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Abstract

:

The performance of photovoltaic solar cells is usually analyzed using continuous models, for instance, 1M5P. I-V and P-V curves are fitted by a mathematical expression from the electrical model. In the case of 1M5P, characteristics are fitted using five parameters that are obtained using a small number of I-V points from a wider set of data, keeping the curve shape given by the mathematical expression from the model. A novel model was recently proposed to overcome this issue. The d1MxP model is based on the discretization of the electrical behavior of the diodes in models such as 1M5P. The d1MxP methodology is equivalent to an analytical incremental calculation and since it connects the given points, the model error should be lower than the one obtained using models as 1M5P. It is based on the connection of adjacent points (with small voltage differences) instead of having the entire voltage range represented by some parameters (as the continuous models do, for instance, 1M5P). In this work, the d1MxP model is applied to perovskite solar cells and paint-type dye-sensitized solar cells. The aim is to analyze the behavior of the discrete model in different third-generation solar cells since their performance cannot be well characterized by the 1M5P model. The accuracy on the maximum power point is relevant, resulting in perovskite solar cells, an improvement of up to 2.61% and, in paint-type dye-sensitized solar cells, an increase of up to 5.03%.
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1. Introduction


Since the Industrial Revolution, the need for energy production has increased considerably. This revolution involved a transition to new manufacturing processes, such as the replacement of hand production methods with machines that used fossil fuels in their operation. Additionally, the replacement of firewood (which was until then the main energy source) with coal was also significant. Therefore, the use of coal in steam engines was paramount to the industrial development of humankind. However, the use of fossil fuels and non-renewable energy sources has a negative impact on the environment, resulting in an increase in average global temperatures and the greenhouse effect. Furthermore, they are a limited energy source. Over the years, concerns about the environment have significantly increased due to the current climate crisis that the world is facing.



Thus, in the last decades, the focus on renewable sources for energy production has been growing, especially solar energy, which has reached installation record values, due to its relatively low production cost and ease of installation [1,2,3,4,5].



In the 19th century, the photovoltaic effect was discovered by a French physicist. Since then, the development of solar cells has evolved into different generations. The first generation is mainly composed of silicon solar cells and single junctions. The second consists of thin film technologies, and the third and latest generation is composed of organic solar cells, such as perovskite and dye-sensitized [1,6]. Both types of solar cells have been considered as a new paradigm for solar cells, with reduced costs and increased efficiency [7,8,9]. However, both technologies face certain challenges regarding their limitations.



In 2009, the prototype of a perovskite photovoltaic solar cell was demonstrated with 3.8% efficiency. Over the following years, their power conversion rapidly increased to more than 20% [1,10,11,12,13]. These solar cells have several factors that contribute to their low lifetime, meaning their module viability is not high. This can be explained by the origin of the compounds used, such as spiro-OMeTAD, which has a solvent origin, leading to devices that are more sensitive to oxidation and humidity [12]. Thus, their behavior can be more unstable [1,14], and as a result, there is still a long way to go until viable mass manufacturing of perovskite solar cells can be achieved due to these reproducibility issues. In 1991, dye-sensitized solar cells, also known as Grätzel cells, were verified with an efficiency of 7%; in 1997, an efficiency of 10% was registered at the National Renewable Energy Laboratory (NREL) [9,15]. In recent years, some of the limitations associated with these cells have been evaluated, which can be divided into extrinsic and intrinsic stability. Concerning intrinsic stability, aging experiments were performed as reported in reference [15], and it was concluded that rapid degradation occurs with light soaking and temperatures of about 80 °C, which can be easily attained during sunny days.



The performances of these devices vary with external conditions, such as temperature and irradiance. The cell’s maximum power point is highly influenced by the cell’s temperature and, therefore, its efficiency. Consequently, it has a huge impact on the behavior of the characteristic curves. In reference [16], the authors studied the temperature impact on perovskite solar cells under operation and found that at low temperatures, the devices present very stable values, with an average loss lower than 5%. However, at high temperatures, experimentally verified decreases in the open-circuit potential and the short-circuit current are observed.



To describe the behavior of these devices, electrical models can be used, such as 1M3P, which is an electrical model composed of three parameters; it does not take into account internal circuit losses, 1M5P and 1M7P, which are electrical models with five and seven parameters, respectively [1,17,18,19,20,21]. All of these models have as their first goal the characterization of the behavior of the devices with the highest possible accuracy [1,17,22]. However, when the cell or a set of cells are under extreme conditions, such as high temperatures, partial shading, and cracks, these models do not have the best accuracy and, as a result, cannot represent the correct behavior of these devices. In reference [2], an example of this is given. Under the "cracks" situation, I-V experimental points were fitted using a mathematical model of a double exponential model, which, in practice, consists of a parallel connection of two photodiodes. This example shows that these models have limitations when the devices are not under standard conditions.



To resolve this, a new method was created in order to characterize solar cells with higher accuracy, under extreme and non-extreme conditions. The novel d1MxP model is a discrete electrical model with x parameters; its methodology is presented in the next section. This model is based on the graphical connection between consecutive I-V points [17]. The novel d1MxP is based on the discretization and linearization of the diode’s electrical behavior and the physical phenomena in a p-n junction. This is accomplished by using electrical branches with an ideal diode, a voltage source, and resistance, with their values serving as the model’s fitting parameters.



The aim of this work is to analyze the behavior of this novel model in different third-generation solar cells. In this study, we analyzed perovskite and dye-sensitized solar cells. Moreover, we analyzed this model in a unique dye-sensitized solar cell, i.e., a paint-type.



These types of solar cells are known to have electrical behaviors that are different from silicon solar cells (simple p-n junctions). Thus, the I-V characteristic of a regular 1M5P model does not fit well on the performance. The novel d1MxP model allows for connecting adjacent points and, consequently, it might bring some advantages to characterize these types of solar cells. It has been suggested that more complex structures, such as the ones analyzed in this work, and others, such as tandem or metalized solar cells, might be better modeled using the d1MxP model, as it connects experimental points instead of fitting a certain shape. The goal of this work is to investigate and compare the results of both models and conclude on the possibility of using d1MxP.




2. Methodology


The explanation and deduction of the model are better explained in reference [17], where the model is introduced and validated. It is based on connecting adjacent points with small voltage differences, instead of having parameters to fit the entire voltage range, as continuous models do, e.g., 1M5P.



The discretization was done using the diode’s equivalent circuit/model, consisting of an ideal diode, resistance, and an independent voltage source in series. A branch with an ideal diode, resistance, and a voltage source is used to connect two I-V points. The electrical model is presented in Figure 1 for N + 1 points (N branches and N connections).



The diode in 1M5P is replaced by N branches, and the electrical behaviors of the resistances in 1M5P are within these N branches. This means that the electrical behavior of the photovoltaic solar cell is linearized at each I-V point.



An example of the obtained I-V curves using this discretization is presented in Figure 2, where the electrical behavior of the photovoltaic solar cell is linearized using four branches (eight parameters). The exponential shape of the solar cell might be obtained using a finite number of branches, meaning that one might adjust the curve shape even if it is not exponential.



Equation set 1 is used to obtain the model parameters. The deduction and explanation are presented in reference [17] and are based on the fact that the ideal diode will be activated at voltages higher than   V γ  , leading to a slope proportional to   R γ  . However, all of the activated branches have an influence on the I-V slope, meaning that the resistance of branch N + 1 is not proportional to the slope of that connection, but rather to the inclination (slope variation). In other words, the slope of the I-V curve is related to all of the activated resistances, which are in parallel. On the other hand, the   V γ   values are obtained from experimental data.


        V γ  =  V i         R γ  = −   1 +  m i   m  i − 1      m i  −  m  i − 1     .       



(1)







The results from d1MxP are also compared with the 1M5P ones. The I-V function of the classical model is determined by expression (2), where   I L  ,   I d  , and   I  s h    represent the photogenerated current, the current that passes through the diode, and the current that passes through the shunt resistance   R  s h    (associated with the current loss due to current leaks on the cell), respectively. The current   I d   depends on the diode reverse current,   I o  , the diode non-ideality factor n, the series resistance   R s   (associated with the voltage loss due to the cell connections), and the thermal voltage   V T  , given by expression (3), where k is the Boltzmann’s constant, T is the temperature, and q is the electron charge. However, in this model, the current depends on itself. For that reason, the Newton–Raphson method is applied as presented in expression (4), where   f ( I )   corresponds to expression (2) and    f ′   ( I )    is its first derivative, with respect to I. For each I-V point, the current value is iterated, with i being the iteration index.


  I =  I L  −  I d  −  I  s h   =  I L  −  I o    e   V +  R s  I   n  V T     − 1  −   V +  R s  I   R  s h     



(2)






   V T  =   k T  q   



(3)






   I  i + 1   =  I i  −   f ( I )    f ′   ( I )    .  



(4)







Before using expression (2), the five parameters of 1M5P should be obtained, based on expressions (5) and (6) [1,17,18].


        R s  = −  1    d  I   d  V     |   V =  V  O C              R  s h   = −  1    d  I   d  V     |   I =  I  S C              I o  =    I  S C    1 +   R s   R  s h     −   V  O C    R  s h      e   V  O C    n  V T             I L  =  I o    e   V  O C    n  V T     − 1  +   V  O C    R  s h          



(5)






     n → l n   I  S C    1 +   R s   R  s h     −   V  m p    R  s h    −  I  m p    1 +   R s   R  s h      =       l n   I  S C    1 +   R s   R  s h     −   V  O C    R  s h     −   V  O C    n  V T    +    V  m p   +  R s   I  m p     n  V T    .     



(6)







The main disadvantage of models such as 1M5P is that the entire voltage range is characterized by the same mathematical expression, which is prone to local inaccuracies and, consequently, results in worse fittings. This becomes more relevant in obtaining the maximum power, efficiency, fill factor, and other important figures of merit.



The complexity of determining the 1M5P parameters is high. Moreover, sometimes the application of these expressions gives non-real results, even with an excellent experimental dataset. Moreover, 1M5P only has five parameters, and it already has that disadvantage. With more parameters, for instance, seven, the complexity is even higher, and the deduction of final expressions to be applied to the model is not simple, leading to the application of some very restrictive equations.



The d1MxP methodology is equivalent to an analytical incremental calculation; since it connects the given points, the model error should be lower than the one obtained using models such as 1M5P.




3. Results


3.1. Perovskite Solar Cells


In order to evaluate the behavior of the discrete model in perovskite solar cells, two different devices were tested. The experimental data used are obtained from the literature [16].



Figure 3 presents the experimental data of a representative device with spiro-OMeTAD as HEL, with an area of 1   c  m 2   , operating at a room temperature of 22 °C. The I-V curve resulting from the 1M5P and the one resulting from the d1MxP are shown in yellow and red, respectively. Based on Equations (5) and (6), it is possible to obtain the parameters that characterize the 1M5P. They are    I L  =   0.0172  A ,    I o  =   9.7636 × 10    − 12    A ,   n =   1.9181,    R  s h   =   7924.5283  Ω , and    R s  =  4.1465  Ω . Table 1 presents the parameter values for each branch of the d1MxP. Using the experimental points, the model has 20 branches, and each branch is characterized by two parameters. In this case, the discrete model can be called d1M40P. As can be seen, the novel discrete model results in more accurate fittings in the voltage range when compared to the 1M5P results. Furthermore, it can be verified through Table 1 and Figure 3 that the higher the slope variation in the I-V curve, the lower the resistance value in the model’s branch. This discrete model does not have, in its equivalent electrical circuit, the two resistances that characterize the system’s losses in the classical model, 1M5P. However, the resistance of the first branch of the discrete model corresponds to the shunt resistance, associated with current losses, due to the fact that this first resistance is associated with a null voltage. It can be verified through the first line of Table 1 and the shunt resistance value of the 1M5P. Since the discrete model tracks the experimental data well, the series resistance associated with voltage losses (which is not computed in this model) is taken into account through the slope variation near the open circuit. The behavior of the 1M5P series resistance has no direct correspondence, but it is treated on the resistances near the open-circuit point.



The P-V characteristic curves at 22 °C are presented in Figure 4 for the d1MxP model and the one obtained with the 1M5P model. The discrete model, represented in red, fits better with the I-V data, leading to a more accurate determination of the maximum power point.



Figure 5 shows the I-V characteristic curves of a different perovskite solar cell, with an area of 1   c  m 2   , operating at the same temperature as the previous one. For the device prepared with pristine spiro-OMeTAD, the 5 parameters of the 1M5P are    I L  =   0.0179  A ,    I o  =   3.8157 × 10    − 13    A ,   n =   1.4631,    R  s h   =   4.1176 × 10   11   Ω , and    R s  =   7.5404  Ω . These parameters are obtained by Equations (5) and (6). Using the discrete model, the computed parameters are presented in Table 2. At this temperature, this device can be represented through 14 branches, being x equal to 28, which is the number of parameters (d1M28P). Once again, as in the previous case, the shunt resistance value corresponds to the resistance value of the first branch (N = 1) of the discrete model. Through Figure 5, it is more clear that d1MxP presents more accuracy, significantly reducing the error obtained from the 1M5P model.



The P-V characteristic curves are presented in Figure 6. In this situation, as expected, d1MxP fits the experimental data more accurately when compared with 1M5P. This has a huge impact on the maximum power point.



Table 3 presents an important summary to compare the maximum power points (power, voltage, and current) for the two different perovskite solar cells. The differences between the proposed d1MxP and the 1M5P models are also determined and presented, taking the 1M5P results as a reference. There are significant differences between both models, with the discrete model allowing a correction of the values of about 0.07% to 2.61% in the maximum power, 0.87% to 5.70% in the maximum voltage value, and 0.87% to 7.86% in the maximum current.




3.2. Dye-Sensitized Solar Cell


In the literature, a paint-type dye-sensitized solar cell has been reported [23]. This type of solar cell is based on two electrodes, and the substrates were painted using two kinds of paint. The paint material used in this study was carbon nanotubes, which are known to have a range of useful properties. In fact, these nanostructures have both semiconducting and metallic properties, which can be advantageous for increasing the efficiency of the device. The emergence of these types of solar cells has opened up new applications, particularly those that were previously not possible due to installation issues. The experimental I-V points for this type of solar cell were obtained from [23], and the novel discrete model was tested on this device to analyze the advantages of using the discrete model.



Figure 7 and Figure 8 show the I-V and P-V characteristics of the experimental data of a paint-type dye-sensitized solar cell. Moreover, both figures present the characteristic curves resulting from the 1M5P (represented in yellow) and the one resulting from the discrete model (represented in red). The classical 1M5P model has the following five parameters:    I L  =   0.0004  A ,    I o  =   3.0107 × 10    − 13    A ,   n =   0.6076,    R  s h   =   6523.2558  Ω , and    R s  =   444.7674  Ω . All of these parameters are, once again, calculated through Equations (5) and (6). Regarding the d1MxP, Table 4 summarizes the discrete model parameters for each branch. Using the experimental data, the model has 19 branches and 38 parameters (d1M38P). By comparing the shunt resistance value of the 1M5P with the resistance value of the first branch of the discrete model, it is possible to corroborate the statement that the resistance of the first branch corresponds to the resistance that takes into account the current losses of the 1M5P. The I-V curve obtained using the d1MxP model shows excellent agreement with the experimental data, with the 1M5P model results used as a reference. However, using the classic model can result in higher errors, especially in the maximum power point. This can be seen in the P-V curve presented in Figure 8.



Table 5 summarizes the comparison of maximum power points (power, voltage, and current) of a paint-type dye-sensitized solar cell. Considering the 1M5P results as a reference, the difference between the proposed model and the 1M5P model is also observed in the table. In this case, the novel model allows a correction of the values of about 5.03% in the maximum power, 17.17% in the maximum voltage value, and 18.95% in its maximum current.



Regarding the fill factor, the literature reported a value of 40% [23] but with the d1MxP model, the fill factor is increased to 66.91%. This value is computed by calculating the trapezoidal area under the points. This demonstrates an advantage of the d1MxP model, which is more accurate in fitting the experimental points.





4. Conclusions


The aim of this work was to analyze the novel discrete model in different third-generation solar cells. Although the behaviors of these devices can be described using classic models, they do not provide accurate analyses of the experimental data. The I-V characteristics of a regular 1M5P model do not fit well with the performance of these devices. The novel d1MxP model allows for the connection of adjacent points, providing some advantages in characterizing these types of solar cells. The d1MxP is based on the discretization and linearization of the diode’s electrical behavior. The goal of this work is to investigate and compare the results of both models and conclude on the possibility of using the d1MxP.



The presented results show that the novel discrete d1MxP model is a good solution to characterize the behaviors of different and complex solar cells. Regarding the paint-type dye-sensitized solar cell, its I-V curve does not have the typical form of a solar cell’s I-V curve, which is a challenge for the novel approach.



With the various third-generation solar cells under analysis, it can be seen that the mathematical and electrical d1MxP model allows for the computation of more accurate I-V and P-V curves, fitting the experimental I-V points better. This is due to the fact that the discrete model uses a larger portion of experimental points to describe the devices compared to the classical models presented in the literature that use a small portion of the data set to characterize the entire voltage range. The significant difference is observed at the maximum power point, resulting in an increase in the fill factors of these devices, and allowing to obtain more accurate figures of merit, such as efficiency. It was also noted that, for the solar cells studied, the higher the slope variation, the lower the resistance value.



In perovskite solar cells, improvements of up to 2.61% in the maximum power, 5.70% in voltage, and 7.86% in current were seen. Regarding the paint-type dye-sensitized solar cell, increases of 5.03%, 17.17%, and 18.95% in the maximum power, voltage, and current, were observed, respectively. Furthermore, the fill factor value increased to 66.91%. The results demonstrate that the discrete model is particularly effective for curves with atypical behavior, allowing for a more accurate fit of essential figures of merit in solar cell analysis. Improvements in the estimation of these figures of merit can lead to better characterization of photovoltaic solar cells and reduced errors when sizing large photovoltaic parks, farms, or power plants.



The discrete model still has some challenges ahead; however, there is no doubt that this model is indeed the one that presents higher accuracy. Until now, electrical models did not consider the possibility of non-linearities in characteristic curves. The d1MxP, by considering all experimental points and optimizing, solves this main issue. The current global climate and increasing use of solar energy mean that new solar technologies can be developed with different materials and complex structures, exhibiting atypical behavior that requires rigorous mathematical and electrical analysis.



This model is a unique approach that will be increasingly useful in the near future in the analysis of many photovoltaic solar technologies, for instance in real-time analyses and under extreme conditions. It does not fit a certain shape to the experimental data, but instead uses the points to create the curve (shape). Although the number of parameters is higher than in common models, the mathematical formulation to compute them is simpler, leading to a less complex model.
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Figure 1. Proposed equivalent circuit model of a photovoltaic solar cell: d1MxP. 
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Figure 2. An example of an I-V characteristic based on the d1MxP model with 4 branches (  N = 4  ). 
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Figure 3. Spiro-OMeTAD as HEL I-V curves at T = 22 °C, from 1M5P and d1MxP models. 
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Figure 4. Spiro-OMeTAD as HEL P-V curves at T = 22 °C, from 1M5P and d1MxP models. 
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Figure 5. Pristine spiro-OMeTAD I-V curves at T = 22 °C, from 1M5P and d1MxP models. 






Figure 5. Pristine spiro-OMeTAD I-V curves at T = 22 °C, from 1M5P and d1MxP models.



[image: Energies 16 03289 g005]







[image: Energies 16 03289 g006 550] 





Figure 6. Pristine spiro-OMeTAD P-V curves at T = 22 °C, from 1M5P and d1MxP models. 
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Figure 7. Paint-type dye-sensitized solar cell I-V curves from 1M5P and d1MxP models. 
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Figure 8. Paint-type dye-sensitized solar cell P-V curves from 1M5P and d1MxP models. 
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Table 1. Parameters of d1MxP applied on spiro-OMeTAD as HEL for T = 22 °C.
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	N
	   R γ    [  Ω  ]
	   V γ    [V]





	1
	7924.5283
	0



	2
	125,003.0453
	0.0377



	3
	46,155.2119
	0.1915



	4
	583.5560
	0.6396



	5
	478.6033
	0.6566



	6
	1178.7960
	0.7208



	7
	615.0313
	0.7406



	8
	273.0927
	0.8047



	9
	1882.2774
	0.8236



	10
	123.9662
	0.8415



	11
	152.9023
	0.8755



	12
	118.9689
	0.8943



	13
	76.5353
	0.9104



	14
	134.0653
	0.9274



	15
	29.8052
	0.9443



	16
	35.1641
	0.9736



	17
	171.0759
	0.9877



	18
	34.5110
	1.0009



	19
	18.0137
	1.0245



	20
	33.0539
	1.0330
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Table 2. Parameters of d1MxP applied on pristine spiro-OMeTAD for T = 22 °C.
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	N
	   R γ    [  Ω  ]
	   V γ    [V]





	1
	4.1176 × 10   11  
	0



	2
	8099.7302
	1.00 × 10    − 5   



	3
	1532.4422
	0.3000



	4
	956.0864
	0.3477



	5
	259.9907
	0.5307



	6
	167.4610
	0.6091



	7
	515.5360
	0.6409



	8
	439.5374
	0.6818



	9
	46.0024
	0.7239



	10
	180.2672
	0.7534



	11
	51.3815
	0.7955



	12
	28.6649
	0.8250



	13
	42.8730
	0.8489



	14
	90.4095
	0.8818
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Table 3. Maximum power (  P  m a x   ), maximum voltage (  V  m a x   ), and maximum current (  I  m a x   ) values from both models.
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d1MxP

	
1M5P

	
  Δ   (%)






	
Spiro-OMeTAD as HEL

	
  P  m a x    [W]

	
0.01341

	
0.01342

	
0.07




	
  V  m a x    [V]

	
0.84151

	
0.83427

	
0.87




	
  I  m a x    [A]

	
0.01594

	
0.01608

	
0.87




	
Pristine spiro-OMeTAD

	
  P  m a x    [W]

	
0.01121

	
0.01151

	
2.61




	
  V  m a x    [V]

	
0.72386

	
0.68485

	
5.70




	
  I  m a x    [A]

	
0.01548

	
0.01680

	
7.86
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Table 4. Parameters of d1MxP applied on the paint-type dye-sensitized solar cell.
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	N
	   R γ    [  Ω  ]
	   V γ    [V]





	1
	6523.2558
	0



	2
	41,313.9546
	0.0064



	3
	4464.4584
	0.0174



	4
	115,194.7864
	0.0297



	5
	16,133.7241
	0.0512



	6
	11,119.1890
	0.0657



	7
	3.6893 × 10   17  
	0.0866



	8
	1.5372 × 10   18  
	0.1006



	9
	8895.3522
	0.1076



	10
	29,651.1770
	0.1221



	11
	18,758.9090
	0.1512



	12
	7256.7369
	0.1872



	13
	5930.2383
	0.1959



	14
	2320.5295
	0.2134



	15
	21,348.8867
	0.2291



	16
	7116.2976
	0.2360



	17
	4151.1763
	0.2436



	18
	10,377.9474
	0.2517



	19
	4447.6947
	0.3157
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Table 5. Maximum power (  P  m a x   ), maximum voltage (  V  m a x   ), and maximum current (  I  m a x   ) from both models.






Table 5. Maximum power (  P  m a x   ), maximum voltage (  V  m a x   ), and maximum current (  I  m a x   ) from both models.











	
	d1MxP
	1M5P
	  Δ   (%)





	  P  m a x    [ μ W]
	45.18468
	47.57921
	5.03



	  V  m a x    [V]
	0.21337
	0.18210
	17.17



	  I  m a x    [ μ A]
	211.76470
	261.27779
	18.95
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