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a b s t r a c t
Urbanization, population and economic growth are nowadays among the major factors influenc-
ing the energy bill. This influence consequently leads to serious worldwide climate change. In the 
Moroccan context, this has pushed the country to a wise policy approach that allows it to increase 
the share of renewable energy, especially from solar and wind resources to improve energy effi-
ciency. Approximately 93% of water is used for hygiene and cleaning, which consumes a lot of 
energy to heat it. In this context, a Flat Plate Collector (FPC) system is considered one of the most 
effective technologies since it is based on clean energy. Many people are in need for a FPC for 
domestic use. However, they can’t afford buying because it is expensive. The aim of this work is 
essentially to study and realize a locally made prototype which adopts welding technique and 
uses “Latin” in order to reduce costs and make it affordable for many people due to its low price. 
This technique is cheaper than what is in the local market. To achieve the ultimate goal of this 
study, a modulating and interpretation of the results were done followed by a simulation using 
MATLAB software. Photothermal conversion was studied using a heat transfer fluid (water) whose 
temperature could reach up to 65°C through flat plate collector.

Keywords: �Solar panel; FPC technologies; Solar collector modeling; Solar energy; Passive circulation 
system and FPC

1. Introduction

The Flat Plate Collector (FPC) is a simple system among 
the applications of solar thermal energy. It is considered 
most viable options to replace fossil fuel power plants [1]. 
The FPC is generally profitable when it is used to meet 
domestic and industrial needs (sanitary heating or pit heat-
ing). This actually justifies the huge investment made in 
these systems before and after the evacuated tube design 
[2,3]. Morocco is among the countries suitable for the imple-
mentation of solar energy projects in general, especially FPC 

projects. There are more than 750,000  m2 of FPC installed 
in Morocco. Solar heating unit can be used for heating holy 
water or desalination in summer when solar potential is 
very high [4]. The thermal performance of FPC has gained 
more attention by researchers such as [5,6] in air condition-
ing [7,8], and power generation [9,10].

This study focuses on heating water using flat plate 
collector system. Laser welding technology is modern and 
effective, but it is a costly technique. In this article, an exper-
imental study of a locally made prototype, which adopts 
welding techniques using Laitian was done and its results 
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were interpreted and compared with the theoretical study. 
To achieve the main objective of this study, ten fins were 
made up and each fin includes coper tube and formed net-
work absorbers. Additionally, a simulation using MATLAB 
software was done and several parameters such as total 
loss coefficient, the absorbed solar radiation, efficiency 
and other parameters were calculated [11].

2. Mathematical modeling of a flat plate collector

2.1. Incident radiation on Casablanca

Solar energy in most regions in Morocco is “usable”. 
It is characterized by long duration of sunshine (Fig. 1) and 
solar radiation [12], which means that its use is economi-
cally viable [13]. The manufacture of a solar water heater 
begins first with a precise study of location (geographical 
location, climate, quantity of solar energy captured by the 
ground, etc.), then productivity can be determined per unit 
area from the global irradiation received by the collector. 
Then several parameters were calculated such as horizon-
tal diffuse radiation, diffuse on tilted surface (Fig. 2b) and 
direct radiation for tilted surface (Fig. 2d).

Casablanca City is located on the Atlantic Coast in a 
very mild climate in the west of Morocco (Table 1). Its alti-
tude at the level of the sea is 27  m, longitude is –7.7 and 
latitude φ  =  33.6; the geographic data that we is needed to 
determine the solar field of Casablanca (like longitude 
and latitude) are reported in Table 1.

Daily performances of the flat panel collector depend 
on two parameters:

•	 Parameters thermal physics:
An inlet temperature and outlet temperature of fluid.
UL: total loss.
The properties of HTF (thermal conductivity).

•	 Geographical data:
Solar radiation meteorological (data weather):
Ambient temperature (Table 1).

If the physique parameters vary according to specific 
laws (heat transfer), parameters meteorological change sub-
stantially and randomly during the day (Table 2). Table 2 
contains the majority of physical quantities that were calcu-
lated, including Eb; beam radiation on horizontal surface and 

Eg (global radiation on horizontal surface) etc. several 
hypothesis were suggested to make the calculation easy:

The system is stable; the fluid is unchangeable during 
the test; the stored energy in the form of heat inside which 
heats the systems supposed null.

After determining the parameters; h, δ, β, and ρ; the 
next step is the calculation of global solar radiation of tilted 
surface, which depends on β, γ, H and horizontal global 
solar radiation. While the calculation of reflected radia-
tion on tilted surface is expressed in terms of Albedo, β, 
… Table 2 gives different values obtained for each of Gb, 
Gd, Eb, Ed, H, h, δ, β, ρ and Gg.

At a certain time of the year and at a specific time in the 
day, the position of the sun is therefore characterized by 
(a, h) for a fixed latitude.

As observed from Fig. 1, the changing of solar radi-
ation (W/m2) in terms of time, the average values of the 
global radiation received by a 45° (Fig. 2), incident solar 
radiation on the solar collector, the ambient tempera-
ture and the beam of solar hourly radiation of Casablanca 
City [11,14] are illustrated. The curves mentioned in Fig. 2 
clearly shows what was obtained in the Table 2.

Fig. 2 illustrates the changes in intensity of hourly global 
irradiation over time in Casablanca for a surface inclined 
at θ = 45° (Fig. 2a). Energy produced at the beginning and 
at the end of the day is lower than the energy produced 
when the sun is at its zenith (Fig. 2b and c). Fig. 2f presents 
the change of global irradiation over the time. We noticed 
through this curve that the value gradually increases to 
reach the maximum value (558 W/m2) and then gradually 
decreases.

The last line of the previous table (Table 1) shows val-
ues obtained for Gg which are also represented in the curve 
(Fig. 2b and c). Additionally, other parameters like… are 
also represented by (Fig. 2e and f).

2.2. Absorbed solar flux

An inclined FPC receives three different components 
of solar radiation. The absorber effectively absorbs radi-
ation (absorbency). After determining (τα)b (direct absor-
bency), (τα)d (diffuse absorbency) and (τα)r (reflective 
absorbency), Ga

g,s was calculated. It is represented math-
ematically as follows: [15,16] (1):
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2.3. Thermal balance

The collector absorbs energy, which helps in heating 
flowing water in the tubes of the absorber [3]. Part of this 
energy dissipated by three transfer modes: convection, con-
duction and radiation (Qp). In order to limit lost-heat, FPC 
is covered with an insulation; layers of glass wool (see the 
yellow color Fig. 4b). It is recommended to avoid thermal 
loss by using a 16 cm thickness of glass wool.
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Fig. 1. Typical variation of solar radiation during a day: global 
(total) horizontal irradiation (Gg), beam radiation (Gb) on 
tilted surface, diffuse horizontal irradiation (Gd) and global 
irradiation incident (Gr) in Casablanca.
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The following relation gives the thermal balance of a 
flat collector [17,18]:

A G Q Q Qc g s
a

u p s, � � � 	 (2)

where Ac: area of a flat collector; Ga
g,s: absorbed solar 

radiation/m2 (W/m2); Qu: useful energy gain/m2; Qs: hot-
stored-energy inside FPC system (In steady state or 

in case of low thermal inertia we will have Qs  =  0); Qp:  
lost-energy [19].

Q U T T Ap L p a c� �� � 	 (3)

where Tp: average fluid temperature of absorber °C; Ta: ambi-
ent (air) temperature °C (Fig. 3a); UL: total loss coefficient 
W/m2·K.

(a) Horizontal diffuse radiation depending of incidence angle. (b) Horizontal diffuse radiation and diffuse on tilted surface
 

(c) Horizontal global radiation and radiation on tilted surface  (d) Direct radiation for tilted surface
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(e) Horizontal global irradiation and global of the tilted surface                  (f) Incidence angle and Gb of Casablanca city  
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Fig. 2. Horizontal radiation, diffuse, global on tilted surface and incidence angle. (a) Horizontal diffuse radiation depend-
ing of incidence angle. (b) Horizontal diffuse radiation and diffuse on tilted surface. (c) Horizontal global radiation and 
radiation on tilted surface. (d) Direct radiation for tilted surface. (e) Horizontal global radiation and global of the tilted surface. 
(f) Incidence angle and Gb of Casablanca City.
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2.4. Useful heat gain

In steady state: Qs = 0 	 (4)

Useful heat gain is different between absorbed power 
and thermal losses. It is represented by [20]:

Q A G U T Tu C g s
a

L p a� � � �� �� �, 	 (5)

where Ac: is the surface of a flat collector (m2).
In order to calculate the heat loss of the panel, we use 

the coefficient below and the data from Table 3.
The thermal loss coefficient UL [Eq. (6)] per unit area 

is given by [19,21]:

U U U UL t b e� � � 	 (6)

The factor UL includes heat losses by conduction, radi-
ation and convection between various components of 
solar collector and the environment where [15]:
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where σ: Stefan–Boltzmann constant (σ = 5.567 × 10–8 W/m2 K4); 
εv = 0.88 emissivity.

The convection coefficient is due to the movement of 
outside air [Eqs. (8) and (9)].

U
R R e

k h

b

w

�
�

�
�

1 1
13 4

	 (8)

Coefficient of heat transfer radiation is calculated using 
Eq. (11) as follows [22]:

h h f Vv a w� � � � � 	 (9)

where V: is the wind speed (m/s).

Table 2
Global irradiation received by a 45° inclined area in Casablanca

Time 8 h 9 h 10 h 11 h 12 h 13 h 14 h 15 h 16 h 17 h 18 h

δ 23.44° 23.44° 23.44° 23.44° 23.44° 23.44° 23.44° 23.44° 23.44° 23.44° 23.44°
w0 106.78° 106.78° 106.78° 106.78° 106.78° 106.78° 106.78° 106.78° 106.78° 106.78° 106.78°
ET (min) –1.29 –1.29 –1.29 –1.29 –1.29 –1.29 –1.29 –1.29 –1.29 –1.29 –1.29
β 89.01° 89.01° 89.01° 89.01° 89.01° 89.01° 89.01° 89.01° 89.01° 89.01° 89.01°
TSV 7.49 h 8.49 h 9.49 h 10.49 h 11.49 h 12.49 h 13.49 h 14.49 h 15.49 h 16.49 h 17.49 h
w –67.67° –52.67° –37.67° –22.67° –7.67° 7.33° 22.33° 37.33° 52.33° 67.33° 82.33°
TLGetup 4.39 h 4.39 h 4.39 h 4.39 h 4.39 h 4.39 h 4.39 h 4.39 h 4.39 h 4.39 h 4.39 h
TLSleep 18.63 h 18.63 h 18.63 h 18.63 h 18.63 h 18.63 h 18.63 h 18.63 h 18.63 h 18.63 h 18.63 h
h 30.70° 43.12° 55.58° 67.69° 77.78° 77.94° 67.96° 55.87° 43.41° 30.99° 18.81°
γ –80.76° –88.20° –82.76° –68.70° –35.36° 34.07° 68.25° 82.52° 88.38° 80.92° 73.85°
θ 62.70° 60.03° 50.68° 41.26° 35.60° 35.53° 41.08° 50.43° 59.97° 62.63° 65.53°
Ed (W/m2) 55.71 75.63 91.95 103.59 109.73 109.96 104.27 93.04 77.04 57.35 35.32
Eg (W/m2) 217.56 385.56 540.46 659.74 742.98 780.61 774.98 727.94 636.22 489.89 305.59
Eb (W/m2) 161.85 309.93 448.5 556.15 633.25 670.65 670.71 634.91 559.18 432.54 270.27
Rb 0.9 0.73 0.77 0.81 0.83 0.83 0.81 0.77 0.73 0.89 1.28
Rd 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85
Rr 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
Gb (W/m2) 145.39 226.51 344.51 451.87 526.87 558.12 545.42 488.57 407.2 386.19 347.19
Gd (W/m2) 47.55 64.55 78.49 88.42 93.66 93.86 89 79.41 65.75 48.95 30.15
Gr (W/m2) 6.37 11.29 15.83 19.32 21.76 22.86 22.7 21.32 18.63 14.35 8.95
Gg (W/m2) 199.31 302.35 438.82 559.61 642.29 674.85 657.12 589.3 491.59 449.49 386.29

Table 1
Casablanca geographical data

Albedo ρ 0.2
Longitude L –7.7
Azimuth γ 0
Slope of the FPC β 45
Latitude φ 33.6
Daylight saving time advanced or DST HAE 1
Place serving as a reference to legal time Lref 0
Month July
Day number of the year 183
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h Vw � �5 7 3 8. .  Mc Adams (1954)	 (10)

The constants [15,23]:

f p N� � � �� � � �� �1 0 089 1 0 07866. .hw-0.1166 hw � 	 (11)

C � � � �� ��520 1 51 10 6 2� 	 (12)

Such as 70° ≤ β ≤ 70°.
where β: inclination of a flat collector (45°).

Fig. 3. (a) Ambient temperature variations of each month, (b) sunshine duration of each month, (c) diffuse and global radiation during 
a year, and (d) global radiation during a year.

(a) (b)

Fig. 4. (a) Absorber: a copper metal plate and (b) final CAD design of the set-up. Fig. 4b describes the prototype; it shows the inlet 
cold water and the inlet hot water coming from the absorber. It also indicates the position of the tank.
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With: Tp = 52°C.

2.5. Outlet temperature of fluid

By employing solar radiation as a thermal source, we 
can heat HTF (water) using CSP or FPC or any other heat-
ing system. Useful heat gain is the solar energy absorbed 
by the circulating water during the flow and through 
the absorber tube and is calculated using Eq. (16) as 
follows [24,25]:

Qu � � � �� �m C T Tp s e 	 (14)

From where outlet temperature of fluid can be expressed 
as Eq. (15):

T
m C

Ts
p

e�
�

�
Qu 	 (15)

2.6. Efficiency of the system

Instantaneous optical efficiency is the ratio of the 
absorbed solar radiation to global radiation incident. 
It is calculated using Eq. (16) as follows [19,26]:
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This calculation determines the thermal characteris-
tics of the solar collector, in which everything depends on 
incident solar radiation and received energy (Fig. 3d and c) 
by the absorber when this radiation exceeds the glass [27,28].
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3. System development

3.1. Description of the developed flat panel

After completing the theoretical study and determin-
ing the value of various basic parameters, these param-
eters were used during the manufacturing process of the 
prototype.

The FPC contains metal frame and a plate of glass. 
Under this glass, there is an absorber of welded copper that 
is painted in black (Fig. 4a). Ten copper tubes were used 
to make the absorber (forming what is called the tubu-
lar grid). The tubes were slipped in a line of omega form 
and welded using Laitan to make up the fins (Fig. 4a).

An insulation layer of glass wool provides insulation 
to the external environments. The tank and the cover in 
front of the panels are used to minimize losses and reduce 
the size and even shortening the passage by the fluid. The 
tank has a volume of 120 L and is oval, well fixed with metal 
sheets to build the panel. The water storage tank was con-
structed from galvanized sheet [29]. It is located behind 
the panel and attached to it to get good thermal insula-
tion (Fig. 4). Fig. 4 presents all the elements that make up 
the FPC. Like all FPC, the prototype (Figs. 5 and 4) con-
sists of an absorber located in an insulated formwork on 
the backside, glazing on the front side and tubes allowing 

Table 3
Prototype parameters

Setting Meaning Value

W Distance between tubes (m) 0.2
D Outer diameter of the tubes (m) 0.012
Di Inner diameter of the tubes (m) 0.01
E Thickness of the absorber (m) 0.0002
A Absorber surface (m2) 1.2
Ka Thermal conductivity of the absorber 

(copper) (W/m·°C)
380

εp Emissivity of the absorber (–) 0.90
ṁ Mass flow (kg/s) 0.03
Cp Heat capacity of water (J/kg·°C) 4,180
Tfi Fluid induct temperature (°C) 19
Ta Ambient temperature (°C) 20.2
η0 Optical efficiency 0.79
Gg Absorbed solar radiation/m2 (W/m2) 50,784
H Height of a flat collector (m) 1.07
L_capt Width of a flat collector (m). 1.25
e_capt Thickness of a flat collector (m) 0.08
V Wind speed (m/s) 2.6
β Inclination of a flat collector (°) 45
εv Emissivity of the glass (–) 0.88
N Number of panels (–) 1
e Insulation thickness (glass) (m) 0.05
K Insulation conductivity (W/m2·°C) 0.044

Table 4
Parameters results

Parameters Meaning Value

Ga
g,s (absorbed) Absorbed solar flux (W/m2) 507.84

Tp Average fluid temperature of 
absorber (°C)

56

hw Convection coefficient (W/m2·K) 15.58
C Constant (–) 466.29
f Constant (W/m2·K) 0.713
Ut Heat losses forward (W/m2·K) 6.04
Ub Heat losses rearward (W/m2·K) 0.832
e Thickness (m) 0.297
η0 Instantaneous optical efficiency (–) 0.79
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the passage of the heat transfer fluid. The three functions 
of the absorber are: absorb solar radiation, transform solar 
radiation into heat and transmit this heat to the heat trans-
fer fluid. As shown in Figs. 4b and 5, water first entered the 
tubes through the flow rate and the temperature is increased 
because of the heat exchange with the absorber (inside the 
pipes) [30]. The heat transfer fluid rises up towards auto-
matically (passive circulation system) [31]. Then the HTF 
was directed to the storage tank, because of the convection, 
without any circulating pump. This process is constantly  
repeated.

Fig. 4b describes the prototype; it shows the inlet cold 
water and the inlet hot water coming from the absorber. 
It also indicates the position of the tank.

The prototype was tested and installed in the rooftop, 
as shown in Fig. 5. The tests were carried out on the 5th of 
June from 8:00  am to 7:30  pm in Casablanca City in order 
to determine the effectiveness of the panel. The inlet tem-
perature of water was 18°C, while the ambient temperature 
in the thermometer was 20. A digital thermometer was used 
to check the temperatures. On the testing day, the sky was 
clear; significant radiation, 5,972.11  W/m2. Additionally, 
inclination of a flat collector is 45°. The data were col-
lected and recorded at the end of each hour. Table 5 and 6 
summarize the obtained results.

3.2. Panel parameters

The length and the width of the collector is 1.07 and 
1.22 m, respectively. The spacing between the tubes is 0.2 m. 
Outer diameter of the tubes is 0.012  m and inner diame-
ter is 0.01 m; a total of 10  tubes. Table 3 includes the main 
parameters.

3.3. Simulation of the system

MATLAB is an extremely flexible graphical based soft-
ware which is used for dynamic simulation of renewable 
energy systems and building simulation. To simplify the 
calculations, a successive iterative method is used with a 
numerical simulation by MATLAB software because the 
value of ΔT ≠ 0.01°C (non-convergent).

One of the purpose of the study is to develop a calcu-
lation code to determine the temperature of output of the 

solar thermal collector according to the input tempera-
ture, methodological parameters, and characteristics of the 
panel under consideration.

MATLAB simulation is done according to the itera-
tive diagram, and is developed on the basis of the above 
mathematical model and discrete method to character-
ize the performance of the prototype. The simulation 
program calculation flowchart is shown in Fig. 6 [22].

3.3.1. Simulation results by MATLAB program

The resolution of these equations allows the deter-
mination of the average temperature of: the absorber, 

Fig. 5. Target prototype.

Table 5
Results of iterative methods

UL (W/m2) 7.045
FR (–) 0.819
Qu (W) 486.871
Tp (°C) 45.78
ΔT (°C) 0.01

Table 6
Variation of temperature absorber and global radiation by time

Hours Measured global radia-
tion, W/m2

Absorber 
temperature, °C

8 h 189.31 21.0
9 h 300.35 23.5
10 h 430.82 25.0
11 h 551.61 27.0
12 h 652.29 30.0
13 h 674.85 34.1
14 h 670.12 36.8
15 h 589.30 38.4
16 h 491.59 40.0
17 h 444.49 44.0
18 h 379.29 47.6
19 h 314.90 53.8
19 h 30 300.00 56.0
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outlet and inlet temperature, tank temperature and all other 
parameters at the same time.

As illustrated in Fig. 7, variation of Ga
g,s and use-

ful energy gained by HTF according to time. It shows 
that there is an increasing change starting at 6  am until it 
reaches its maximum (Ga

g,s = 700 W and Qu = 486,87 W) and 
then starts the phase of regression. Note that Qu is equal 
to 2/3 of Ga

g,s. On the other hand, Fig. 8 shows variation of 
a flat panel efficiency during the day; it is noticed that it 
increases in the morning to reach 0.6 and decreases rapidly 
at the end of the day due to the increase in temperature of 
the fluid that enters the a flat collector.

Fig. 9 where the Y-axis contains range variation of 
temperature in °C and the X-axis contains range of time. 
It shows the absorber and HTF temperature variation. 
Both values started to increase during the day until they 
reach the steady state [29].

3.4. Results and discussion

The experimental study was carried out in Casablanca 
City; during this experiment, a number of parameters 
were determined which are mentioned in Table 4.

After 10 iterance and at 12 o’clock in the morning, we 
obtained the following results in Table 5, which includes 
value of collector heat transfer factor, useful energy, 
absorber temperature and total loss coefficient.

As shown in Table 6, in both measured parameters 
(global radiation and absorbed temperature), there was 
a slight rise in water temperature at the beginning of the 
experiment and gradually rises in the afternoon. In addition, 
the temperature of the water inside the tank reaches 56°C 
by the end of the experiment.

Fig. 10 illustrates how the instantaneous efficiency 
changes; the change in thickness over time, both curves 
are an increasing exponential, and display the importance 
of absorber thickness in improving the efficiency of the 
fin and solar thermal collector. It also shows that beyond a 
thickness of 0.4 mm the efficiency of the FPC remains prac-
tically constant, which explains why the majority of man-
ufacturers use thickness between 0.2 and 0.4  mm. That’s 
why if a thickness of the absorber is greater than 0.6mm 
the efficiency of the daily approaches 1.

Fig. 6. Temperature calculation flowchart.

Fig. 7. Variation of useful energy and Ga
g,s according to time 

increase in temperature of the fluid that enters the a flat 
collector.

Fig. 8. Prototype efficiency variation.

(°
C)

Fig. 9. Absorber and HTF temperature variation.
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4. Conclusion

In this work, a simulation of FPC using MATLAB soft-
ware is illustrated. The experiment was mainly accom-
plished to produce a local prototype with lower cost and 
similar quality to what is available in the market. This 
system is cheap and only costs 2,500  dh (100  L tank size, 
1.25 m2) compared to traditional systems, which are highly 
costing and expensive (6,000  DH); and pollute environ-
ment (gas water heater). In this study, the optical effi-
ciency was calculated and analysed. The obtained results 
of the experiment on the day of the test of the prototype, 
which was manufactured, are approximately of the same 
order of magnitude as the results expected from the the-
oretical study. Although the insolation is not very high, 
temperature of water in the storage tank reached 56°C at 
the end of the day while useful energy is Qu  =  486,871 W 
and instantaneous optical efficiency is η0  =  0.79. As that, 
the simulation made it possible to observe the evolution 
of different methodological parameters and their influ-
ence on the efficiency of solar water heater. The results 
show that the presented prototype is effective in domestic 
water heating; however, it is not efficient in desalination, 
which will be the objective of our next articles.

Symbols

FR	 —	 Collector heat transfer factor
SF	 —	 Solar fraction (SF)
Tp	 —	 Average fluid temperature of absorber
UL	 —	 Total loss coefficient
Ub	 —	 Heat losses rearward
Ut	 —	 Heat losses forward
Id	 —	 Effective incident beam radiation
N	 —	 Day number of the year
Kv	 —	 Thermal conductivity of the tube.
Cp	 —	 Specific heat capacity of fluid, J/K·kg
ev	 —	 Tube thickness
q	 —	 Density of fluid, kg/m3

L	 —	 Longitude
Ga

g,s	 —	� Absorbed solar radiation per square of 
aperture meter, W/m2

hw	 —	 Convection coefficient
Eb	 —	� Beam radiation on horizontal surface, W/m2

ṁ	 —	 Mass flow
L_capt	 —	 Width of a flat collector
e_capt	 —	 Thickness of a flat collector
V	 —	 Wind speed
TLGetup	 —	 Sunrise time
TLSleep	 —	 Sunset time
Eg	 —	 Global radiation on horizontal surface
Ed	 —	� Diffuse radiation on horizontal surface, W/m2

Rr	 —	 Geometric factor
h	 —	 Height of the sun
w0	 —	 Sunset hour angle
Ue	 —	 Lateral losses
HAF	 —	 Daylight saving time advanced or DST
ET	 —	 Equation of time (corrective term)
Rd	 —	� Ratio of diffuse radiation on tilted surface to 

that on horizontal surface
Rb	 —	� Ratio of beam radiation on tilted surface to 

that on horizontal surface
TSV	 —	 True solar time
g	 —	 Acceleration of gravity, m/s2

Qu	 —	 Useful energy gain per unit
Qs	 —	� Stored energy inside which heats the system 

(Qs = 0)
Qp	 —	 Energy lost
Gb	 —	 Beam radiation on tilted surface, W/m2

Gd	 —	 Diffuse radiation on tilted surface, W/m2

Gr	 —	 Reflected radiation on tilted surface, W/m2

Gg	 —	 Global radiation on tilted surface, W/m2

Ta	 —	 Ambient air temperature, °C

Greek

Δ	 —	 Difference
Γ	 —	 Intercept factor
γ	 —	 Azimuth
τ	 —	 Transmittance
φ	 —	 Latitude
α	 —	 Absorbency
λ	 —	 Thermal conductivity, Wk/m2

σ	 —	� The Stefan–Boltzmann constant 5.567  ×  10–8 
Wm2/K4

εv	 —	 Emissivity 0.88
β	 —	 Inclinaison of FPC
εp	 —	 Absorber plate emissivity, %
ΔT	 —	 Temperature difference (°C)
Γ	 —	 Intercept factor
δ	 —	 Declination angle
Θ	 —	 Incident angle of the beam irradiance
ρ	 —	 Albedo
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