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Abstract 

Solar energy is currently one of the most promising sources for meeting global energy needs. Hot water production using solar 

water heaters represents one of the most promising applications of solar energy for countries like Burkina Faso. However, the 

efficiency of solar system performance indicators remains a challenge, especially during periods of low sunlight. Our work 

focuses on a numerical study of a flat-plate solar collector designed and tested at the Higher Teacher Training College (ENS) in 

Burkina Faso, at the Ouagadougou annex site. The objective of our work is to numerically optimize performance indicators such 

as efficiency and fluid temperature across several key solar collector parameters in order to improve the quality of the solar 

system applied to domestic hot water production. In this regard, the numerical results obtained indicate that an optimal efficiency 

value is achieved when the air gap is between 2 cm and 4 cm. Furthermore, a fiberglass insulation thickness of 8 to 15 cm at the 

rear is sufficient for optimal instantaneous output and maximum water temperature from the collector. Regarding the glass pane, 

we determined that 4 cm is the optimal value for performance. Additionally, a 1 cm gap between the tubes is necessary to optimize 

the performance indicators of our solar collector. 
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1. Introduction 

Solar energy is currently one of the most promising sources 

for meeting energy needs in many countries, particularly those 

with high levels of sunshine. This energy has the advantage of 

being clean and renewable. A number of ways to improve the 

performance of CSIS systems have been proposed, including 

reducing absorber losses, increasing heat transfer, and improv-

ing the choice of materials. H. Taherian et al [1] show that the 

instantaneous efficiency of the system decreases as the ratio 

of temperature to incident radiation increases. It is therefore 

recommended that the storage tank be designed so that the 
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fluid entering the absorber is at a temperature close to that of 

the ambient temperature. In his study, O. Ketfi [2] recom-

mends improving the performance of a flat-plate water collec-

tor by ensuring good radiator-absorber adhesion and integrat-

ing a system to regulate the temperature at the inlet to the stor-

age tank. The overall objective of this work is to improve the 

efficiency of the flat-plate solar collector digitally by optimiz-

ing the internal parameters that influence the performance of 

the solar collector, giving priority to locally available materi-

als. Specifically, we studied: 

1) The optimal thickness to optimize performance indica-

tors 

2) The air gap for optimal performance indicators 

3) The optimal spacing between tubes to make the solar col-

lector more efficient 

2. Materials and Methods 

The solar collector studied is a flat-plate glass collector de-

signed and manufactured in Burkina Faso by a local company 

called Atelier Nikiema&frère. It was installed on the premises 

of the teacher training college in 2020. The water heater is a 

separate unit consisting of the solar collector and a storage 

tank. The solar collector consists of a casing, an absorbing 

plate, 12 parallel absorber tubes, single glazing, internal and 

external insulation, and heat transfer fluid circulating through 

the tubes and connection channels. The solar collector is 

mounted on the ground using a base. 

 
Figure 1. Flat-plate solar collector. 

Table 1. Components of the solar water heater. 

Collector Galvanized steel 

Glazing 

Clear glass 

ransmissibility: 𝜏𝑉= 83% 

Reflexibility: 8% 

Absorptivity: 𝛼𝑉=9% 

Tilt angle 15° 

Collector dimensions 

Length: L=2 m 

Width: l=1 m 

Gross surface area: S=2 m² 

Pipe dimensions 

Length: Lt=1.80 m 

Diameter DH: 15 mm 

Diameter: dt=21 mm 

Number: 12 

Maximum operating temperature Tmax=95°C 

Table 2. Physical properties of solar collector components materials. 

materials Density (kg m-3) Thickness (mm) Thermal capacity (J kg-1 K-1) 

water 1000 - 4180 

Glass 2530 5 840 

Absorbent plate 7800 1.5 470 
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materials Density (kg m-3) Thickness (mm) Thermal capacity (J kg-1 K-1) 

Tube 7800 2 470 

Internal insulation 40 30 840 

Air 1.2 40 1006 

Table 3. Thermal properties of solar collector components. 

 Glass Absorbent plate tube Glass Wool Heat transfer fluid air 

Viscosity dynamique (Pa·s)  - - - 1,00·10-3 1,81·10-5 

absorptivity 0.02 0.95 0.95  - - 

conductivity (W m-1 K-1) 0.78 50 46.7 0.041 0.6 0.023 

Emisivity 0.89 0.16 0.04 0.85 - - 

2.1. Physical Model and Equivalent Electrical Diagram [3] 

 
Figure 2. Physical model of the solar collector. 

2.2. Energy and Thermal Balance [4] 

To establish the heat balance that reflects the behavior of our sensor, the nodal method was applied. 
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Energy balance of the outer surface of the window 

1

2
𝑀𝑣𝐶𝑝𝑣

𝑑𝑇𝑣𝑒

𝑑𝑡
= ℎ𝑟𝑐𝑖𝑆𝑣(𝑇𝑐𝑖 − 𝑇𝑣𝑒) + ℎ𝑐𝑣𝑆𝑣(𝑇𝑎 − 𝑇𝑣𝑒) + ℎ𝑐𝑑𝑣𝑆𝑣(𝑇𝑣𝑖 − 𝑇𝑣𝑒) + 𝛼𝑣𝐼𝐺𝑆𝑣            (1) 

Energy balance of the inner surface of the window 

1

2
𝑀𝑣𝐶𝑝𝑣

𝑑𝑇𝑣𝑖

𝑑𝑡
= ℎ𝑟𝑣−𝑡𝑆𝑣(𝑇𝑡 − 𝑇𝑣𝑖) + ℎ𝑐𝑣−𝑡𝑆𝑣(𝑇𝑡 − 𝑇𝑣𝑖) + ℎ𝑐𝑣−𝑎𝑏𝑆𝑣(𝑇𝑎𝑏 − 𝑇𝑣𝑖)  + ℎ𝑟𝑣−𝑡𝑆𝑣(𝑇𝑎𝑏 − 𝑇𝑣𝑖) + ℎ𝑐𝑑𝑣𝑆𝑣(𝑇𝑣𝑖 − 𝑇𝑣𝑒)(2) 

Energy balance of the tube 

𝑀𝑡𝐶𝑝𝑡
𝑑𝑇𝑡

𝑑𝑡
= ℎ𝑟𝑡−𝑣𝑆𝑡(𝑇𝑣𝑖 − 𝑇𝑡) + ℎ𝑟𝑎𝑏−𝑡𝑆𝑡(𝑇𝑎𝑏 − 𝑇𝑡)+ℎ𝑐𝑡−𝑣𝑆𝑡(𝑇𝑣𝑖 − 𝑇𝑡) + ℎ𝑐𝑑𝑎𝑏𝑆𝑡(𝑇𝑎𝑏 − 𝑇𝑡) + ℎ𝑐𝑡−𝑓𝐴𝑡(𝑇𝑓 − 𝑇𝑡) +

𝛼𝑡𝜏𝑣𝐼𝐺𝑆𝑡                                              (3) 

Energy balance of the heat transfer fluid 

𝜌𝑒𝐶𝑝𝑒
𝐷ℎ

4

𝑑𝑇𝑓

𝑑𝑡
+ 𝜌𝑒𝐶𝑝𝑒

𝑚̇𝐷ℎ

4𝑛

𝑑𝑇𝑓

𝑑𝑥
= ℎ𝑐𝑡−𝑓𝐴𝑡(𝑇𝑓 − 𝑇𝑡)                             (4) 

Energy balance of the absorber plate 

𝑀𝑎𝑏𝐶𝑝𝑎𝑏
𝑑𝑇𝑎𝑏

𝑑𝑡
= ℎ𝑟𝑎𝑏−𝑣𝑆𝑎𝑏(𝑇𝑣𝑖 − 𝑇𝑎𝑏) + ℎ𝑟𝑎𝑏−𝑡𝑆𝑎𝑏(𝑇𝑡 − 𝑇𝑎𝑏) + ℎ𝑐𝑎𝑏−𝑣𝑆𝑎𝑏(𝑇𝑣𝑖 − 𝑇𝑎𝑏) + ℎ𝑐𝑑𝑎𝑏𝑆𝑡(𝑇𝑡 − 𝑇𝑎𝑏) +

ℎ𝑐𝑑𝑖𝑠𝐴𝑎𝑏(𝑇𝑖𝑠 − 𝑇𝑎𝑏) + 𝛼𝑎𝑏𝜏𝑣𝐼𝐺𝑆𝑎𝑏                              (5) 

Energy balance of the internal insulation 

𝑀𝑖𝑠𝐶𝑝𝑖𝑠
𝑑𝑇𝑖𝑠

𝑑𝑡
= ℎ𝑐𝑑𝑖𝑠−𝑏𝑆𝑖𝑠(𝑇𝑏 − 𝑇𝑖𝑠) + ℎ𝑐𝑑𝑎𝑏𝑆𝑎𝑏(𝑇𝑎𝑏 − 𝑇𝑖𝑠)                    (6) 

Energy balance of the external insulation 

𝑀𝑖𝑠𝐶𝑝𝑖𝑠
𝑑𝑇𝑖𝑠

𝑑𝑡
= ℎ𝑐𝑏−𝑎𝑆𝑏(𝑇𝑎 − 𝑇𝑏) + ℎ𝑐𝑑𝑏𝑆𝑏(𝑇𝑖𝑠 − 𝑇𝑏) (7) 

Calculation of heat transfer coefficients 

The convective heat transfer coefficient of the air confined 

between the inner surface of the glass and the absorber plate. 

ℎ𝑐,𝑣𝑖 = ℎ𝑐,𝑎𝑏 = ℎ𝑐,𝑡𝑢𝑏 =
𝜆𝑎𝑖𝑟𝑁𝑢

𝑒1
           (8) 

Pour l’air 

𝑁𝑢 = [0.06 − 0.017(
𝛽

90
)] 𝐺𝑟

1/3
         (9) 

𝐺𝑟 =
𝑔.∆𝑇.𝑒1

3

𝜈𝑎𝑖𝑟
2 .𝑇𝑎

                (10) 

Convective exchange coefficient of the heat transfer fluid 

ℎ𝑐𝑓 in the tubes dans les tubes. 

ℎ𝑐𝑓 =
𝑁𝑢.𝜆𝑒𝑎𝑢

𝐷𝐻
                (11) 

𝑁𝑜𝑚𝑏𝑟𝑒 𝑑𝑒 𝐺𝑟𝑎𝑒𝑡𝑧: 𝐺𝑧 = 𝑅𝑒. 𝑃𝑟.
𝐷𝐻

𝐿
     (12) 

𝑁𝑜𝑚𝑏𝑟𝑒 𝑑𝑒 𝑅𝑒𝑛𝑜𝑙𝑑𝑠: 𝑅𝑒 =
𝜌𝑒𝑎𝑢𝑣𝐷𝐻

𝜇𝑒𝑎𝑢
     (13) 

𝑁𝑜𝑚𝑏𝑟𝑒 𝑑𝑒 𝑃𝑟𝑎𝑛𝑑𝑡𝑙: 𝑃𝑟 =
𝐶𝑝∙𝜇

𝜆
     (14) 

𝐿𝑎𝑚𝑖𝑛𝑎𝑟 𝑟𝑒𝑔𝑖𝑚𝑒  

𝐺𝑧 < 100 𝐻𝑎𝑢𝑠𝑠𝑒𝑛  

𝑁𝑢 = 3.66 +
0.085×𝐺𝑧

1+0.047×𝐺𝑧2/3 × (
𝜇𝑒𝑎𝑢

𝜇𝑡
)

0,14
    (15) 

Radiative exchange coefficient between the outer surface of 

the glass and the sky. 

ℎ𝑟,𝑣𝑒,𝑐𝑖𝑒𝑙 = 𝜎𝜀𝑣𝑆𝑣(𝑇𝑣𝑒 + 𝑇𝑐𝑖)(𝑇𝑣𝑒
2 + 𝑇𝑐𝑖

2 )     (16) 

he equivalent sky temperature as a function of the ambient 

temperature is given by: 

𝑇𝑐𝑖 = 0,0552𝑇𝑎
1,5            (17) 

The radiation exchange coefficient between the glass and 

the absorber 

ℎ𝑟,𝑣→𝑎𝑏 =
𝜎(𝑇𝑣𝑖+𝑇𝑎𝑏)∙(𝑇𝑣𝑖

2 +𝑇𝑎𝑏
2 )

1

𝜀𝑣
+

1

𝜀𝑎𝑏
 −1

            (18) 

The radiation exchange coefficient between the absorber 

and the tube. 
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ℎ𝑟,𝑎𝑏→𝑡 =
𝜎(𝑇𝑡+𝑇𝑎𝑏)∙(𝑇𝑡

2+𝑇𝑎𝑏
2 )

1

𝜀𝑡
+

1

𝜀𝑎𝑏
 −1

             (19) 

Conduction exchange coefficient at the glass. 

ℎ𝑐𝑑,𝑣 =
𝜆𝑣

𝑒𝑣
                   (20) 

The power absorbed by the glass 

𝑃𝑣 = 𝛼𝑣𝐼𝐺𝑆𝑣                (21) 

The power absorbed by the tube 

𝑃𝑡𝑢𝑏 = 𝛼𝑡𝑢𝑏𝜏𝑣𝐼𝐺𝑆′𝑡𝑢𝑏  𝑎𝑣𝑒𝑐 𝑆′𝑡𝑢𝑏 = 3𝑆𝑡𝑢𝑏     (22) 

The power absorbed by the absorber 

𝑃𝑎𝑏 = 𝛼𝑎𝑏𝜏𝑣𝐼𝐺𝑆𝑎𝑏               (23) 

The mass of the absorber: r: 

Mab = ρabeabSab               (24) 

Thermal efficiency 

The instantaneous (or thermal) efficiency of the flat-plate 

solar collector is equal to the ratio between the useful flux re-

covered and the total incident illumination received by the col-

lector surface. [5]. 

𝜂 =
𝒬𝑢

𝑆𝑎𝑏𝐼𝐺
                   (25) 

𝑄𝑢 = 𝑚̇𝑐𝑝𝑓(𝑇𝑓𝑠 − 𝑇𝑓𝑒) 

Output power = Power captured – Losses      (26) 

𝑄𝑢: useful flux recovered by the heat transfer fluid (W). 

𝐶𝑝𝑓: Specific heat of the heat transfer fluid (J/kg K). 

𝑇𝑓𝑠: Fluid outlet temperature (K). 

𝑇𝑓𝑒: Fluid inlet temperature (K). 

𝑆𝑎𝑏: Absorber surface area (m²). 

𝐼𝐺 : Solar irradiance (W/m²). 

3. Results and Discussions 

3.1. Changes in Water Temperature at the Sensor Outlet as a Function of Insulation Thickness 

 
Figure 3. Temperature changes in the water at the sensor outlet as a function of the thickness of the insulation. 

The thermal performance of a flat-plate solar collector 

depends on reducing heat loss to the environment. Among 

the design parameters, the thickness of the rear and side 

insulation plays a key role, as it controls conductive losses 

through the bottom wall, which account for a significant 

fraction of the overall loss coefficient. The temporal evo-

lution of the drinking water outlet temperature for different 

thicknesses of glass wool ranging from 1 cm to 100 cm on 

a typical sunny day (Figure 3). All curves show a character-

istic dynamic profile with significant differences in thermal 
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amplitude depending on the thickness of the insulation. Dur-

ing the gradual increase in daily solar irradiance, the power 

absorbed by the solar collector exceeds the losses, which 

causes the temperature of the heat transfer fluid to rise. The 

regime is dominated by thermal inertia rather than losses. This 

transient behavior is typical for flat-plate collectors [6]. There 

is a divergence in the curves after 12 noon. The temperature 

difference between 1 cm and 100 cm of insulation exceeds 

14°C to 15°C, which is thermally significant and highlights 

that a significant portion of solar energy is dissipated back-

wards instead of being transferred to the fluid when the insu-

lation thickness is low. These observations are consistent with 

the experimental work of [7]. Subsequently, we see a plateau 

showing a phase of thermal saturation for thicknesses above 

20 cm between 3 p.m. and 5 p.m. This demonstrates that even 

with very thick insulation (80 cm), the temperature increase 

becomes marginal because, although rear losses become neg-

ligible, the dominant losses now come from the glazing. This 

thermal saturation is widely documented in the literature [8]. 

Finally, from 5 p.m. onwards, as solar irradiance weakens, 

losses dominate the energy received by the solar collector. 

This triggers a drop in temperature, but at a rate inversely pro-

portional to the thickness of the insulation. Thus, insulation 

thicknesses between 10 cm and 15 cm are suitable for the op-

timal performance of the solar collector under study. 

3.2. Change in Instantaneous Efficiency as a Function of Thickness 

 
Figure 4. Change in instantaneous efficiency as a function of thickness. 

The instantaneous thermal efficiency of the flat-plate solar 

collector as a function of solar time for different insulation 

thicknesses increases at the start of the day, reaching a maxi-

mum at midday, then declines symmetrically towards the 

evening (Figure 4). This behavior is well established for flat-

plate collectors subjected to variable global radiation [9, 10]. 

The curves show that increasing the thickness of the insulation 

leads to a significant reduction in rear heat losses, resulting in 

a notable increase in maximum efficiency between 1 cm and 

8 cm. Above 8 cm, the efficiency tends to saturate. This trend 

can be explained by a reduction in the overall heat loss coeffi-

cient as the insulation thickness increases, up to a limit beyond 

which losses are dominated by other mechanisms such as radia-

tion or convection at the front of the collector rather than conduc-

tion at the rear [11-13]. This saturation is consistent with the work 

of [14], which shows that in solar thermal systems, once a certain 

level of insulation is reached, additional gains are significantly 

reduced. Similarly, [15] demonstrated that increasing insulation 

beyond a certain threshold slightly improves overall efficiency 

and is generally not justified from a thermo-economic point of 

view. The rate of growth observed in the morning characterizes 

the increase in overall solar radiation and a simultaneous reduc-

tion in the temperature gradient between the solar collector and 

its immediate environment. The decline (decrease) in the after-

noon is symmetrical and can be explained by the decrease in solar 

irradiance, which causes an increase in losses due to a higher 

collector temperature than that of the ambient environment. At 
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low irradiance, heat losses dominate, which limits efficiency 

[16]. The curve corresponding to an insulation thickness of 1 

cm shows a significant drop in maximum efficiency (55%) 

compared to greater thicknesses (63% to 65%). Increased con-

ductive losses and higher residual heat flow are the basis for 

this difference in efficiency, as observed by Cenker et al. [17] 

in poorly insulated flat-plate collectors, where conduction 

losses account for a significant portion of the solar energy in-

tercepted. The marginal improvement in efficiency beyond ap-

proximately 8 cm to 15 cm of insulation is accompanied by a 

considerable increase in cost and bulk. Recent thermo-eco-

nomic analyses show that the optimal thickness of insulation 

in a flat-plate collector is generally between 8 cm and 12 cm 

for domestic solar systems, as beyond this, the additional cost 

of insulation exceeds the energy gain obtained. This analysis 

is essential for the design of systems adapted to local con-

straints (cost, available materials, ease of construction). Re-

cent models explicitly include these terms, showing that rear 

insulation plays a decreasing role when the thickness exceeds 

a certain threshold. 

3.3. Optimal Air Gap 

3.3.1. Instantaneous Efficiency as a Function of Air Gap 

 
Figure 5. Instantaneous efficiency as a function of air gap. 

Figure 5 illustrates the change in instantaneous efficiency 

of a flat-plate solar collector for different air gap thicknesses. 

For air gaps of less than 2 cm, the efficiency is low (less than 

54%). This indicates that insulation becomes ineffective when 

the air gap is small, as forward losses become significant. Fur-

thermore, for an air gap greater than 4 cm, the gain is negligi-

ble, also showing considerable forward losses induced by in-

ternal natural convection. Thus, we note that for an air gap 

value between 2 cm and 4 cm, the curves are almost identical, 

with a maximum of around 63%, which reveals that the in-

crease in the air gap for efficiency must be limited to a certain 

threshold. This threshold represents the optimum value for the 

air gap. This result is corroborated by studies in the literature. 

[18]. 

3.3.2. Fluid Temperature as a Function of the Air 

Gap 

In Figure 6, the temperature curves show a steady increase 

between 6 a.m. and 12 p.m. This period corresponds to the 

continuous evolution of global incident radiation. During this 

phase, the temperature of the absorber (absorbent plate + tubes) 

increases, causing an intensification of the natural flow of the 

thermosiphon linked to the temperature gradient. A broad peak 

is observed between 1 p.m. and 2 p.m. At this time, all tem-

peratures are at their maximum, with notable differences de-

pending on the air gap, following a given order. At this level, 
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the observed order highlights an optimal air gap value of be-

tween 2 cm and 4 cm. After the peak, the curves decrease at 

illegal rates, especially for 10 cm. This confirms that the heat 

losses previously linked to natural internal convection at the 

air gap level intensify when the air gap value exceeds the op-

timal threshold. 

 
Figure 6. Fluid temperature as a function of the air gap. 

3.4. Optimal Spacing Between Tubes 

3.4.1. Collector Efficiency as a Function of the Spacing Between Absorber Tubes 

 
Figure 7. Collector efficiency as a function of the spacing between absorber tubes. 
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The change in instantaneous efficiency over time for differ-

ent distances between the tubes in which the heat transfer fluid 

circulates is shown in Figure 7. Efficiency decreases signifi-

cantly as the distance between the tubes increases, especially 

between 12 p.m. and 2 p.m. This change coincides with that 

of solar radiation. From these observations, we can say that 

heat loss and thermal resistance increase with spacing, which 

leads to a decrease in heat transfer to the fluid in our water. As 

a result, efficiency becomes low. Thus, according to Duffie et 

al. [8], the efficiency of the collector depends heavily on the 

thermal contact between the absorber plate and the fluid tubes. 

Poor adhesion or excessive spacing increases thermal re-

sistance and reduces performance. We can therefore conclude 

that the air gap mainly influences upper heat losses and that 

the gap between the absorber tubes directly influences internal 

transfer to the fluid. [8]. 

3.4.2. Temperature of the Fluid Leaving the Solar Collector as a Function of the Distance Between the 

Absorber Tubes 

 
Figure 8. Temperature of the fluid leaving the solar collector as a function of the distance between the absorber tubes. 

The temperature profile of the fluid at the outlet of the solar 

collector is strictly biphasic (Figure 8). There is an ascending 

phase before 12 noon and a descending phase after 2 p.m. Be-

tween 12 noon and 2 p.m., there is a slight peak. In addition, 

a temperature difference of approximately 22°C is observed 

between 0.2 cm and 12 cm. This considerable variation high-

lights the predominant role of internal thermal coupling be-

tween the fluid and the absorbing tube. The gap between the 

tubes has a thermal resistance effect between the absorbing 

tube and the heat transfer fluid. However, internal thermal re-

sistances are inversely proportional to the collector efficiency 

factor F'. [8] These results are therefore consistent with those 

in the literature, where it is estimated that any increase in ther-

mal resistance between the absorbing plate and the fluid re-

duces the heat evacuation factor and thus lowers the tempera-

ture of the fluid at the outlet [18]. Overall, a gap of 1 cm is 

necessary to optimize the performance indicators of our solar 

collector. 

4. Conclusion 

In this work, a theoretical model is proposed to predict the 

thermo-hydraulic performance of a flat-plate solar collector. 

The mathematical simulation of a solar water heating system, 

given the complexity of the heat transfer equations in the col-

lector, requires simplifying assumptions. During this work, 

the performance indicators of the solar collector were theoret-

ically optimized based on insulation, the air gap, and the dis-

tance that must be maintained between parallel tubes for effi-

cient use of solar water heaters in domestic hot water produc-

tion. 

Abbreviations 

ENS Ecole Normale Superieur 

ℎ𝑐  Convection Coefficient and the Tube 
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ℎ𝑐𝑡−𝑓  Between the Tube and the Heat Transfer Fluid 

ℎ𝑐𝑏−𝑎  Between the External Insulation and the 

Ambient Air 

𝑒1  Distance Between the Glass and the Absorber 

[m] 

𝜆𝑎𝑖𝑟   Thermal Conductivity of Air [W.m-1.K-1] 

𝑁𝑢  Average Nusselt Number 

𝐺𝑟   Grashoff Dimensionless Number 

𝜈𝑎𝑖𝑟   Kinematic Viscosity of Confined Air [m2.s-1] 

g  Acceleration Due to Gravity [m.s-2] 

T  The Difference Between the Respective 

Temperatures of the Upper Surface of the 

Absorber and the Inner Surface of the Glass 

[K]. 

𝑇𝑎  Ambient Temperature [K] 

 𝑅𝑒  Reynolds Numbe 

𝑃𝑟  Prandtl Numbe 

𝑒𝑖𝑠  Thickness of the Insulation [m] 

𝜆𝑖𝑠  Thermal Conductivity of the Insulation [W.m-

2.K-1] 

ve  Thickness of the Glass [m] 

v  Thermal Conductivity of the Glass [W.m-1.K-1] 

𝑃𝑡𝑢𝑏  Power Absorbed by the Tube 

𝑃𝑎𝑏   Power Absorbed by the Absorber 

𝑆𝑡𝑢𝑏  Surface Area of the Tubes 

𝑀𝑎𝑏  Mass of the Absorber 

𝐼𝑠  Solar Radiation (W/m²) 

𝛽  Optical Factors (%)   

𝜅  Thermal Transmission Coefficient (W /m².K) 

𝑇𝑚  Average Temperature of the Collector (K) 

𝑇𝑎 & 𝑡𝑎   Ambient Temperature (K) 

𝑇𝑒  Sensor Inlet Temperature (K) 

𝑇𝑠  Sensor Outlet Temperature (k) 

𝛼  Absorber Absorption Rate (%) 

𝜏  Glazing Transmission Rate (%) 

𝑇𝑣𝑒  External Glass Temperature (°C) 

𝑇𝑣𝑖   Internal Glass Temperature (°C) 

𝑇𝑡𝑢𝑏  Ube Temperature (°C) 

𝑇𝑎𝑏𝑠  Absorber Temperature (°C) 

𝑇𝑒𝑐   Temperature of Water Entering the Sensor 

(°C) 

𝑇𝑠𝑐  Temperature of Water Leaving the Sensor (°C) 

𝑇𝑓  Cold Water Temperaturee(°C) 

𝑉  Volume Representing Requirements in L/j 

𝐶  Power Representing Requirements in kwh/day 

𝑇𝑐  Hot Water Temperature(°C) 

𝑇𝑖𝑠  Insulation Temperature(°C) 
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