of different type solar water collectors, it is also needed to use the same method for calculating the thermal efficiency. In norms, two standards such as ISO 9806-2 and EN (European Union Norms) 12975-2 (2003) describe the thermal efficiency test of flat plate solar collectors with detailed (Anonymous, 2003).  Basically, the flat plate solar collectors operate under quasi steady-state conditions (Fig. 3). In these conditions, the thermal performance or efficiency of a solar collector is described by a main energy balance that indicates the distribution of incident solar energy into useful energy gain, thermal losses, and optical losses (Fig. 3) (Anonymous 2003; Duffie and Beckman, 1991). The useful heat gain by a collector can be expressed as: 
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Figure 3. Description of main parts and general heat transfer exchanges of the solar water collector
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A measure of collector performance is the collector efficiency, defined as the ratio of useful heat gain over any time period to the incident solar radiation over the same period we can, thus, define efficiency as,
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From Equations (3, 10, 11 and 12),
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Besides, the thermal efficiency of a flat plate solar collector can also be determined by using some complicated equations. However, it should be noted that calculated thermal efficiency of any flat plate solar collector by using main energy balance equations (Eq. 3…13) or complicated equations give the same results with very small differences. In general, the results of main energy balance equations are approximately %2 higher than the results of complicated equations (Koyuncu and Lule, 2016). 
RESULTS OF VARIOUS SOLAR WATER COLLECTORS
Thermal efficiencies of the flat plate collectors are changing depending on the construction materials and components (Table 1). For example, the efficiencies of aluminum and copper collector panels that have special black painted or selective absorber surface and tempered or prismatic glass cover are changing between 56%...68%. (Figure 4 and 5) (Koyuncu et al., 2011). In addition, the thermal efficiencies of a normal 304 chromium flat plate collector and a corrugated 304 chromium flat plate collector are 67% and 88%, respectively  (Figure 6) (Table 1) (Koyuncu et al., 2011; Koyuncu et al., 2015a; Koyuncu et al., 2015b).
Table 1. Comparison of collectors and components (Koyuncu et al., 2011; Koyuncu et al., 2015a; Koyuncu et al., 2015b)
	Types
	Specifications
	Efficiency(%)

	Copper collector
	Black painted

Normal glass
	56.26

	Copper collector
	Black painted

Prismatic glass
	65.63 

	Copper collector
	Selective

Normal glass
	63.39

	Copper collector
	Selective

Normal glass

Reflector
	64.51

	Aluminum collector
	Black painted

Normal glass
	58.19

	Aluminum collector
	Black painted

Tempered glass
	67.82

	Normal chromium collect
	Black painted

Normal glass
	67.00

	Corrugated chromium collect
	Black painted

Normal glass
	88.00

	Evacuated tube collector
	Black painted

Normal glass
	50…70

	Hot water tank
	Chromium 

5 cm rock wool insulated
	95.00

	Heat exchanger
	Chromium 

5 cm rock wool insulated
	29.00

	Heat exchanger
	Chromium 

5 cm rock wool insulated
	33.00


[image: image19.emf]
Figure 4. Technical parameters of aluminum type collector (all measurements are in mm) (Koyuncu

et al., 2011)
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Figure 5. Technical parameters of copper type collector (all measurements are in mm) (Koyuncu

et al., 2011)
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Figure 6. Technical parameters of corrugated 304 chromium flat plate collector (all measurements are in mm) (Koyuncu et al., 2015b)
Generally, in practical applications, the collector array can be directly connected to the hot water consumption system (Figure 7) or can be used with hot water tank (Figure 8), with horizontal (Figure 9) or vertical (Figure 10) type heat exchanger. The total thermal efficiency of the system is decreasing with these components. It is known from the previous investigation that the efficiencies of hot water tank, horizontal and vertical heat exchangers are 95%, 29% and 33%, respectively (Koyuncu et al., 2007a; Koyuncu et al., 2007b; Koyuncu et al., 2009). In this case, in order to calculate the total thermal efficiency of a solar water collector system, the efficiency of the collector array should be multiplied with the efficiency of component such as hot water tank, horizontal or vertical heat exchanger (Table 1).
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Figure 7. Schematic presentation of forced circulation system (Koyuncu et al., 2007a)
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Figure 8. Schematic presentation of open system with a hot water tank (Koyuncu et al., 2009)
[image: image24.png]Reletvalve § [
Cold water storage.
tark (2501)
Cold water net
7 Liwid level box
T — 40% water+60% lycol
T a !
=
o
Insustian
Hot water storage
tark (1801) i oulet
Heated louid
cireulation tank
Hot water outlet

Lioid circuition

Ui ket





Figure 9. Schematic presentation of natural circulation closed thermosyphon system with a horizontal type heat Exchanger (Koyuncu et al., 2007a)
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Figure 10. Schematic presentation of natural circulation closed thermosyphon system with a vertical type heat Exchanger (Koyuncu et al., 2007b)
Evacuated tube type solar water collectors have different working principle unlike flat plate collectors (Figure 11, URL 2). In evacuated tube solar collector, the black coating on the inner tube absorbs the solar energy and transfers it to the working fluid. The working fluid becomes hot and thus rises to the top of the heat pipe.  The hot working fluid gives the heat energy to the water and becomes cold. The cold fluid returns to the bottom of the heat pipe to repeat cycle. This phenomenon is called as natural thermosyphon circulation (Figure 11, URL-2).
Thermal efficiency calculation methot of any solar water collector is describen in standards such as ISO 9806-2 and EN 12975-2. However, these standards are ambiguous in describing the way in which the efficiency of evacuated tube solar water collector should be measured, since this could be measured either in terms of gross area or in terms of absorber area. 

An array of evacuated tubes on a roof has open space between the collector tubes, and vacuum between the two concentric glass tubes. The tubes cover about 70% area of collector gross area (Figure 12 and 13). However, in many literatures, for calculating the thermal efficiency of an evacuated solar water collector, different component areas such as evacuated tube areas, heat pipe areas or total gross areas have been considered. Unfortunately, considered different areas give the various results for the same evacuated tube collector (Ma et al., 2010; Kim and Seo, 2007; Zambolin and Del Col, 2010; Zhang and Yamaguchi, 2008).
According to the flat plate and evacuated collector working principle and for comparison, it is clearly seen that the gross area of these collectors should be considered for calculating the rational thermal efficiency. Because, the purchasers always interested in the covered area of their roof. In other words, the users or consumers are always interested in “how much area of my roof is covered by the collector and how much energy supplied to me” or “how much area of my field is busy and how much agricultural product supplied to me”. This means that the most rational and realistic method for defining the thermal efficiency of solar water collectors is to use the total collector gross area in Equation 13. 
In some literatures, different evacuated tube solar water collector efficiencies are given. These efficiencies are changing between 50%-70% depending on the collector components, working fluids and used areas in efficiency equation (Table 1) (Ma et al., 2010; Kim and Seo, 2007; Zambolin and Del Col, 2010; Zhang and Yamaguchi, 2008). 
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Figure 11. Working principle of the evacuated pipe type solar water collector (URL-2)
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Figure 12. Evacuated pipe type solar water collector
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Figure 13. Evacuated pipe type solar water collector
CONCLUSIONS
1. Solar water collector panels should be located by considering ideal collector tilt angle.

2. Corrugated and made up of 304 chromium solar water collector panel should be preferred.

3. Natural circulation open thermosiphon collector systems should be used.
4. Natural circulaton and insulated vertical hot water tank should be preferred.
5. It is avoid to use flat plate closed thermosiphon collector systems and heat excahngers.
6. Evacuated tube type solar water collectors should be preferred for cold environmental and climatic conditions 
7. Evacuated tube type solar water collectors should be used while less hot water needed
NOMENCLATURE
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