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Abstract: An integrated collector storage solar hot water (ICSSHW) is investigated theoretically and
experimentally. The overall transient equations of the mathematical model are solved for a periodic
thermosyphon flow conditions where the inputs are the ambient air temperature, solar radiation
intensity and inlet cold water temperature. The effects of various parameters on the performance of
the ICSSHW have been studied theoretically. Based on the results obtained from the experimental test
with a mean global solar radiation of 545 (W/m2), the average efficiency of the integrated collector
storage solar hot water is 60%. Good agreement has been achieved between the experimental results
and the mathematical prediction.
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INTRODUCTION

The thermosyphon solar hot water systems (SHWS) are widely used all over the world. The SHWS
employing flat plate collectors can be divided into two types: (a) Heaters in which the storage tank and the
absorber are done in separate unites. This conventional thermosyphonic SHWS have been widely researched
(Shariah, 1977; Abd-ALzahra, 1984; Michaelides, 1992; Prapas, 1995; Hasan, 1997; Shariah, 1997; Khalifa,
1998; Kalogirou, 2000; Belessiotis, 2002; Kalogirou, 2009; Esen, 2005), (b) heater in which the collector and
storage tank for the service water are done as one component, thus presenting a compact unit. This SHWS is
known as integrated collector storage ICS or built-in storage system.

The ICS systems have the advantage of being compact and are simple in design and construction,
installation, operation and are generally cheaper than the type (a) and the forced convection types. Therefore,
the thermal optimization and the performance evaluation of these systems have been extensively studied (Garg,
1972; Garg, 1975; Garg, 1982; Bar-Cohen, 1978; Kaushik, 1994; Kaptan, 1996; Kalogirou, 1999; Vaxman,
1985; Mohsen, 2000; Smyth, 2006; Tripanagnostopoulos, 2006; Dharuman, 2006; Souliotis, 2009).

This study concentrates on the performance of the integrated collector storage solar hot water. A theoretical
analysis of this heater with various assumptions presented from which the calculated system characteristics are
compared with experimental values.

MATERIALS AND METHODS

Experimental Setup and Details:
The integrated collector storage system SHWS, experimentally, consists of a closed triangular box

galvanized iron (GI) sheets of 2,5 (mm) thickness of dimensions 0,95 x 0,80 x 0,28 (m3). The top surface of
the box is blackened so it acts as absorbing surface. The top of the box is reinforced with steel angle to avoid
buckling. It is provided with inlet and outlet pipes for filling in and draining out the water. The bottom of the
system is well insulated with 80 (mm) and the four sides with 50 (mm) fiberglass of thermal conductivity 0,35
(W/mK). The inlet and outlet piping material is metal hose with a diameter of 15 (mm). The transparent cover
is a single glass of thickness L = 4(mm). There is a provision for changing the orientation of the device once
in a month to achieve the maximum radiation. The temperatures of integrated collector storage SHWS are
measured using thermocouples of type Pt 100 with Data Logger- DL2e, while solar radiation is measured using
pyranometer LP with amplifier - AC 420 and hand held read out unit- LI 18.
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Theoretical Analysis:
The energy balance equations for the various surfaces of the ICS could be written as follows:

For the transparent cover:

   (1)

For the absorbing plate: 

   (2)

For the storage water:

   (3)

Where Cg , Cp and Cw are the calorific capacity of  transparent cover, of absorber plate and of water
respectively, mg , mp and mw are the mass of transparent cover, of G.I. box and of water respectively, Ag , Ap

and Ae are the surface area of transparent cover, of absorber plate and of box sides, Tg , Tp , Tw and Ta are
the mean temperature of transparent cover, of absorber plate, of water and of ambient air, I is the instantaneous
value of solar radiation incident on unit area, ag absorbance of the transparent cover, α absorbance of the plate,
τ transmittance of transparent cover, U1, U2, U3, U4 and Ur are the effective heat transfer coefficients between
plate and cover, between cover and surrounding ambient air, between absorber plate and water and between
G.I. box and ambient air through side and rear surfaces respectively.
Adding equations (1) – (3) side to side: 

  (4)

With         and           . The difference (Tp-Tw) is approximately constant (Tp-Tw=), the difference between 
Ag

Ap
 

Ae

Ap
  

Ag and Ap is very small ε.1 and the side and rear heat losses are very little in regard to top heat losses Ut.
The equation (4) could be written as:

   (5)

where

   (6)

   (7)
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   (8)

Equation (5) is similar to that given in (Bar-Cohen, 1978). The difference between these two formulae is
included in the expressions of X, Y and Z. By taking the following assumptions: (a) the ambient temperature
is constant, (b) the approximate solar radiation intensity is given by (Bar-Cohen, 1978):

   (9)

Where D is the theoretical day length, 0 < t < D and               , Q1 being the solar energy received 1

2O

Q
I

D


by an unit area of absorber during the considered day and (c) take ε = 1 and neglect ag, the solution of
equation (5) could be given as:

 

 (10)

This result is exactly the same one proposed by Cohen (1978). In the equation (10) UL and to are of the form:

 (11)

 (12)

Many relationships are suggested in order to express the time dependence of solar radiation intensity and
ambient. But the periodicity is the common character of the most of these formulae. Therefore, following
(Garg, 1982), I(t) and Ta(T) can be expressed as follows:

 (13)

 (14)

Where Ak, Bk , Ck and Dk are constants. So, the general solution of equation (5), in this case, takes the form:
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 (15)

Where

 (16)

 (17)

and

 (18)

So, the average daily efficiency of the integrated collector storage solar hot water (ICSSHW) IS:

 (19)

RESULTS AND DISCUSSIONS

Using the measured values of total solar radiation and ambient temperature and equations (5) to (8), hourly
values of mean storage water temperatures were predicted. The results are given in Figures (1) and (2). When
comparing predicted values of mean storage water temperature with their experimental values for the tested
setup, a good agreement between them can be observed.

The average water temperatures and the corresponding efficiencies for various depth of the storage tank
have been computed and are plotted in Figure (3). It is seen that, for a fixed absorber area, the mean storage
water temperature decreases with increasing the storage tank depth. On the other hand, the collection efficiency
increases by increasing the water capacity. From the efficiency curve it can be seen that up to a depth of 100
(mm) the rise in efficiency is very fast, but above this value the rise in efficiency is less important. It can be
considered that a 100 (mm) depth gives the optimum performance. This result is in a good agreement with
those available in the literature (Garg, 1972; Garg, 1975; Garg, 1982).

The bulk efficiency can be defined as the ratio between added heat from the beginning of the experiment
to the total solar flux during that period. Then, in order to justify the use of the above derived relations, an
ICS type solar hot water with a triangular shaped is studied theoretically using equations (5) – (8). Here, the
results indicate that the bulk efficiency increases with time up to a maximum value after which it starts to
decrease slowly. This result is a good agreement with that (Vaxman, 1985). This type of integrated collector
storage solar hot water is studied also experimentally over one year of its operation. On the example of several
days, the performance of this ICS SHW can be deduced from Table (1). Moreover, its performance is studied
under the condition of intermittent withdrawal of hot water between (09.00 a.m. and 17.00 p.m.). The results
are given in Table (2). It is concluded that one can obtain about 0, 21 (m3/day) of hot water at temperature
38(EC) per each m2. The performance of this system is studied experimentally under the condition of long term
operation without water draining, where the efficiency of this heater is still sufficiently high. On the other hand
it is found that the performance of this solar water heater can be improved by arranging the orientation of the
collector in such a way as to receive increased solar radiation.
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Table 1:  Effect of different parameters on the efficiency of the ICS.
T(0) T(D) mean Ta 9 QI Date
(EC) (EC) (EC) % (MJ.m-2) 2010
32.4 51.4 29.3 57.3 17.92 16-05
30.8 49.7 28.6 59. 5 17.15 17-05
29.4 47.1 27.7 56.5 16.90 20-05
29.9 48.7 29.4 60.7 16.73 21-05
32.8 50.7 30.1 63.6 15.21 25-05
31.6 48.8 30.8 62.4 14.89 30-05
33.2 49.1 31.9 61.8 13.93 10-06
33.9 49.6 32.3 60.2 14.12 13-06
34,6 50.5 33.1 63.1 13.67 16-06
34.9 50.0 33.5 62.3 13.14 20-06

Table 2: Effect of different parameters on the performance of the ICS under the conditions of intermittent withdrawal.
Time (h) I (W.m-2) Ta  (EC) T_w (EC) MW (m3)
09 685 15.5 27.4 0.0
10 715 16.8 31.8 0.0
11 965 21.2 36.4 0.0302
12 970 22.9 35.9 0.0474
13 918 22.9 30.2 0.0
14 873 24.0 37.0 0.0391
15 426 22.1 35.4 0.0218
16 306 22.1 30.9 0.0
17 188 21.0 33.1 0.0186
18 00 20.8 27.2 0.0

Fig. 1: Hourly variation of water and ambient temperatures.

Fig. 2: Hourly variation of solar intensity.
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Fig. 3: Variation of final water temperature and the collection efficiency with tank depth.

Conclusions:
The integrated collector storage solar hot water systems are less expensive and can offer the best

alternative for domestic applications particular to meet hot water requirements at moderate temperature. The
top heat losses of such solar water heaters are quite high during the night and the temperature of stored hot
water is considerably reduced unless covered with extra insulation in the evening. Moreover, the following can
be concluded:
- The integrated collector storage SHW has a higher efficiency than that observed for the traditional

thermosyphonic one and it is more feasible economically.
- Experiments with the integrated collector storage SHW indicate that the performance of the system can

be improved by arranging the orientation manually once a month.
- The good agreement between experimental and theoretical results.
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