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Abstract

:

Solar energy is going to be a major component of global energy generation. Loss due to dust deposition has raised a great concern to the investors in this field. Pre-estimation of this reduced generation and hence the economic loss will help the operators’ readiness for efficient and enhanced economic energy management of the system. In an earlier article, a physics–based model is proposed for assessment of dust accumulation under various climatic conditions which is validated by data of a single location. In this paper, the universality of this model is established and is used to demonstrate the effect of generation loss due to dust deposition and of cleaning. Variation in the soiling pattern due to climatic covariates has also been studied. Generation loss is calculated for Solar Photovoltaic power plants of different capacities at various locations in India. Finally this model has also been extended to predict the generation accounting for the soiling loss in Photovoltaic system. All the calculated and predicted results are validated with the measured values of the above plants.
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1. Introduction


Although conventional energy resources contribute major component of global energy [1,2] their adverse effect toward environment by increasing carbon footprint, and green house gasses is of utmost concern. Moreover, global socio-political turmoil put an obstacle in importing and exporting these energy sources. Due to all these reasons, renewable energy generation has made its way towards the lion share of total generation, and it is expected that it becomes more than two-third of total generation by 2040 [3]. Considering the resource potential, SPV system is getting more priority. Trend shows that installed capacity of solar PV exceeded 500 GW at the end of 2018 and an additional 500 GW will be installed by 2022–2023 [4] which may be able to meet the expectation of global solar generation of 7200 TWh by 2040. PV power generation is largely correlated with the climatic conditions where it is installed [5,6,7,8,9]. Dust plays an important role in PV generation reduction predominantly in hot and humid climatic conditions. Generally, particulate matter with diameter less than 500 μm is called as dust [10]. It can be agricultural emissions, algae, bacteria, bird droppings, carpet, clay, engine exhaust, fibers, sand, textile, and pollen [11]. Deposited dust on a module reduces the transmittance of the module cover and hence allows less amount of sunlight to reach the solar cell which in turn abates the output rapidly [10].



Deposited dust on a PV system hugely depends on the properties of dust, PV tilt angle, surface material and local weather conditions. Thus, depending on the location, PV power generation can be reduced from 5% to over 50%, if models are not cleaned [12]. Renewable integrated system has uncertainty due to stochasticity of sources which are mainly considered in economic system operation in [13,14]. However, most of the time, soiling loss is neglected in field operation. Reference [15] has reported that in 2018, 3–4% soiling loss caused EUR 3–5 Billion of revenue loss, which may increase to the extent of additional EUR 4–7 Billion by 2023. Cleaning of the module is only feasible if the PV system cleaning cost is less than the cost of the PV power loss due to dust [16]. The effect of different meteorological parameters on the dust deposition is investigated in [17].Wind direction (WD) has good relationship with the module front surface, favorable wind direction causes the natural cleaning of module surface and reduces the module temperature [18]. Presence of relative humidity (RH) in atmosphere plays an important role in deposition velocity as water uptake by dust particle increases when hygroscopic material in dust is ~3.2% [19]. Increment of moisture in the atmosphere from 40% to 80% results increase of adhesion force by 80% [20,21]. Micheli et al. [22] shows a clear impact of intensity of rainfall on the soiling ratio (ratio between current output from soiled module and clean module). Limited rainfall causes more loss than dry weather condition whereas sufficient rainfall naturally cleans the module and increases the soiling ratio. The correlation between soiling rate and other climatic parameters are examined in [23]. Experimentation on soiling loss of PV modules of different technologies installed at the same location is carried out and presented in [24]. Seasonal variation causes the change in amount and chemical composition of airborne particle, which in turn alters the soiling rate [25,26]. An intensive review work made on the effect of dust on PV technology upto 2015 is explained in [27,28].



Dust deposition velocity is measured experimentally by Boyle et al. [29] and the results are compared with those obtained by Zhang et al. [30]. Classifying the limitations of this model, the authors asserted the need for a more descriptive model which will include all the soiling related parameters. B. Figgis et al. [19,31] has developed an “outdoor soiling microscope” to examine deposition phenomenon, and also made a field study on the effect of RH on deposition. Comparing the effects of dry and wet deposition f that wet deposition and type of dust, it is found that wet deposition has higher negative impact than dry deposition [32]. Analysis of PV generation in a grid connected plant is made in most of the cases without considering the soiling loss or arbitrarily considering this loss [33,34,35]. Cumulative Damage Model has been used to study the effect of dust on long term PV power generation along with other environmental covariates [36]. Different simulation platforms are used to predict the amount of dust accumulation on a solar collector [37], [38]. Mathematical representation of different relationships among dust and other meteorological parameters are discussed in [39]. A model is developed for estimating energy reduction due to dry deposition of dust from environmental data and orientation of module, and is validated with the field data [40]. The effect of RH and different types of precipitation in dust deposition are elaborated and validated with the field data [41].



From the literature survey, it is seen that a number of empirical models for calculation of soiling loss are proposed on the basis of laboratory experimental and field data. Subsequently a physics based model has also been proposed which is validated for a single location. This does not establish the efficacy of the model for PV plants with different capacities and locations. The novelty of this paper is to use this model extensively for plants of various capacities at different geographical locations in India. This is extended to propose a method for short term prediction of the PV generation which is validated by the measured data of a plant.



The objectives of this research are as follows: (a) show the utility of proper consideration of the soiling loss in generation calculation in field condition. Also the effect of dust accumulation on generation with and without cleaning is demonstrated. (b) Validation of the potential impact of PV power generation model embedded with wet and dry deposition concomitantly for different climates in India. (c) Evaluate and validate the power generation for range of different capacity power plants in India. (d) A short term prediction for one month has been made and compared with the actual data for a plant in Gujarat, India.



The organisation of the paper is as follows: mathematical representation of the model is described in Section 2. PV plant details used for the calculation and validation of model are presented in Section 3, where the results are analyzed in Section 4. Finally, a conclusion is made in Section 5.




2. Methods


PV generation is dependent on various climatic parameters e.g., solar radiation, wind direction (WD), wind speed (WS), relative humidity (RH), precipitation and concentration of particulate material in the environment. As all these environmental covariates can be forecasted, the generation loss can also be predicted.



A model is formulated to develop fore-knowledge of reduced power    P  p l a n t _ a c _ p r e     due to soiling using forecasted weather variables. In an ideal condition, module power output can be calculated by various ways; among them Anderson’s model [42] is the most popular one. If a module has rated voltage and current    V  r e f     and    I  r e f     respectively, then with the incident radiation  E  (W/m2), generated voltage and current can be calculated as,


   v  o p   =  V  r e f     1 +  a v     T  m o d   −  T  a T         1 +  a E    log    E   E  r e f            



(1)






   i  o p   =  I  r e f     1 +  a I     T  m o d   −  T  a T          E   E  r e f        



(2)







However, in the field condition dust is accumulated on the module glass cover allowing less amount of radiation to reach the PV cell which reduces the output. This is accounted for as the transmission loss due to PV soiling and (1) and (2) can be modified as [40],


   v  o p     ′  =  V  r e f     1 +  a v     T  m o d   −  T  a T         1 +  a E    log     E *  Ω r     E  r e f            



(3)






   i  o p     ′  =  I  r e f     1 +  a I     T  m o d   −  T  a T           E *  Ω r     E  r e f        



(4)




where,    Ω r    is the reduced transmittance of the PV module,    a v   , and    a I    are the voltage and current temperature coefficients. This transmittance loss can be estimated by calculating the accumulated dust on the module surface as presented in (5), [43].


   Ω r  = exp ( −   3 * ϵ *  m  e f f     8    ξ  P M      A  P V      r d    c o s  θ t    c o s Λ   )  



(5)




where,  ϵ  is the transmittance of a particle,  Λ  is angle of incidence (AOI).



Accumulated dust    m  e f f     on the module is the remaining portion of the dust after rebound and resuspension of deposited dust. Particles can be deposited on the module by two processes e.g., dry and wet deposition. Dry deposition of dust is mainly due to eddy and molecular diffusion, gravitational settling, impaction and interception processes. Dust flux due to dry deposition on the surface is calculated as,


   Φ d  = −    e d  +  D d      d  ξ  P M     d L   −  ξ  P M   (  V t  cos  θ t  +  V  i m   )  



(6)




and the impaction velocity    V  i m     is written [38] as (7)


   V  i m   =    ψ i   U w   σ d    1 +  e  −    ζ t     S t  − 1          



(7)




where,    ψ i    is a weighting factor,    ζ t    is a constant,    S t    is the Stokes number and    σ d    is a factor of the wind direction. Deposition flux can then be derived by integrating (6) and can be rewritten by incorporating wind friction velocity    u f w    as,


    ∫    C P   0     u f w  d  ξ  P M      Φ d  +  ξ  P M   (  V t  cos  θ t  +  V  i m   )   +  δ d   



(8)




where,


   δ d  =   ∫     L  u f w     ϑ d         r d   u f w     ϑ d        d  L +       e d     ϑ d    +    D d     ϑ d       



(9)







Solving (8) the amount of dust flux deposited on the module surface is obtained as (10).


   Φ d  =   (  V t  cos  θ t  +  V  i m   )  ξ  P M   exp     ( −  V t  cos  θ t  −  V  i m   ) .  δ d     u f w        1 −  exp        ( −  V t  cos  θ t  −  V  i m   ) .  δ d     u f w         



(10)







Particle deposition with precipitation is represented by the term scavenging which is also called wet deposition or wet scavenging. Therefore, the scavenging rate (SR) [44] of particle is determined by (11)


   S R  =    P w  − 1 / 2       0.24 + 0.64    R e    1 +  R e      + 4    r d     r w        1 + 2    V w     r d  /  r w      1 +  V w   R e     − 1 / 2     +    r d     r w      +    S t  −  S t  c r i t      S t  +  ϵ t      . (  p r  / 2  D m  )  



(11)




where, the first part of (11) is the collection efficiency due to molecular diffusion,    P w    is Peclet number,    ϵ t    is a constant and depends on the critical Stoke’s number, and    R e    is Reynolds number. Second part represents interception and the last term considers the effect of impaction.    r W    is the radius of raindrop,    V w    ratio of dynamic viscosity of water to air,    S t    and    S t  c r i t     are the Stoke’s number and critical Stoke’s number. From SR, the wet deposition flux can be calculated as,


   Φ w  =  S R   p r   ξ  P M    



(12)




where, amount of precipitation    p r   ,    D m    is volume-mean drop diameter. The mass of dust particle captured due to dry and wet deposition by the glass surface of the module during the time  t  is calculated as,


   m  d e p    t  =  x w   Φ w   A  P V    t r  +  x d   Φ d   t d   A  P V    



(13)




where,


   x w  =       0                                     i f    p r  = 0       1                                             o t h e r w i s e        



(14)






   x d  =       0                                   i f  p r  ≠ 0       1                                           o t h e r w i s e        








and,


   t r  +  t d  = t  



(15)




where,    t r    is the time of rainfall and    t d    is the time for dry deposition. It is considered in the model that at a particular time dust is deposited either by entirely precipitation (wet deposition) or by dry deposition in the presence of RH.



The total deposition due to dry and wet phenomena is represented in (13). After deposition on module surface, some portion of dust particles rebound immediately if the particles can overcome the particle-surface adhesion force. The velocity of the rebounded particle is determined by,


   V  r e   =  V k       e 2     K d E  +  E d    −  E  r e      K d E       



(16)







This rebound velocity    V  r e     is used to determine the amount of rebounded mass    M  r e b o u n d     of dust particle from the glass cover [39].



The particles on the tilted surface may also detach from its position due to external forces like wind force, gravitational force, or force due to rainfall (if there is any precipitation) by overcoming mainly the adhesion force. As capillary force dominates the adhesion force    F a    in humid condition, increase of moisture content in the air reduces the resuspension rate of particles. Therefore, the resuspension rate is calculated [45] as (17),


   λ  r e s   =  ς o  exp   −        F d     F τ       κ     



(17)




where,  κ  and    ς o    are constants.



Drag force over the particle is as (16)


   F d  =      F a  + m g      sin θ   t  +  F  e x t   c o s  φ t    +  F r     cos θ   t   



(18)




and tangential pull-off force is written as (17),


   F τ  =  μ w       F a  + m g      cos θ   t  +  F  e x t   s i n  φ t    +  F r     sin θ   t   



(19)




where, the adhesion force    F  a      , it can be calculated as the sum of Van Der Waals force, capillary force and the force due to surface tension as given in (20).


   F a  = π  γ S   r d         1 ω    − ω . sin  β c  +   sin  2   β c      c o s  θ w  + c o s  θ  s w             +  1  6  γ S  π  h c 2   X v       a W     X v  − 1   −  a a    + 2 sin  β c  s i n  θ w         



(20)




where,


  ω =    h c     r d    + 1 − cos  β c   



(21)






   θ w  =    β c  +  θ  p w      



(22)






   X v  =  1      1 +  r d    1 − c o s  β c    /  h c     2     



(23)







   F r    is the force due to rainfall while light rainfall results in soiling but heavy rainfall promotes the natural cleaning phenomenon.   F r    is obtained as [46,47] (24),


   F r  =     1288.17    g r     − 1.34    I w     1 + 1.34 χ      t r        2  r w 2   ρ w  g     3    K r     3     



(24)




where,  χ  and    K r    are the constants,    g r    is the value to describe the process of growth of raindrops, and    I w    is the raindrop rate.



Now, the resultant accumulated mass of dust on the module surface after deposition, rebound and resuspension can now be written as (25),


   m  e f f    t  =    m  d e p    t  −  m  r e b    t    . exp   −  λ  r e s   t    



(25)







If a plant is considered where    N p    numbers of modules are connected in series in an array, then the generated voltage for that array will be


   V  o p _ s   =   ∑   i = 1    N p     v  o p     ′   i                  i = 1 , 2 , … . .    



(26)







The current output of the string with    M p    number of arrays is determined as,


   I  o p _ s   =   ∑   j = 1    M p     i  o p     ′   j                  j = 1 , 2 , … . .    



(27)







The power output from each string can be determined as,


   P  d c   =  V  o p _ s    I  o p _ s   F F  



(28)







It is considered that the plant has    P i    number of inverters with    C i    number of channels in each inverter, then the total AC power output from the inverter is,


   P  p l a n t _ a c _ p r e   =   ∑   m = 1    P i      [   ∑   n = 1    C i     p  d c      C i  ,  P i    ]    ε  i n v      P i     



(29)







The flow diagram for estimation of power generation using the model with different meteorological data is shown in Figure 1.




3. PV Plant Details


Data for analysis are captured from four plants located at four different geographical locations of India. Particulate matter data of those locations are collected from the website of Central Pollution Control Board (CPCB), Government of India, and weather data are taken from a weather monitoring station [48]. Brief specifications of the four plants are as follows: (i) SPV power plant of Reserve Bank of India (RBI), Kolkata, capacity50 kWp, (ii) SPV power plant of Power Grid Corporation of India Ltd. (PGCIL), Nagpur, capacity 40 kWp, (iii) SPV power plant of Hindustan Petroleum Corporation Ltd. (HPCL), Vishakhapatnam, capacity 100.8 kWp, (iv) SPV power plant of NewTown Kolkata Development Authority (NKDA), Rajarhat, capacity 500 kWp. The data available from the individual plants are used for the validation of the developed model. The details of the PV plants are given in the Table 1 and photographs of the plants are shown in Figure 2.



The meteorological data of the four plants at different locations in India during the period of validation of the model are shown in Figure 3. The values of RH, temperature, PM concentration, wind speed and solar irradiance of the four locations e.g., Andhra Pradesh, Maharashtra, Rajarhat and New Alipore are shown in Figure 3. The period of captured data for Rajarhat is January–February 2020, New Alipore is March–April 2021, whereas for the other two places this duration is January–February 2021. The data presented for all the four locations show that the PM concentration is and RH are sufficiently high. Irradiance seems to be better for Maharashtra than the other three locations, whereas the wind speed is more or less similar. Temperature for all the cases varies within the range of ~20–30 °C during the period considered.




4. Results and Discussion


4.1. Validation of Model with and without Soiling Effect


Data captured from RBI, Kolkata are used to validate the model for with and without soiling effect of the PV modules. Figure 4 is the plant data which shows the radiation and power curves for 24 h with 5 min interval on 17 March 2021. From the figure it is clearly observed that the cleaning of modules is done between 1:12 pm and 1:47 pm so that the power output increases and maintains the higher generation. These two graphs indicate that at 10:15 am the generation is 15.25 kW with a radiation of 446 W/m2 whereas at 13:48 pm (after completion of cleaning) the generation rises to 23.05 kW for 443 W/m2 radiation.



Figure 5 describes the comparison among measured energy, and calculated energy without and with dust from 1 March 2021 to 31 March 2021. Solar irradiance for this one month period is also overlapped in this figure. From Figure 6, it is seen that before the day of cleaning on 17 March 2021, difference between calculated energy without dust and measured one is higher whereas this reduces afterwards. The expected energy generation loss due to dust is 32.2% on 4 March 2021 for the irradiance 3.08 kWh/m2, whereas after cleaning this loss is only 8.15% on 26 March 2021 for almost the same radiation 3.07 kWh/m2.



Loss due to soiling is analyzed based on one month data (from 1 March 2021 to 31 March 2021) of RBI, Kolkata, shown in Figure 7, under three specific conditions e.g., (a) model based calculated (%) soiling loss with cleaning, (b) calculated (%) soiling loss without cleaning, and (c) actual loss in field condition. Using the model it is observed that the soiling loss reduces from 43.3% (without any cleaning over the month) to 19.7% (with one time cleaning over same period as shown in Figure 4) whereas the field condition cumulative loss with one time cleaning comes out to be 23.7%. This exhibits the adverse effect of soiling on PV performance and the same time the advantage of cleaning.




4.2. Validationof the Model for Composite Climate Condition


The data of NKDA, Rajarhat, canal-top plant is used to validate the model for dust accumulation under composite weather conditions e.g., effects of no rain, drizzle, heavy rain, RH, and wind speed. From the Figure 8a,b, it is observed that on 2 January 2021 at 4 am (29th hour) at RH 93.26% (high), low wind speed 0.12 m/s and high PM concentration 302.44 μg/m3, and no rain causes cumulative dust accumulation of 35.53 mg/m2 which is sufficiently high.



At 81st hour (4 January 2021 8:00 am), with a low PM concentration of 128 μg/m3, heavy rainfall 13.94 mm, high RH 98.86% and wind speed 0.37 m/s, dust accumulation is negligibly small which indicates natural cleaning phenomenon.



With no rain, PM concentration 162.23 μg/m3, RH 94.18%, since the wind speed is moderately high, 2.19 m/s, the accumulation is negligibly small at 460th hour.



On 29 January 2021 at 10:00 am, it is observed that at no rain condition and PM concentration 147.55 μg/m3 the deposition is 0.42 mg/m2 whereas in subsequent hour with almost similar other parameters but with a drizzle of 1.18 mm the deposition has doubled due to soiling effect.



From this qualitative analysis of Figure 8a,b, it is seen that the resultant accumulation corroborates with continuous change in the climatic parameters.




4.3. Validation of Model for Different Locations and Different Capacity


To validate the efficacy of the model, it is used to calculate the energy of three plants other than RBI, Kolkata, with different capacity located in different places in India. The maximum daily error between measured and calculated energy considering soiling loss is within ±10% for all the cases. Figure 9 shows the model based energy generation with and without dust for these plants and makes comparison with the measure degeneration. The monthly soiling loss at field condition, calculated with respect to model based generation without dust (as obtained from the Figure 9), is obtained for HPCL plant 9% (January 2021), 6% (February 2021), PGCIL plant 6% (January 2021), 12% (February 2021), and NKDA plant 5% (January 2020), 7% (February 2020).




4.4. Generation Prediction and Its Validation by Model


The model has been validated for PV generation and soiling loss assessment in the previous sections. In this subsection, this model is used for the prediction of PV generation and is compared with the measured value.



The generation prediction has been implemented with the data of a 3 MWP PV plant in Gujarat, India. The plant has made up with mono-PERC PV module of capacity 395 WP and 28 ABB inverters each 100 kW. Solar radiation data is taken from Solcast [49], pollution data is taken from the website of World’s air quality index [50] and other parameters are taken from websites of CPCB and another weather monitoring station [48]. In Figure 10, portion ‘ab’ indicates the comparison between the actual generation and model based calculated generation for two months (from 1 April 2021 to 31 May 2021).



A comparison is made between the actual generation and predicted generation with forecasted weather data for one month (from 1 June 2021 to 30 June 2021) which is shown in portion ‘bc’. The model based predicted generation for the month of June 2021 is obtained with the solar radiation data with 50% probability of occurrence. The generation scenario ranges from 10% probability of occurrence (lower profile of the shaded portion) to 90% probability of occurrence (upper profile of the shaded portion) of solar radiation along with other forecasted weather parameters. The actual generation exhibits a good match with the predicted one (portion ‘bc’) during the calculation period.





5. Conclusions


Soiling is an important parameter for PV integrated system as it invites yield loss which is reversible but not negligible. Pre-assessment of generation in field condition assures operators for economic and efficient energy management in a system. The contribution of this paper is that the physics-based model is used extensively to establish its universality for assessment of soiling loss of a PV power plant. It is validated step by step with the data captured from four plants of different locations and capacities in India. This has been extended for a short term prediction of power generation of a separate PV plant with the forecasted weather data and compared with the measured values.



The achievements of the paper are as follows:




	(a)

	
A model has been formulated for energy generation considering composite weather parameters and validated for four different SPV plants.




	(b)

	
The generation loss calculated from field data reaches upto ~50% (Figure 6) which is sufficiently high. For the same radiation ~3.08 kWh/m2, on 4 March 2021 the generation loss is 32.2% which comes down to 8.15% on 26 March 2021 after cleaning (Figure 5 and Figure 6). This establishes the effect of cleaning.




	(c)

	
Validation of the model with and without soiling effects is carried out for RBI, Kolkata, SPV plant. Figure 7 demonstrates that the soiling loss is calculated as 43.3% for no cleaning over the month and 19.7% with one time cleaning for the same period. The field condition loss comes out to be 23.7% with one time cleaning. The model based assessment is well comparable with the field value.




	(d)

	
Expected dust accumulation variation with different climatic conditions e.g., effect of no rain, high wind speed, natural cleaning, soiling due to drizzling, all are established with the model based calculation for another plant at NKDA, Rajarhat, Kolkata for one month (Figure 8a,b).




	(e)

	
In the next step of validation, this model is used to calculate reduced generation for dust accumulation for three plants at different locations with different capacities (Figure 9) which shows monthly average loss for those plants ranges from 5–12%.




	(f)

	
Finally generation prediction is carried out for a 3 MWP PV plant (Figure 10) and compared with the measured one showing a good match between them.









Usefulness of this research is three fold e.g., (i) short term prediction of generation loss will help the system operators’ readiness for efficient operation, (ii) assessment of the loss will help in determining the optimum cleaning cycle for economic operation and (iii) a software can be developed with this model which may serve as an add-on tool with existing PV system design software for calculation of effect of dust instead considering it arbitrarily.
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Nomenclature




	ed
	Eddy diffusion cofficient



	Dd
	Molecular diffusion cofficient



	aE
	Radiation-temperature coefficient



	Tmod
	Module temperature



	ξPM
	PM concentration



	Vt
	Terminal velocity of the particle



	Vk
	Deposition velocity



	θt
	Panel tilt angle



	Fext
	External force



	Uw
	Wind speed



	θsw
	Contact angle between surface and water in radian



	ϑd
	kinematic viscosity of air (m2/s)



	L
	Height at which module is placed



	CP
	Particle concentration at the height L



	rd
	Particle diameter



	µw
	Cofficient of friction



	Ere
	Rebound energy



	Ed
	Deposition energy



	βc
	filling angle



	θpw
	Contact angle between particle and water in radian



	hc
	distance between particle and surface



	aW
	Hamaker constant with water as medium



	aa
	Hamaker constant with air as medium



	APV
	Area of photovoltaic module



	γS
	Surface tension energy



	εinv
	Efficiency of the inverter



	Eref
	Reference radiation (1000 W/m2)



	TaT
	Ambient temperature



	ρw
	Density of water



	e
	Cofficient of restituion



	    K d E    
	Kinetic energy of deposition



	Dm
	Mean-diameter of raindrop
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Figure 1. Flowchart of the model for soiling loss prediction. 
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Figure 2. (a) HPCL, Visakhapatnam, Andhra Pradesh, (100.8 kWP ground-mounted), (b) PGCIL, Nagpur, Maharashtra (40 kWP roof-top), (c) NKDA, Rajarhat, Kolkata (500 kWP canal top). 
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Figure 3. Climatic conditions for different location for the time period of calculation. 
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Figure 4. One day measured plant generation and radiation data on 17 March 2021 at RBI, Kolkata. 
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Figure 5. Comparison among measured plant generation, and model based calculated generation with and without dust from 1 March 2021 to 31 March 2021 at RBI, Kolkata (22.57° N, 88.36° E). 
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Figure 6. Calculated % Generation loss for one month at PV plant (RBI, Kolkata). 
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Figure 7. Analysis of soiling loss for one month. 
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Figure 8. (a,b) Calculated deposited dust vis-â-vis the input weather data from 1 March 2021 to 31 March 2021. 
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Figure 9. Validation of model for three different locations with different capacities in India. 
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Figure 10. Model based PV generation prediction for 3 MWP PV plant in Gujarat, India. 
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Table 1. Details of four SPV power plants.
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	Plant Name
	Capacity
	Location
	Module Type
	Inverter Type
	Tilt Angle





	PGCIL, Nagpur, Maharastra
	40 kWP
	21.14°N, 79.08° E
	315 WP, Multicrystalline
	2 × RPI M20A (Delta)
	20°



	RBI, New Alipore, Kolkata
	50 kWP
	22.57°N, 88.36° E
	305 WP, Multicrystalline
	2 × RPI M10A 1 X RPI M30A (Delta)
	20°



	HPCL, Vishakhpatanam, Andhra Pradesh
	100.8 kWP
	17.68° N, 83.19° E
	315 WP, Multicrystalline
	5 × RPI M20A (Delta)
	18°



	NKDA, Rajarhat
	500 kWP
	22.605691° N, 88.467579° E
	295 WP, Polycrystalline
	25 × TRIO-20.0-TL-OUTD-400
	7°
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