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Abstract 

Dye-sensitized solar cells (DSSCs) are among the family of third generation photovoltaic (PV). DSSCs are 

promising with the theoretical predicted value for power conversion efficiency (PCE) of 20%. In this work, 

explicit equations for the single-diode equivalent circuit model parameters of a solar cell are modeled based 

on the characteristic points on the I-V curves that do not require the short-circuit and open-circuit slopes as 

the input data. The equations are used to calculate the five model parameters (n, Rs, Rsh, Iph, Io) of a standard 

solar cell-based DSSC composed of different natural photosensitizers. The results obtained show that 

four (~28.5%) devices with natural photosensitizers (bitter gourd, sun flower, rose flower, tomato) manifest 

the parameter irregularities, i.e. they have negative series resistance or complex shunt resistance. Despite the 

occurrence of irregular parameters, there is still a good match between the calculated and measured 

photoelectric characteristics. This supports the idea that the nature of the parameter values does not matter 

provided that there is a good match between the measured and calculated I-V characteristics. The bitter 

gourd-based DSSC demonstrates the most promising photosensitizer for DSSC fabrication based on the 

values of the parameters. Hence, the agreement of the calculated and measured parmeters suggests that 

modeling is a good approach for extraction the solar parameters. 

 

Keywords: Natural photo-sensitizers, Dye-sensitized solar cells, Irregular parameters, Explicit equations, 

Single-diode model. 

1. Introduction 

For past several decades, research in the field of 

photovoltaic (PV) has progressed from the first 

generation solar cell to the third generation solar 

cell. Therefore, the interest in renewable energy 

resources has increased, and in this case, the PV 

systems are more attractive [1-5]. The model of a 

PV device usually made up of an equivalent 

circuit and a set of parameters that depicts its 

electrical response and operation. The calculation 

of these parameters is not a common process as 

they are not available in PV module’s datasheet, 

and their values vary with the operating 

conditions [6]. Several research works have been 

carried out in the recent times on the extraction of 

the PV model parameters and the previous works 

presenting numerous methods of different nature, 

reliability, complexity, and the required input 

data. These methods are usually referred to as the 

numerical, the non-iterative, and the optimization 

approaches. The numerical or iterative methods 

deal with a system of few equations that is solved 

numerically [7-11], in a trivial-and-error manner 

or via another iterative algorithm [12-15]. The 

equations are usually obtained by applying the PV 

model equation to specific conditions such as 

short-circuit (SC), open-circuit (OC) or maximum 

power point (MPP). This method gives generally a 

high accuracy but undergoes initialization and 

convergence problems, high calculation cost, and 

solution less than optimal [6, 16-18]. The non-

iterative or explicit or direct methods use a set of 

equations as well but are solved 

symbolically/explicitly without iterations resulting 

in easier formulation and application [17, 19-24]. 

These approaches are essentially variations of the 

numerical method that use a series of 

simplifications and empirical observations to get 

an explicit formulation. Quite often, they are 

employed in the initialization step of the 

numerical methods [22]. 
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The non-iterative methods are easier to carry out 

and more computationally efficient but give a 

lower accuracy [18], although some of these 

approaches perform quite appropriately [25]. The 

optimization or artificial intelligence or iterative 

or curve-fitting or soft-computing methods follow 

a non-technologically scientific approach, where 

the model equation is optimally fitted on a set of 

measurements usually from I-V curves. Different 

evolution reported [26] and curve fitting [27] 

algorithms are available. This method reveals 

generally a high accuracy and near-global 

optimally but prone to computational 

complications and difficulties in the method’s 

parameter adjustment. 

Furthermore, another significant aspect of a 

parameter extraction technique is the required 

input data. In some cases, the datasheet 

information furnishes, for example, SC, OC, and 

MPP, and temperature coefficients [17, 19], while 

others require additional operating points or/and 

the gradient of the I-V curve at SC or OC [20]. 

Generally, the former cases are preferable as they 

can be applied more easily and universally not 

necessitating extra measurement [23, 28]. 

Moreover, there is presently an argument in the 

literature on whether the extracted parameters 

should be limited to real positive numbers to have 

a physical meaning [9, 22] or should be allowed to 

take negative or complex values referred to as 

parameter irregularities if the resulting curve 

better matches the measurements [19, 25]. In 

addition, other desirable qualities of such a 

method are to be accurate, straightforward, 

computationally efficient, and applicable to 

different PV technologies [6, 23]. 

Recently, fourteen natural dyes (photosensitizers) 

have been found efficient enhancing photo-

absorbers using some standard selection and 

grading criteria [29]. Furthermore, the study of the 

energy bandgap of these dyes confirms that they 

are good photosensitizers for an efficient DSSC 

production [30]. It is against this background, in 

this paper, we developed an explicit 1-diode/2-

resistors equivalent circuit model equation 

independent from slope measurement from 

previous works [19, 20, 22] to determine the five 

photovoltaic parameters of the fourteen DSSCs 

from different locally produced natural dyes (light 

absorbers). 

 

2. Materials methods 

 

2.1. Mathematical formulation of single-diode 

PV model  

The single-diode model is the record of the 

description of the theory of the first PV model, 

developed initially for single-crystalline silicon 

PV cells but it remains to this day the most 

popularly applied one owing to its simplicity [7, 

31]. Many more complicated models consider two 

or three diodes for enhanced accuracy at low 

irradiance, and often times extra voltage-

dependent current sources to explain the unstable 

operation or the recombination occurrence in 

some thin film technologies [32]. This paper is 

limited to the single-diode model, as this is the PV 

model on which most of the non-iterative 

parameter extraction approaches are based, and 

evaluates its usefulness on all commercial PV 

technologies, single/multi-crystalline silicon, and 

thin-film. 

The model is made up of an equivalent circuit 

depicted in figure 1 and a set of five parameters 

(Iph, Io, a/n, Rs, Rsh): the photocurrent Iph, the diode 

saturation current Io, the diode ideality factor n (or 

its modified version, a), the series resistance Rs, 

and the shunt resistance Rsh. 
 

 
 

Figure 1 Electrical equivalent circuit of the single-diode 

solar cell [33] 
 

Most of the times, the modified is usually written 

in the literature as in equation (1). 
 

𝐚 = 𝐍𝐬𝐧𝐕𝐓 (1) 
 

where Ns is the number of series-connected cells, 

n the diode factor, and VT is the thermal voltage 

given (Equation (2)) using [34]. 
 

𝐕𝐓 =
𝐤𝐓

𝐪
 (2) 

 

where 𝑘 = 1.381 × 10−23 𝐽𝐾−1 is the Boltzmann 

constant, 𝑇 = 300 𝐾 is the temperature in Kelvin, 

and 𝑞 = 1.602 × 10−19 𝐶 is the electron charge. 

The five model parameters depend on both the 

nature of the PV modules and the working 

conditions, namely incidence irradiance and cell 

temperature. The irradiance is usually observed to 

change proportionally to Iph, and Rsh in an 

inversely proportional manner; the temperature 

effect is generally considered to be insignificant 

and linear in Iph, strong and exponential in Io, and 

strong and directly proportional in n. The 

dependence of Rs is not yet clear; some studies 
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consider it to remain constant [35] and others 

suggest that it depends on both irradiance and 

temperature [22]. Normally, the five parameters 

are not considered to be altered by the operating 

point, i.e. they do not vary along the I-V curve. 

For some technologies, however, it has been 

reported to change with the current, especially the 

diode factor and series resistance; here, the former 

approach is considered, which is adopted by all 

the parameter extraction methods studied. It is 

worth noting that sometimes the literature neglects 

one or both resistances for simplicity [36]. 

The current-voltage equation is given implicitly 

by equation (3) [37, 38]. 
 

𝐈 = 𝐈𝐩𝐡 − 𝐈𝐨 (𝐞
𝐕+𝐈𝐑𝐬

𝐚 − 𝟏) −
𝐕 + 𝐈𝐑𝐬

𝐑𝐬𝐡

 (3) 

 

This equation cannot be solved explicitly, and 

requires a numerical solution, which leads to some 

difficulties during the computation. On the other 

hand, an equivalent explicit formulation has 

appeared lately in the literature, employing the 

principal branch of the Lambert W function 𝑊0 

from equations (4) and (5) [39].  

 

𝐈 =
𝐑𝐬𝐡(𝐈𝐩𝐡 + 𝐈𝐬) − 𝐕

𝐑𝐬𝐡 + 𝐑𝐬
− 

 
𝐚

𝐑𝐬
𝐖𝐨 (

𝐑𝐬𝐡𝐑𝐬𝐈𝐨

𝐚𝐕𝐓(𝐑𝐬𝐡+𝐑𝐬)
𝐞 (

𝐑𝐬𝐡𝐑𝐬(𝐈𝐩𝐡+𝐈𝐬)+𝐕𝐑𝐬𝐡

𝐚(𝐑𝐬𝐡+𝐑𝐬)
))  

(4) 

  

𝐕 = 𝐑𝐬𝐡(𝐈𝐩𝐡 + 𝐈𝐬) − (𝐑𝐬+𝐑𝐬𝐡) 

−𝐚𝐖𝐨 {
𝐑𝐬𝐡𝐈𝐬

𝐚
𝐞

𝐑𝐬𝐡(
𝐈𝐩𝐡+𝐈𝐬−𝐈

𝐚
)
} 

(5) 

 

One can directly find the current for a given value 

of voltage using equation (4) or the voltage via 

equation (5), which makes the computation easy 

and robust, in contrast to equation (3). The 

Lambert W function is readily available in all the 

calculation procedures [37]. 

It is worth noting that the power is obtained by the 

product of V and I at different loads. The I-V 

graph can be plotted, and the peak of the graph 

corresponds to maximum power, which is 

represented in equation (6) [40, 41]. 
 

𝐏𝐦𝐚𝐱 = 𝐕𝐦𝐚𝐱𝐈𝐦𝐚𝐱 (6) 
 

The fill factor (FF) of a cell is essentially a 

measure of the quality of the solar cell; it is the 

ratio of maximum power output referring to 

equation (6) to the product of the open-circuit 

voltage, and short circuit current is expressed in 

equation (7) [42, 43]. 
 

𝐅𝐅 =
𝐕𝐦𝐚𝐱𝐈𝐦𝐚𝐱

𝐕𝐨𝐜𝐈𝐬𝐜

 (7) 

 

The conversion efficiency of a cell that 

determines utmost the reliability of the cell is 

defined as the ratio of electrical energy output to 

the light energy input, which is represented in 

equation (8) [44, 45]. 
 

𝛈 =
𝐕𝐦𝐩𝐈𝐦𝐩

𝐏𝐢𝐀
× 𝟏𝟎𝟎 % (8) 

 

where Pi=1000 is the identical optical power in 

watts/m
2
at average solar spectrum at AM 1.5 and 

A is the illuminated area in cm
2
. 

 

2.2. Non-iterative parameter extraction method  

In this work, a combination of different non-

iterative methods available for the parameter 

extraction of the single-diode PV module is 

adopted assuming 𝑅𝑠ℎ𝑜 = 𝑅𝑠ℎ to avoid measuring 

the SC slope of the I-V curve. The combination of 

the three non-iterative methods adopted is as 

follows: first, the modified factor a (or the shape 

factor n) and 𝐼𝑝ℎ are adopted via the Sera’s 

equation [19], and then 𝑅𝑠 and 𝑅𝑠ℎ via the  Hejri’s 

equation [22], and finally, 𝐼0 via the Khan’s 

equation [20] such that the five parameters are 

found via equations (9) to (13). 
 

𝐚 =
𝟐𝐕𝐦𝐩 − 𝐕𝐨𝐜

𝐥𝐧 (
𝐈𝐬𝐜 − 𝐈𝐦𝐩

𝐈𝐬𝐜
) +

𝐈𝐦𝐩

𝐈𝐬𝐜 − 𝐈𝐦𝐩

  𝐨𝐫   𝐧 = 𝐚𝐕𝐓 
(9) 

  

𝐑𝐬 =
𝐕𝐦𝐩

𝐈𝐦𝐩

−

(
𝟐𝐕𝐦𝐩 − 𝐕𝐨𝐜

𝐈𝐬𝐜 − 𝐈𝐦𝐩
)

𝐥𝐧 (
𝐈𝐬𝐜 − 𝐈𝐦𝐩

𝐈𝐬𝐜
) +

𝐈𝐦𝐩

𝐈𝐬𝐜 − 𝐈𝐦𝐩

 (10) 

  

𝐑𝐬𝐡 = (
𝐑𝐬

𝐈𝐬𝐜
𝐚

𝐞
(

𝐑𝐬𝐈𝐬𝐜−𝐕𝐨𝐜
𝐚 )

)

𝟏

𝟐

  (11) 

  

𝐈𝐩𝐡 = 𝐈𝐬𝐜 (12) 
  

𝐈𝐨 = 𝐈𝐬𝐜𝐞−
𝐕𝐨𝐜

𝐚  (13) 
 

The equations are employed to calculate the 

required five photovoltaic parameters (a/n, 𝑅𝑠, 

𝑅𝑠ℎ, 𝐼𝑝ℎ, 𝐼0) for fourteen DSSCs devices-based 

different locally produced natural photo-

absorbers. 

In case the negative series resistance problem 

occurs, it means that the solar cell has a very 

small resistance. Equation (10) can result in an 

unrealistic negative value due to the natural 

logarithm term in the denominator. In this case, 

the initial value of 𝑅𝑠 can be set to zero, and one 

can use the slope of the line connecting the SC 

and MPPs on the I-V curve as an estimation of 

𝑅𝑠ℎ  given by equation (14) [22]. 
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𝐑𝐬𝐡 =
𝐕𝐦𝐩

𝐈𝐬𝐜−𝐈𝐦𝐩

 
(14) 

 

3. Results and discussion 

The measured I-V data of one synthetic DSSC and 

fourteen nature-based DSSCs consisting of 

different natural dyes/photo-absorbers is reported 

in this work. Figures 2 (a-c) depict the I-V curves 

showing the photovoltaic cell is at a constant 

current source for low voltages with a current 

approximately equal to 𝐼𝑠𝑐. With increasing 

voltage at a certain point, the current begins to 

drop off exponentially to zero at 𝑉𝑜𝑐. The system 

design is to operate the cell at maximum power 

point, MPP (𝑉𝑚𝑝, 𝐼𝑚𝑝). However, the system 

design is complicated by the fact that the 

maximum power point varies with irradiance and 

temperature [46]. 

Each of the fabricated DSSC has an effective area 

(1 cm
2
) of exposure to light. Using the maximum 

power point from I-V curve, Pi = 1000 watts/m
2
, 

and the effective area (1 cm
2
) of DSSC, the 𝑃𝑚𝑎𝑥 , 

FF, and η% were calculated (Table 1) using 

equations (6), (7), and (8), respectively. The 

values of 𝑃𝑚𝑎𝑥, FF, and η lie in the ranges 0.027-

3.028 mW, 0.35-0.76, and 0.03-3.02%, 

respectively. The results show that among the 

DSSC based on bitter gourd has the highest 

conversion efficiency of 2.57% next to that of the 

standard with 3.02% while, DSSC based on 

tomato has the least 0.03%.  The synthetic-based 

DSSC has the highest η compared with nature-

based DSSCs [47]. Also the synthetic-based 

DSSC has the highest 𝐼𝑠𝑐 among all the cells. 

Among the nature-based DSSSCs, bitter gourd-

based DSSC has the best 𝐼𝑠𝑐 and η corresponding 

to 9.244 mA and 2.57%, respectively. 

Bougainvillea-based DSSC has a better 𝐼𝑠𝑐 than 

Mango peel-based DSSC; however, η of Mango 

peel-based DSSC is higher than that of 

Bougainvillea-based DSSC. The relatively higher 

performance of Bitter gourd-based DSSC over 

other nature-based DSSCs could be due to narrow 

energy band gap of the active material and good 

energy level offset between the semi-conductor 

and dyes [41]. The narrow energy band gap 

enhances excitation of charge carrier (electrons) 

from highest occupied mobile orbital (HOMO) to 

lowest unoccupied mobile orbital (LUMO). Good 

energy level offset between the semi-conductor 

and dyes enhances collection of electrons. 

 
(a) 

 

 
(b) 

 

 
(c) 

 

Figure 2: I-V curve fitting of calculated and experimental 

data for (a) control, witch seed flower, mango, bitter 

gourd and bougainvillea, (b) flamboyant, red cockscomb, 

rose, wild marigold, and sun flower, (c) hibiscus, lantana, 

orange, tomato and guava. 
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Table 1: Characteristic point of DSSCs for various photosensitizers 
 

Source of natural dye Photovoltaic parameters 

English Name Scientific Name Isc (mA) Imp (mA) Vmp (V) Voc (V) Pmax (mW) FF η % 

Control TiO2/N719 9.355 7.574 0.4 0.590 3.028 0.54 3.02 

Witch seed flower Striga hermonthica 1.970 1.379 0.4 0.639 0.551 0.43 0.55 

Bitter gourd Momordica charantia 9.244 6.450 0.4 0.536 2.580 0.51 2.57 

Bougainvillea Bougainvillea 3.450 2.783 0.3 0.484 0.834 0.50 0.83 

Flamboyant Delonix regia 1.717 1.442 0.4 0.610 0.576 0.55 0.57 

Wild marigold Calendula arvensis 1.600 0.957 0.3 0.504 0.287 0.35 0.28 

Red cockscomb Celosia cristata 1.580 1.290 0.3 0.490 0.387 0.49 0.38 

Lantana Lantana camera 1.530 1.262 0.4 0.600 0.504 0.54 0.50 

Hibiscus Hibiscus rosa sinensis 1.480 1.090 0.3 0.450 0.327 0.49 0.32 

Sun flower Helianthus 1.590 1.081 0.4 0.530 0.432 0.51 0.43 

Rose flower Rosa 1.690 1.283 0.4 0.563 0.512 0.53 0.51 

Orange peel Citrus aurantium 1.400 1.121 0.2 0.370 0.224 0.43 0.22 

Tomato Lycopersicon esculentum 0.230 0.135 0.2 0.290 0.027 0.40 0.03 

Mango peel Mongifera indica 2.51 2.130 0.4 0.618 0.852 0.76 1.00 

Guava peel Psidium guajava 0.900 0.669 0.3 0.452 0.201 0.49 0.20 

 

The performance metrics of fourteen different 

nature-based DSSCs were obtained using RMSE. 

Figure 3 shows the RMSE, which measures the 

extent the calculated values deviate from the 

experimental values. RMSE is a good measure of 

how accurately a model predicts a response. It 

decides the overall quality of prediction. The 

performances of bitter gourd, rose, and sun 

flower-based DSSCs show that the cells have 

negative calculated current values unlike other 

dyes-based DSSCs. The smallest RMSE value 

indicates better fit [48].  Hence, it is worth noting 

that sometimes it is possible to differentiate the 

explicit calculated data that gives the most 

approximation to the measured data but it is not 

possible to choose the best option with a proper 

criterion beyond a visual impression. 
 

 
(a) 

 

 
(b) 

 

 
(c) 

 

Figure 3: I-V curve fitting of corresponding root mean 

square error (RMSE) for (a) control, witch seed flower, 

mango, bitter gourd and bougainvillea, (b) flamboyant, 

red cockscomb, rose, wild marigold, and sun flower, (c) 

hibiscus, lantana, orange, tomato and guava. 

 

For this reason, the results in figure 3 have been 

analyzed using the percentage normalized RMSE 

given by equation (15). 
 

𝜀 =
1

𝐼𝑠𝑐

∑(𝐼𝑐𝑎𝑙,𝑗 − 𝐼𝑒𝑥𝑝,𝑗)
2

𝑁

𝑗=1

× 100 % (15) 

 

Figure 4 depicts the RMSE of the different solar 

cells studied. Among the nature-based DSSCs, 

hibiscus flower-based DSSC has the least 

percentage value (2.23%) of RMSE unlike 

orange-based DSSC with the highest value 

(25.95%) of RMSE. Bitter gourd-based DSSC 

possessing the highest η has the RMSE value of 

8.91%. The synthetic-based DSSC has RMSE 

value of 5.73%. The results suggest that the 

experimental values and calculated values of 

nature-based DSSC deviate in increasing order of: 

ℎ𝑖𝑏𝑖𝑠𝑐𝑢𝑠 → 𝑟𝑜𝑠𝑒 → 𝑚𝑎𝑛𝑔𝑜 → 𝑤𝑖𝑡𝑐ℎ → 𝑤𝑖𝑙𝑑 →
𝑔𝑢𝑎𝑣𝑎 → 𝑏𝑖𝑡𝑡𝑒𝑟𝑔𝑜𝑢𝑟𝑑 → 𝑙𝑎𝑡𝑎𝑛𝑎 →
ℎ𝑒𝑙𝑖𝑎𝑛𝑡ℎ𝑢𝑠 → 𝑡𝑜𝑚𝑎𝑡𝑜 → 𝑓𝑙𝑎𝑚𝑏𝑜𝑦𝑎𝑛𝑡 →
𝑟𝑒𝑑 → 𝑏𝑜𝑢𝑛𝑔𝑎𝑖𝑛𝑣𝑖𝑙𝑙𝑒𝑎 → 𝑜𝑟𝑛𝑎𝑔𝑒. The results 
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show that hibiscus-based DSSC has the least 

deviation, while orange-based DSSC has the 

highest deviation. It shows that there is data 

agreement between the experimental data and 

calculated data, which could be confirmed from 

figure 2. 

In table 2, the values of the photovoltaic 

parameters 𝑅𝑠ℎ, 𝑅𝑠, a/n, 𝐼𝑠, and 𝐼𝑝ℎ have been 

determined from the method we have developed. 

This method has been applied to fourteen DSSCs 

fabricated by our group in a Laboratory at 

Bangalore College of Engineering Bangalore, 

India to determine these photovoltaic parameters 

using equation (1) and equations (9) to (14). The 

validity of the assumptions herein has been 

reported elsewhere [19, 22, 24]. The results show 

no execution failure and only four (~28.5%) 

irregular parameters (negative series 

resistances/complex shunt resistances) belonging 

to DSSCs with bitter gourd, sun flower, rose 

flower, and tomato photosensitizers. This 

indicates that the robustness of our technique is 

assessed through the number of irregularities 

found in the parameters and the failure to produce 

an acceptable I-V curve with the extracted 

parameters. 
 

 
 

Figure 4: RMSE of various DSSCs with different 

photosensitizers 
 

Presently, there is generally no accepted norm in 

the literature on whether the PV model parameters 

should be restricted to real positive numbers or 

should be allowed to get negative or complex 

values. There are some previous works that 

support the positive approach to get parameters 

with physical meaning [9, 22], whereas others do 

not adhere to this restriction if this leads to better 

results [19, 25]. It is worth noting that in this 

work, the complex values come from a negative 

argument in square root or logarithmic functions 

in equations (10) and (11). However, these 

irregularities were removed using equation (14) 

by setting 𝑅𝑠 = 0 given 𝑅𝑠ℎ  real values 

(asterisked in brackets) (Table 2), which can be 

used as the initial values in numerical method for 

better results. In general, the methods that require 

performing calculations on the I-V curve 

measurements such as extraction of the SC slope 

or locating a specific point carry extra 

computational burden. 

In table 2, the modified ideality factor or shape 

factor, a,  has all values less than unity in the 

range 0.01248 ≤ a ≤ 0.27419, whereas the diode 

ideality factor, n, lies in the range 0.5 ≤ n≤ 10.6. 

The results reveal that DSSCs with 𝑛 > 5 except 

witch seed flower and wild marigold, are those 

that depict irregular series resistances and 

corresponding complex shunt resistances. Thus 

this study shows that the values of a/n, 𝐼0, and 𝑅𝑠 

are not constant but vary along the I-V curve. 

Good and efficient device always have low 𝑅𝑠 

value, while the 𝑅𝑠ℎ values are should be high. 

Very high values of 𝑅𝑠 and very low values of 𝑅𝑠ℎ 

reduce 𝐽𝑠𝑐 and 𝑉𝑜𝑐, respectively [49]. The most 

efficient device (bitter gourd) among the nature-

based DSSCs has the least value of 𝑅𝑠. 

 

Table 2 Parameters of1-diode/2-resistors circuit equivalent model of DSSCs for various dye-photosensitizers. 
 

Natural dye source PV model parameters RMSE 
 (ε %) English Name a n Rs (𝞨) Rsh (𝞨) Iph (mA) Io(A) 

Control 0.08096 3.1 7.4 199.5 9.355 6.3976×10-6 5.73 

Witch seed flower 0.14256 5.5 48.8 399.0 1.970 22.2740×10-6 3.71 

Bitter gourd 0.24007 9.3 -2.3(0*) 117.7i(142.3*) 9.244 991.2790×10-6 8.91 

Bougainvillea 0.04587 1.8 39.0 1026.7 3.450 0.0902×10-6 15.79 

Flamboyant 0.05569 2.2 74.9 3715.0 1.717 0.0300×10-6 14.05 

Wild marigold 0.16646 6.4 54.6 263.5 1.600 77.4761×10-6 5.33 

Red cockscomb 0.03996 1.5 94.8 3458.9 1.580 0.0075×10-6 14.79 

Lantana 0.06741 2.6 65.4 2188.8 1.530 0.2085×10-6 9.66 

Hibiscus 0.10265 4.0 12.0 237.0 1.480 18.4697×10-6 2.23 

Sun flower 0.27419 10.6 -168.6(0*) 731.0i(785.8*) 1.590 230.0970×10-6 9.59 

Rose flower 0.13710 5.3 -25.1(0*) 410.3i(982.8*) 1.690 27.8267×10-6 2.77 

Orange peel 0.01248 0.5 133.7 52528.9 1.400 1.8397×10-16 25.95 

Tomato 0.20490 7.9 -675.3(0*) 2299.4i (2105.2*) 0.230 55.8543×10-6 11.80 

Mango peel 0.04896 1.89 58.9 4121.3 1.480 0.0083×10-6 3.53 

Guava peel 0.09635 3.7 31.3 522.4 0.900 8.2563×10-6 5.73 

*imaginary values 
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4. Conclusion 

This work revealed that five model parameters (n, 

Rs, Rsh, Iph, Io) of DSSCs-based nature sensitizers 

had real values except four of the DSSCs 

consisting of photosensitizers: bitter gourd, sun 

flower, rose flower, and tomato have parameter 

irregularities. Despite the presence of the 

parameter irregularities, there is a good match 

between the calculated modeled data and the 

experimental data I-V characteristics (short-

circuit, maximum point, and open-circuit) using 

the RMSE (ε). This implies that the irregular 

parameters are not necessarily an undesirable 

features for some applications. The results suggest 

that the experimental values and calculated values 

of nature-based DSSC deviate in increasing order 

of: ℎ𝑖𝑏𝑖𝑠𝑐𝑢𝑠 → 𝑟𝑜𝑠𝑒 → 𝑚𝑎𝑛𝑔𝑜 → 𝑤𝑖𝑡𝑐ℎ →
𝑤𝑖𝑙𝑑 → 𝑔𝑢𝑎𝑣𝑎 → 𝑏𝑖𝑡𝑡𝑒𝑟𝑔𝑜𝑢𝑟𝑑 → 𝑙𝑎𝑡𝑎𝑛𝑎 →
ℎ𝑒𝑙𝑖𝑎𝑛𝑡ℎ𝑢𝑠 → 𝑡𝑜𝑚𝑎𝑡𝑜 → 𝑓𝑙𝑎𝑚𝑏𝑜𝑦𝑎𝑛𝑡 →
𝑟𝑒𝑑 → 𝑏𝑜𝑢𝑛𝑔𝑎𝑖𝑛𝑣𝑖𝑙𝑙𝑒𝑎 → 𝑜𝑟𝑛𝑎𝑔𝑒. Bitter gourd-

based DSSC possessing the highest η has the 

RMSE value of 8.91%. The modified ideality 

factor, a, has all values less than unity in the range 

0.01248 ≤ a ≤ 0.27419, whereas the diode ideality 

factor, n, lies in the range 0.5 ≤ n ≤ 10.6. The 

results reveal that DSSCs with 𝑛 > 5 except witch 

seed flower and wild marigold are those that 

depict irregular series resistances and 

corresponding complex shunt resistance. 

Therefore, five model parameters are deduced 

using the modeling technique, and the 

experimental values correspond with the 

calculated value despite the parameters 

irregularities. Hence, the parameters of bitter 

gourd indicate its most promising sensitizer for 

DSSC fabrication with 𝐼𝑠𝑐 and η corresponding to 

9.244 mA and 2.57%, respectively. 
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7. Abbreviations and symbols  
DSSC Dye-sensitized solar cell 

PV Photovoltaic 

PCE Power conversion efficiency 

RMSE Root mean square error 

 I-V Current-Voltage 

SC Short circuit 

OC Open circuit 

MPP Maximum power point 

𝐼𝑝ℎ                       Photocurrent 

𝐼0                         Diode saturation current 

𝑛                          Ideality factor 

𝑅𝑠                        Series resistance 

𝑅𝑠ℎ                      Shunt resistance 

𝑁𝑠                        Number of series connected cells 

𝑉𝑇                        Thermal voltage 

𝑘                           Boltzmann constant 

𝑇                          Temperature 

𝑞                           Electron charge 

𝑊0 Lambert W function 

𝑃𝑚𝑎𝑥                      Maximum power 

𝐼𝑚𝑎𝑥                     Maximum current 

𝑉𝑚𝑎𝑥                    Maximum voltage 

FF Fill factor 

𝑉𝑜𝑐                          Open-circuit voltage 

𝐼𝑠𝑐                           Short circuit current 

𝜂                            Efficiency 

𝑉𝑚𝑝                       Maximum power voltage 

𝐼𝑚𝑝                       Maximum power current 

𝑃𝑖                          Incident power 

𝐴                          Area 
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