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ABSTRACT

	This study aims to analyze the effect of water mass flow rate on a Si-solar cell temperature and electronic parameters through two models. From the thermal model, the thermal equation is determined and solved to obtain the cell temperature versus light concentration and for different mass flow rates. By the electrical model, the electronic parameters were determined and plotted also versus light concentration and water mass flow rate. Results show that temperature rises with light concentration and decreases with increasing mass flow rate. Mobility and diffusion coefficients of electrons and holes as well as the silicon gap energy, decrease with light concentration but all increase with rising mass flow rate. The electrons intrinsic density increases with concentration and fall down with mass flow rise. Near the open-circuit, this effect of mass flow rate on intrinsic density is sufficient to cause variations of carrier density at the junction and to predict slight variations in open-circuit-voltage. However, in intermediate and short-circuit operating situations, the effect of mass flow on carrier density is insufficient to expect significant variations in current. On the other hand, results show a reduction in the cooling effect of water as the mass flow rate rises.



Keywords: Water mass flow rate; temperature; light concentration; electronic parameters; carrier density; cooling effect.

1. INTRODUCTION

Increasingly, the photovoltaic energy is becoming a real alternative for meeting the world's increasing energy needs and at the same time, reducing the greenhouse gas emissions responsible for global warming [1,2]. To make this a reality, photovoltaic sectors have been diversified, giving emergence to sectors such as concentrated-light photovoltaics [1,2]. 

Numerous studies have shown that photovoltaic performance improves with increasing light concentration. Thus, using a multi-junction PV cell of a GaInP/GaAs//GaInAsP/GaInAs type, Dimroth et al. [3] have demonstrated an improvement in open-circuit voltage, fill factor and conversion efficiency which reaches a record value of 44.7% under a light concentration of C=297 Suns. Equivalent results have been shown by Tibbits et al. [4] and Schachtner et al. [5] who also worked on multi-junction PV cells. With a crystalline silicon PV cell, Zoungrana et al. [6] show that rising light concentration leads to increase in current, voltage, electrical power, conversion efficiency and fill factor. In the same direction and working under non-concentrated illumination, Khan et al. [7] noted that initially the shunt resistance rises with light intensity and then become practically constant. However, the series resistance, the diode ideality factor and the reverse saturation current all fall continuously with light intensity. Li et al. [8] showed a rise in short-circuit current, open-circuit voltage, electrical power and conversion efficiency with increasing illumination level.

In addition, it has been shown that increasing the illumination level, particularly under concentrated light causes the PV cell or panel to heat up [9-12]. However, the temperature is known to be harmful to nearly all photovoltaic parameters [13-16]. 

To take advantage of the positive influence of light concentration on photovoltaic parameters and to avoid overheating of the PV cell, PVT and CPVT hybrid systems have been proposed and studied. These hybrid systems offer the advantage of both electrical and thermal energy cogeneration [17-22]. However, these works do not investigate intrinsic photovoltaic parameters such as carrier mobility and diffusion, intrinsic carrier density and the gap energy of the semiconductor material.  In addition, electronic parameters such as carrier density have not been studied.

This study aims to respond to these insufficiencies through two models. A first thermal model is proposed and used to determine in the steady state, the temperature and the intrinsic parameters of a PV cell subjected to a concentrated light and a variable mass flow. A second electrical model is also proposed and from which the carrier’s density is determined. Due to the illumination high level, we take into account the electric field of electrons concentration gradient [4,10].

2. material and methods

2.1 Thermal model and determination of temperature and intrinsic parameters

Figure 1 below illustrates the thermal model of a hybrid Concentration Photovoltaic-Thermal (CPVT) system. It shows the different powers exchanged by the PV cell. The incident light that arrives on the PV cell first passes through an optical concentrator. The cell receives the concentrated light power which it converts into electrical power. A part of the power received is transferred to the water circulating in the channel. Another part of the power received is lost in the form of heat through natural convection and radiation.

[image: ]
Fig. 1. Illustration of the thermal model and exchanged powers


The determination of the thermal equation is carried out on the basis of the following assumptions:
- Heat dissipation is assumed to occur through radiation and natural convection and takes place only on the PV cell front side;
- Heat exchanges are assumed to be negligible on the PV cell lateral surfaces. This is explained by the fact that the cell is very thin. Its thickness (4 µm at most) is insignificant compared to its width (9 mm at least) and length (95 mm at least);
- The cell temperature is assumed to be uniform due to its very thin thickness and the uniform distribution of incident light.

Thus, the powers exchanged by the cell are: 
· The absorbed light power given by equation 1. 

                                                   (1)





where  represents the light concentrator transmissivity;  the absorption coefficient at the cell surface, whose value is designated by ; the concentration and  the solar irradiance, which is 1000 W.m-2 under standard AM 1.5 air mass conditions [10,12].
· The electric power delivered [10,12]:

                                                 (2)

 corresponds to the photo conversion efficiency given by [12,23]:

	                                                    (3)
with a= 0.425 et b=0.00176
· The power lost through thermal radiation [12,23]:

                                                  (4)



 corresponds to the radiative surface () and  the ambient temperature.      
· The power lost by natural convection [12,23]:

                                                    (5)


 represents the convective surface ().
· The thermal power transferred to the coolant water [12]:

                                                   (6)


 represents the water mass flow rate (kg.s-1) and  the inlet temperature of water.
In the steady state, the incident power received by the PV cell is equal to the sum of the electrical power delivered, the thermal power transferred to the coolant water, the powers dissipated by convection and radiation. Replacing each power by its expression leads to the thermal equation: 

                                                     (7)



The coefficients ,  and  evidently depend on the system physical characteristics.
[bookmark: _Hlk107902433]Numerically solving the equation 7 by using the MATLAB software gives the cell temperature as a function of light concentration and the coolant mass flow rate. As show by equations 8 to 15, the silicon intrinsic parameters are temperature-dependent. This temperature is linked to the light concentration and the mass flow rate through the thermal model. So, these intrinsic parameters vary according to light intensity and water mass flow rate.
· 
The carrier’s mobility coefficients () are [10,24]:

                                    (8)

                                                     (9)

                                                 (10)

                                                   (11)

                                                  (12)

The index m indicates the doping type (n or p). In the present study the n-type doping level is Nd =1018 cm−3 and that of the p-type is Na =1016 cm-3 [6,10,24]. Table 1 gives the necessaries information to determine carrier mobility in the silicon.

Table 1. Utilities for mobility determination in silicon

	
	

	

	

	

	

	

	

	


	Electron (m=n)
	5300
	2.5×1017
	1520
	-19
	-2
	37
	0
	5

	Hole (m=p)
	200
	64×1016
	24
	-1.2
	1.2
	0.47
	0
	1



· 
The electrons and the holes diffusion coefficients () are given by equation 13 [10]:

                                                    (13)
· 
The silicon gap energy  is given by equation 14 [10]:

                     (14)

· The electrons intrinsic density in the silicon is given by [12]:

                                   (15)

         where 

2.2 Electric model and determination of carrier’s density

This study is conducted with a crystalline silicon PV cell under increasing light concentration [6,25]. It is a mono-facial cell of type n+-p-p+ also submitted to the effect of a variable mass flow rate. Figure 2 below is a one-dimensional illustration of the electrical model of the PV cell of a concentrated photovoltaic-thermal (CPV/T) hybrid collector.

[image: ]
Fig.2. Electrical model of the CPV/T system


Due to the high level of illumination (C ≥ 50 Suns), we take into account the electric field of electrons concentration gradient given by equation 16 [6,10].

                                          (16)



In this equation 16,  represents carriers’ density at the base depth x; and  are respectively the diffusion coefficients of the electrons and the holes as defined by equation 13. 
· The continuity equation 
  At the steady-state, the carriers continuity equation is given by: 

                                           (17) 


In equation 17,  and  respectively represent the diffusion coefficient and the diffusion length according to temperature and are given by the equations 18 and 19.

                    (18)

                                                 (19)

 is electron’s lifetime and is supposed to be constant.   
· Carriers’ density

  The generation rate is the sum of two contributions as indicated by equation 20 [6,10].

                                                            (20)

 is the photo generation rate and depends on the depth x as shown in equation 21 [6,10]:

                                                 (21)	

correspond to the thermal generation rate and is temperature-dependent as shown by equation 22 [6,10]:

                                                              (22)




Coefficientis linked to electron lifetime  and the base doping level  by:                                                                                                 

The resolution of continuity equation 17 leads to the carrier’s density expression . As shown by equation 23, the carriers density depends on both the base depth and the temperature.  

 (23)


with  and .

3. Results and discussion

3.1 Temperature variations versus light concentration and water mass flow rate

By solving the thermal equation, we obtain the cell temperature variations versus light concentration and the water mass flow rate as given in figure 3.

[image: ]

Fig. 3. Temperature versus light concentration and for different mass flow rates

Curves in figure 3 show that, for a given mass flow rate, the cell temperature rises with light concentration. Indeed, as the light concentration increases, so does the heat received by the cell and its temperature. However, as water mass flow rises, the temperature of the PV cell falls. This is due to the increase in heat transferred to water as the water mass flow rate rises. This results in a drop of the PV cell’s temperature. 
The following table 2 gives at concentration C=50 Suns, le PV cell’s temperature for different mass flow rates.
Table 2. Mass flow rate and corresponding temperature at light concentration C=50 Suns and variation rate  
	Mass flow rate (kg.s-1)
	Cell Temperature (K)
	Temperature variation rate (%)

	0.0001
	342.24
	-

	0.0002
	317.42
	07.25

	0.0003
	309.26
	02.57

	0.0005
	302.78
	02.09

	0.0010
	297.95
	01.59

	0.0050
	294.10
	01.29



Table 2 confirms the fall in temperature with increasing water mass flow rate. When mass flow rate increases from 0.0001 kg.s-1 to 0.0050 kg.s-1, the PV cell temperature drops from 342.24 K to 294.10 K. This is equivalent to a 14.06% drop in the temperature. Indeed, as the mass flow rate increases, the heat ceded by the cell also increases and its temperature falls.
When the mass flow rate rises from 0.0001 kg.s-1 to 0.0002 kg.s-1, a temperature reduction rate of 07.25% is observed in the table 2. The temperature reduction rate then decreases with rising mass flow values. This phenomenon reflects a reduction of the cooling effect of water.
3.2   Influence of mass flow rate on the electrons and the holes mobility

The following figures 4 and 5 give respectively for the electrons and holes, the profiles of the mobility coefficient versus light concentration and for different values of water mass flow rate.
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	[bookmark: _Hlk209598640]Fig.4. Electrons mobility profile versus light concentration and for different mass flow rates
	Fig. 5. holes mobility profile versus light concentration and for different mass flow rates



Figures 4 and 5 show that the electrons and the holes mobility coefficients drop with rising light concentration and rise when the water mass flow rate increases. 
The drop in electrons and holes mobility with rising light concentration can be explained by the rise in temperature with increasing light concentration. This result is in agreement with Savadogo et al. [10]. In the opposite direction, the rise in carrier mobility with increasing water mass flow is explained by the fall in temperature shown above. This rise in the mobility of carriers with increasing mass flow rate represents an improvement in the semiconductor electronic properties. Increased mobility accelerates carrier reach to the junction without recombination. This reduces recombination and increases the generated voltage and current. As light concentration ratio and water mass flow act in opposite ways on temperature, their effects on carrier mobility turn out to be in opposition as well.

3.3    Influence of mass flow rate on the electrons and the holes diffusion

Figures 6 and 7 below give variations of electrons and holes diffusion coefficients with light concentration and for different water mass flow rates.
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	Fig. 6. Electrons diffusion coefficient variations versus light concentration for different mass flow rates
	Fig. 7. Holes diffusion coefficient variations versus light concentration for different mass flow rates



Figures 6 and 7 show a drop in the electrons and the holes diffusion coefficients with increasing light concentration. This result is in accordance with the decrease in carriers’ mobility versus light concentration shown above. This can also be explained by the fact that temperature rises with light concentration. 
Figures 6 and 7 also show that a rise in water mass flow rate leads to an improvement in both the electrons and the holes diffusion coefficients. This result is also in agreement with the increase in the electrons and the holes mobilities with rising water mass flow rates. This rise in the electrons and the holes diffusion coefficients can be explained by the fact that the cell temperature diminishes with rising water mass flow rate as shown above.


3.4    Influence of mass flow rate on the energy gap

The following figure 8 gives variations in the silicon gap energy versus light concentration and water mass flow rate.
[image: ]
Fig. 8. Silicon band gap variations versus light concentration and mass flow rate

Figure 8 shows that the silicon gap energy drops with increasing light concentration but rises when the water mass flow rate increases. The drop in silicon gap energy as light concentration rises can be explained by the rise in temperature. While its rise with increasing mass flow rate is explained by the fall in the cell temperature.

3.5    Influence of mass flow rate on electrons intrinsic concentration

The following figure 9 gives variations of the electrons intrinsic density versus light concentration for different values of the water mass flow rate.
[image: ]

Fig. 9   Electrons intrinsic density variations versus light concentration and mass flow rate

The electrons intrinsic density increases with the light concentration ratio. This is explained by the rise in temperature due to the effect of elevating light concentration, as already shown in this study. This result is also in good agreement with Savadogo et al. [10]. Figure 9 also shows that as the water mass flow rate rises, the electrons intrinsic density diminishes. This can be attributed to the reduction in the PV cell temperature with increasing water mass flow rate, as shown earlier in this study.
  From 0.0001 kg.s-1 to 0.0002 kg.s-1, the decrease in intrinsic density is quite significant. However, above 0.0002 kg.s-1, this decrease becomes relatively moderate. This slight drop in electron intrinsic density above 0.0002 kg.s-1 can be explained by the reduction of the cooling effect of water noted above.

3.6    Influence of mass flow rate on carriers’ density

The following Figure 10 shows the carrier density profile near the open circuit for different mass flow rates and under light concentration C=50 Suns.

[image: ]
Fig. 10. Carrier density profile for different mass flow rates under C=50 Suns

Figure 10 shows that for a given mass flow rate, the carrier density is maximal at the cell junction (x=0) and decreases with the base depth x. The density curves all present a negative slope at the junction (x=0). This reflects the fact that the carriers cannot cross the junction to participate to the current. The carriers are stored at the cell junction near the open circuit situation. 
However, there is a slight variation of the carrier density with mass flow rate, particularly in the front and rear areas of the base. This slight variation can be attributed to the variations in temperature and electron intrinsic density with mass flow rate as shown in this study. This result predicts slight variations in open-circuit voltage with mass flow rate.
At an intermediate operating point, figure 11 gives carrier density profile for various mass flow rates under light concentration C=50 Suns.

[image: ]
Fig. 11. Carrier density profile for different mass flow rates under C=50 Suns

Figure 11 shows that for a given mass flow rate, the carrier density profile presents three parts:
- A first part where the carrier density presents a positive gradient. This part is favorable for the PV cell. The carriers situated in this zone can cross the junction and participate to the photo current.
- A second part with a null gradient and where the carrier density is maximum.
- A third part with a negative gradient. This part is unfavorable for the cell. The carriers located in this zone are sent to the rear side of the cell, where they recombine. However, an energy transfer from the B.S.F. effect can send them back to the first zone.
For an intermediate operating point, we observe in figure 11, that near the junction, the carrier density is practically invariant with the water mass flow rate. It emerges at the junction (x=0) that the slope of carrier curve is invariant with mass flow rate. This result predicts that the current will remain practically invariant with increasing water mass flow rate.
Fig. 12 below gives in the short-circuit situation the carrier density profile under light concentration (C=50 Suns) for different mass flow rates.

[image: ]
Fig. 12. Carrier density profile for different water mass flow rates under C=50 Suns

The carrier density profiles exhibit a positive gradient across almost the entire base region. It is also observed that the carrier density becomes zero at the junction (x = 0), irrespective of the mass flow rate. These findings indicate that, under short-circuit conditions, photogenerated carriers are efficiently swept across the junction and contribute directly to the photocurrent. This accounts for the absence of carrier accumulation at the junction and explains why the carrier density approaches zero at this interface. Consequently, no charge build-up occurs at the junction under short-circuit operation.
[bookmark: _GoBack]For this operating mode, we also note that near the cell junction, the carrier density is practically invariable versus the water mass flow. It also emerges at the junction (x=0) that the slope of carrier curve is invariant with the mass flow rate. This also predicts that the current will remain practically invariant.

3. CONCLUSION

In this study, two complementary models are proposed to investigate the performance of a concentrated photovoltaic–thermal (CPV/T) system. Based on the thermal model, a steady-state energy balance equation governing the photovoltaic (PV) cell temperature was established. The solution of this equation enabled determination of the cell temperature profile as a function of light concentration and for varying water mass flow rates. In parallel, an electrical model was developed to evaluate the electronic parameters of the PV cell, which were subsequently analysed with respect to light concentration and coolant mass flow rate. The results indicate that cell temperature increases with increasing light concentration, whereas it decreases as the water mass flow rate rises. However, the incremental cooling effect of water diminishes at higher flow rates, suggesting a reduction in thermal efficiency gains beyond a certain threshold. Analysis of the electrical characteristics reveals that the mobility and diffusion coefficients of electrons and holes, as well as the silicon band gap energy, decrease with increasing light concentration but increase with higher water mass flow rates. Near open-circuit conditions, the influence of mass flow rate on intrinsic carrier concentration is sufficient to induce variations in carrier density at the p–n junction, leading to slight changes in the open-circuit voltage. In contrast, under intermediate and short-circuit operating conditions, the effect of mass flow rate on carrier density is comparatively limited, and no significant variations in the operating current or short-circuit current are anticipated.
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