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Abstract Fossil fuel energies and nuclear energy remain the most used energy sources in developing and
emerging countries. However, all scientists and policy makers unanimously in agree and are aware that the use
of renewable energy sources such as solar energy is indeed one of the main factors for sustainable development
and for the protection of the environment of any nation in the world. Niger, with its geographical location
(between parallels 11°37 and 23°33 north latitude and meridians 0°10 and 16° west and east longitude) is one of
the sunniest areas in the world (more than 2,300 kWh / m?/ year).

In this work, we present a theoretical study of the outlet temperature of domestic hot water, heated by a single-
pane solar collector. The mathematical modeling equations required the use of five (5) experimental parameters
which are: global solar radiation, wind speed, insolation duration, minimum temperature and maximum
temperature. The yield studies of this sensor were carried out for the cities of Zinder and Niamey, Niger. The
simulation of the sensor behavior was performed under the MATLAB MR2015a software environment. The
analysis of the results showed fairly high returns (67.5% in Zinder and 62% in Niamey) for the year 2009. For
this period, we find that the yield is higher in Zinder than in Niamey. This work could be used to design a
single-pane solar collector in a given locality in the Sahel region to produce domestic hot water for maternity
services or for domestic use during cold weather.
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1. Introduction

During cold periods, the demand for domestic hot water (HCW) increases more and more in maternity centers,
campuses, barracks and hotels. These needs are due mainly to the growth of the population in general [1] and
the (increased) number of students and the military in particular. The increase in the number of students is
justified by the access to the school of certain social categories which were hostile and an increase of the
recruitment of the military because of the multiplication of the centers of tension.

In fact, for the production of this hot sanitary water, the populations most often use fossil fuel energies which
are exhaustible and which emit greenhouse gases CO,,N,0, CH, etc ). These are the main causes of climate
change [2-3-4]. In the particular case of Third World countries, the abusive use of wood contributes to
deforestation. It is necessary to explore other methods of producing hot water. The most reliable and promising
method is the production of Hot Water Sanitary by the use of solar thermal collectors [5]. The use of this solar
energy is a clean method without greenhouse gases [6-7-8-9-10] and an alternative way for our countries which
are part of the sunniest areas in the world [11].
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In this study, we model the different thermal exchanges and the use of an experimental global radiation
database, wind speed, insolation time, maximum temperature and minimum temperature of a year, we are doing
a simulation of mathematical equations. This work, which promotes renewable energies, is a contribution to the
fight against deforestation, which is one of the causes of climate change caused by human activities.

In this study, we model the different thermal exchanges and the use of an experimental global radiation
database, wind speed, insolation time, maximum temperature and minimum temperature of a year, we are doing
a simulation of mathematical equations. This work, which promotes renewable energies, is a contribution to the
fight against deforestation, which is one of the causes of climate change caused by human activities.

2. Materials and Methods

Methodology and experimental data collection

The global radiation is measured using the KIPP and ZonenPyranometer integrator ELSB-2, with digital
displays, which integrates the values of global solar radiation daily. Maximum and minimum temperatures are
measured by thermocouples. For the measurement of the wind speed, we used the thermo-anemometer. The
experimental measurement data of global radiation, maximum and minimum temperatures, wind speed and
duration of insolation for the two Nigerian cities (Niamey, N and Zinder, Z) were obtained at the service of the
Nigerien National Meteorology in Niamey and National Center for Solar Energy (CNES). The evolutions of
these different parameters are presented in tables 1 to 6. The simulations of the sensor were carried out under the
MATLAB MR2015a version 2015 software environment.

2.2. Mathematical modeling [12-13-14-15-16]

The modeling of the heat transfer is an important step that allows to write as rigorously as possible the thermal
balance of the solar water collector at the following systems: absorber, glazing, insulation and piping with the
heat transfer fluid. We first use a global approach that consists in writing the global energy balance for the
different elements of the solar collector on the one hand. Then we use a detailed approach with which the
reports are written for the different elements of the sensor components.

We assume that the incident energy received by the blackbody is transmitted to the coolant. Modeling and
numerical simulation are important design tools used to predict experimental execution.

In practice, the variations in the enthalpy time of solar collector components are very small, that allows us to
neglect the termm. C, Z—T, from where m. C, Z—: ~ 0[17] in the first place. On the other hand, the expression of
the enthalpy of the components as a function of the temperature can be very complicated and, as a result, the
numerical models to be implemented become very heavy and expensive according to the research work carried

out by [18]. Considering these two research works, the terms m. C, Z—I do not appear in all the equations of the
modeling [12-13-14-15-16].
Sun
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Figure 1: Heat exchange mechanism [16]
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The upper surface of the window receives energy from the sun, the one transmitted from the sky by radiation
and the one transferred by the convective air (the internal surface of the glazing), we also have the convection
exchange from the air layer (air gap) and the glazing (Figure 1). The energy balance is written [12-13-14-15-
16]:

'(Tv - Tam )-hc_v' (Tv - Tc)-hrv_c'(TLa - Tv)-hc_nat + (Z,,EZO (1)
With Tc is the temperature of the sky given by the equation (2) in°C and E is the solar energy received inW/mZ:
T.=0,0552T,,,, )

At the level of the glazing side air blade, heat transfer is carried out by natural convection between the glass and
the air gap and between the absorber

'(TLa - Tv)'hc_nat +(Tab - TLa)-hc_nat =0 (3)
In the previous equation, the temperature of the air space is the arithmetic mean of T, et T, in °C :

Ty +Ty
Ta=""5— 4

Thermal balance of the absorber:

The exchange takes place: by natural convection and conduction between the absorber and the air space, by
convection between the absorber and the fluid, by radiation between the absorber and the metal plate, by
radiation between the absorber and the window:

'(Tab - TLa)'hc_nat '(Tab - Tf)-hcab_f '(Tab - Tpl)'hrab_pl '(Tab - Tv)-hrab_v + TV'aabE =0 (5)
T, is the temperature of the absorber in°C, T_pl is the temperature of the metal plate in°C, h_ (cab_f) is the
convective heat transfer coefficient between the absorber and the coolant in W/ m2K’ h_ (rab_pl) is the radiant

heat transfer coefficient between | absorber and the metal plate (inner box) in W/m2 K h_ (rab_v) is the

radiation heat transfer coefficient between the absorber and the glazing in W/ m2K and t_v is the transmission

factor of the window.

e Thermal balance at the water level (coolant) and in piping by conduction. The heat transfer is considered to
be unidirectional and at the steel-water interface, the heat exchange is only by conduction in water and the
losses by Joule effect in the pipe are negligible. The coolant (water) receives as muchenergy as possible.
(Tab - TLa)'hcab _f'(Tf - Tpl)'hcpl_f:O (6)

Ty is the temperature of the coolant in°C and h_ (cpl_f) is the exchange coefficient between convection between

the metal plate and the coolant in W/mZK'

e Thermal balance of the inner box insulating metal plate:
The transfer is by convection between the coolant and the metal plate, between the absorber and the metal plate
by radiation and by conduction between the metal plate and the insulation.

'(Tf - Tpl)'hcpl_f + (Tab - Tpl)-hrab_pl - (Tpl - Tis)'hcd =0 (7)

T;, is the temperature of the insulation in°C and h_cd is the coefficient of conduction transfer of the insulation.

e  Thermal equilibrium of the external insulating plate at the back of the sensor:

The exchange takes place by conduction between the metal plate and the insulation, by convection between the
insulation and the ambient air and by radiation between the insulation and the ground.

'(Tpl - Tis)-h'cd '(Tis - Tam)'hcfv '(Tis - Ts)'hrisfs =0 (8)
The soil temperature is given by:

Ts:Tam +2 (9)

T, is the radiation exchange coefficient between the insulation and the ground in°C.

- Modeling of exchange coefficients:

The exchange coefficients depend on the thermo-physical characteristics of the solar collector, its design
geometry, the nature of the fluid flow and the contact performance between the absorber and the water. These
parameters also depend on the heat transfer medium mixing temperature, the absorber temperature and the
ambient air temperature [12-13-14-15-16].

Wind transfer: this coefficient is defined as a linear function of the wind speed:
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hc_v = Qy + al'Vvent (10)
In this equation, Ve represents the wind speed and a, and a; are coefficients represented by the equation
(12):

he», = 567 + 3,86V, (11)

In most cases, the coefficients are calculated by the equation (12):

h=a+ b.v" (12)
Sensor performance [17]

Sensor performance is evaluated based on performance. For this, we performed a simulation of the efficiency
(efficiency) of the sensor given by the equation (13):

_m Cp (Tfs _Tfe )
Eepr = EALS (13)

The study of the model will be based on the following simplifying assumptions

The modeling of a solar collector takes into account the mode of circulation of the fluid vis-a-vis the absorber,
the number of glazing, the presence or absence of the metal plate for the protection of the insulation, the
materials used for rear and side insulation. This modeling must lead to the determination of the coefficients
characterizing the sensor studied, the different equations allowing to evaluate the extracted energy of the sun,
the temperatures of the elements and the fluid at the entry and the exit, as well as the returns of the sensors.
Before proceeding to the numerical simulation, we specify certain calculation hypotheses:

e Heat transfer is unidirectional,

e Uniform mass flow in the sensor tubes,

o Heat transfer from the edges of the photo-thermal sensor is negligible,

e The exchange coefficients are considered identical to the transfer between the sensor and the wind,

e The heat flux received by the sensor is in function of time,

e  The physical properties of the materials are independent of the temperature,

e The physical properties of the fluid are depend are based on temperature,

e Solar collector component temperatures depend on time,

e Dustand dirt on the collector are negligible,

e At the absorber-water interface, the heat exchange is done only by conduction,

The thermal resistance of the tube is low because the tube is made of material that is a good conductor of heat.

3. Results and Discussion

At the level of the simulation figures of the temperature profiles, the index N and Z respectively represent
Niamey and Zinder. r represents the percentage yield. The temperatures of the sensor components and heat
transfer fluid are given according to the ambient temperature, the sky and the ground. The different figures
(from 2 to 6) give us the profiles of the evolution of the outlet temperatures of the different parts of the solar
collector plane to water. Temperatures are based on of ambient temperature, sky temperature, soil and global
solar irradiation. Celestial vault temperature and soil believe with ambient temperature. The heat is propagated
inside the solar thermal collector with different modes of transfer namely conduction, convection and radiation.
The month of April records more solar energy than any month for both regions. It is the month that gives a
better percentage of return. The month of August is the least sunny month, so this is the month for which the
yield is the lowest. This decrease in performance is explained by the presence of aerosols (clouds, dust ...) that
prevent the sun's rays from reaching the surface of the solar collector.

The simulation results of the curves show that the absorber has the highest exit temperature because of its large
solar energy absorption coefficient. In addition, the temperature of the air gap is taken as an arithmetic mean.
This shows that the pace of its evolution temperature is almost linear. It should be emphasized that the wind
speed has a remarkable effect when it is between 0 and 3m / s. It has no influence when it is beyond 3 m /s as
illustrated in Figures 2, 3 and 4. This is consistent with the research work of Foued CHABANE [19]
encountered in the literature. It should also be noted that even if the wind speed is zero, the transfer exists. The
abrupt rise in metal plate temperature for the months of February, May and June for the two cities of Niamey
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and Zinder is due to the effect of wind speed. Overall, the results obtained after simulation prove that the city of
Zinder gives on average more solar energy than Niamey therefore more yield than hot water. The maximum
output temperatures are obtained between 13 hours and 14 hours.

Table 1: Experimental climate parameters used for simulation (February)

February 2009
Climatic Global radiation Maximum Minimum Wind speed in"/
parameters inW/m2 temperature in°C  temperature in°C
Niamey 4730,86 38,29 21,83 2,98
Zinder 5936,11 35,28 19,22 2,66

Niamey (February 2009) Zinder (February 2009)
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Figure 2: Temperature profile of glazing, absorber, water, metal plate, air space, ambient temperature, sky and
soil of February 2009 (Niamey and Zinder).
Table 2: Experimental climate parameters used for simulation (April)

April 2009

Climatic ~ Global radiatio in Maximum Minimum Wind speed in M/
Parametres W/m2 temperature in  temperature in°C
°C
Niamey 5695,37 42,10 27,93 3,06
Zinder 6000,00 41,62 25,08 2,61
Niamey (April 2009) Zinder (April 2009)
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Figure 3: Temperature profile of the glazing, absorber, water, metal plate, air space, ambient temperature, sky
and ground of April 2009 (Niamey and Zinder)
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Table 3: Experimental climatic parameters used for simulation (May)

May 2009
Climatic Global radiation Maximum Minimum Wind speed in™/
parameters inW/m2 temperature in°C  temperature in °C
Niamey 5733,52 41,10 28,39 3,62
Zinder 5958,33 39,92 25,57 2,88
Niamey (May 2009) Zinder (May 2009)
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Figure 4: Temperature profile of the glazing, absorber, water, metal plate, air space, ambient temperature, sky
and ground of May 2009 (Niamey and Zinder).
Table 4: Experimental climate parameters used for simulation (June)

June 2009
Climatic Global radiation in Maximum minimum Wind speed
parameters W/m2 temperature in °C temperature in °C inmM/
Niamey 4960,30 38,45 26,58 4,06
Zinder 5161,11 39,18 25,77 3,77
Niamey (June 2009) Zinder (June 2009)
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Figure 5: Temperature profile of glazing, absorber, water, metal plate, air space, ambient temperature, air and
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Table 5: Experimental climate parameters used for simulation (August)

August 2009
Climatic  Global radiation in Maximum Minimum Wind speed in ™M/
parametres w/mz temperature in temperature in
climatic °C °C
Niamey 4763,13 33,01 23,62 3,10
Zinder 4972,22 34,65 24,06 2,69
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Figure 6: Temperature profile of glazing, absorber, water, metal plate, air space, room temperature, sky and
soil of August 2009 (Niamey and Zinder)
For the sunniest months (the month of April) and the least sunny (the month of August) of both cities. The
results of Figure 7 show that the city of Zinder has a better performance compared to the city of Niamey. This is
justified by the fact that Zinder is sunnier than Niamey. The yield of the month of April is of the order of 67.5%
in Zinder and 62% in Niamey. That of August is 63% in Zinder and 57% in Niamey. The differences in yield are
respectively 5.5% and 6% between the two cities. These differences could be due to the fact that the region of
Zinder receives a quantity of solar energy higher than that of Niamey.
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Figure 7: Sensor performance for the city of Niamey and Zinder, April and August, 2009
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Figure 8: Simulation Algorithm

Conclusion

The influence of climatic parameters on the efficiency of a solar thermal collector for the production of hot

water in two main cities of Niger is simulated numerically and evaluated on Matlab. Five (5) solar experimental

data are used: the global solar irradiation, the wind speed, the duration of sunshine and the two extreme

temperatures. Simulation results are given for each month of the year.

They show that the temperature of the hot water at the sensor outlet increases with global radiation and wind

speed.

The main results obtained for the cities of Zinder and Niamey are the following:

- sensor efficiency increases as solar parameters increase; Yields of 67.5% are obtained in Zinder and 62% in
Niamey. (You have to give an interval from this period to another one)

- the efficiency of the sensor decreases with the increase of aerosols: 63% for Zinder and 57% for Niamey.
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The results obtained show that the city of Zinder offers a better performance for two identical sensors installed
one in Zinder and the other in Niamey. We can say that the solar field that Niger has, when it is used optimally,
can significantly reduce greenhouse gases. This solar field will help reduce the use of conventional energy and
energy needs.

Acknowledgment
We thank the National Solar Energy Center and the National Meteorological Service for their support in
experimental data for the development of this study.

References

[1]. A.A. El-Sebaii, M.R.l. Ramadam, S. Aboul-Enein, M. EIl. Naggar. (2015). “Effect of fin configuration
parameters on single basin still performance”. Desalination, ScienceDirect, vol 635: 15-24.

[2]. Huashan Li. (2012). “Calculating the diffuse solar radiation in regions without solar radiation
measurements”, Energy vol 44(1): 611-615.

[3]. Peter Mulder. (2005). “The economics of technology diffusion and energy efficiency”, Edward Elgar
Publishing, Inc: 3-14.

[4]. Solomon, S.D. Qin, M. Manning Z. Chen, M. Marquis, K.B. Averyt, M. Tignor, H.L. Miler. (2007).
“Climate Change: The Phydical Science Basis. Contribution of working group to the fourth assessment
report of the intergovemmental panel on climate change” Cambridge University Press: 1-40.

[5]. José Leonaldo De Souza, Gustavo BastosLyra, Cicero Manoel Dos Santos, Ricardo Araujo Ferreira
Junor, ChigueruTiba, GuilhermeBastosLyra Marco Antonio Marigolo Lemes. (2016). “Empirical
models of daily and monthly global ssolar irradiation using sunshine duration for alagoas state,
Northeastern Brazil”. Sustainable Energy Technol Assess 14: 35-45.

[6]. Hamdy Hassan, Saleh Abo-Elfadl. (2017). “Effect of the condenser type and the medium of the saline
water on the performance of the solar still in hot climate conditions”. Desalination 417: 60-68.

[7]. I.P. Raptis, S. Kazadzis, B. Psiloglou, N. Kouremeti, P. Kosmopoulos, A. Kazantzidis. (2017).
“Measurements and model simulations of solar radiation at tilted planes, towards the maximization of
energy capture”, 10.1016/j.energy.2017: 04.122.

[8]. P.K. Abdenacer, S. Nafila. (2007). “Impact of Temperature Difference (Water-Solar Collector) on
solar-still global efficiency”. Desalination 209: 298-305.

[9]. K. Voropoulos, Mathioulakis. E, Belessiotis V, A. El-Jubouri, M. Abed. (2003). “Solar stills coupled
with solar collectors and storage tank-analytical simulation and experimental validation of energy
behavior”. Solar Energy 75: 199-205.

[10]. N. Hamani, A. Moummi, N. Moummi, A. Saadi, Z. Mokhtari. (2005) “Modélisation du flux solaire
dans un capteur solaire de type cylindro-parabolique dans le site de Biskra”. the first international
conference on electrical system PCSE’05 : 345-350.

[11]. Bruno FLECHE. (2008). “solar thermal, solar field, climate data”. Renewable energy review: 1-79.

[12]. K. Aoues, N. Moummi, M. Zellouf, A. Labed, E. Achouri. (2008). “Study of the Influence of Artificial
Roughness on the Thermal Performance of Air Solar Collectors”, Renewable Energy Review. vol 11:
219-227.

[13]. N. Moummi, A. Moummi, Belgacem Abed, A. Hachemi, M. Le Ray. (1995). “Systematic prediction of
solar collector plan air in various sites of different climates in Algeria”. National Energy Conference.

[14]. M. Alia. (2005). “Modeling planar solar collectors for drying (forced convection)”. Memory of
magister, UniversitélbnKhaldounTiaret: 1-104.

[15]. W.H. Mcadams. (1961). “Heat transmission”. Edition Dunod, 2*édition.

e

(3_; ‘\\
/‘@? Journal of Scientific and Engineering Research

103



