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ARTICLE INFO ABSTRACT
Keywords: The discrepancy between the operating and design capacities of solar plants in eastern Uganda is
Modelling and simulation alarming; about 35 % underperformance in solar power generation is observed. The goal of the

Solar power generation
Design and operation
Explicit and implicit models
Differential models

current study is to minimize this disparity by improving the design models. Considering only cell
temperature in the power generation model is responsible for the observed difference in design
and operational solar power generated, the present study used a thermocouple to directly mea-
sure cell temperature, an anemometer to measure wind speed, and a solar power meter to
measure irradiance. These extrinsic factors were used to modify the power generation model
based only on cell temperature through the direct correlation of cell temperature, wind speed,
and irradiance with solar power generation. Thus, the absence of extrinsic factors (wind speed
and irradiance) in the design models is responsible for the colossal drop in solar power generated.
Empirically, the missing extrinsic factors were used to transform the implicit solar power model
into an explicit model. The development of a solar power generation model, multiple differential
models, simulation and experimentation with a pilot solar rig served as alternate model for the
prediction of solar power generation. The second-order differential model validated well with
empirical solar power generated in Busitema, Mayuge, Soroti, and Tororo study areas based on
RMSEs (0.6437, 0.6692, 0.2008, 0.1804, respectively), thus, narrowing the gap between the
designed and operational solar power generated. Mayuge and Soroti recorded the highest solar
power generation of 9.028 MW compared to Busitema (8.622 MW) and Tororo (8.345 MW),
suggesting that it has a conducive site for installing future solar plants. The above results support
the use of empirical explicit (triple) and second-order differential models for the design and
operation of power plants.

Nomenclature
Abbreviation Definition
a Coupling coefficient
a,i = 0,1,2 Coefficients of solar power
b;,i = 0,1,2 Coefficients of solar irradiance
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(continued)
Abbreviation Definition
¢, i = 0,1,2 Coefficients of ambient temperature
di,i = 0,1,2 Coefficients of resultant wind speed
e,i= 01,2 Coefficients of component wind speed
ANN Artificial neural network
cp Specific heat capacity (kJ/kgK)
D Dimension
d Distance between two coordinates (km)
d/ ot Partial differential operator
d/ dt Ordinary differential operator
D/ Dt Substantial derivative operator
H Solar irradiance (W/m?)
e Error in signal
MLR Multiple linear regression
f Mathematical function
g Gravitational constant (m/s?)
I Current (A)
k Thermal conductivity (W/mK)
MAD Mean absolute deviation
MNSE Modified Navier Stokes Equation
MwW Megawatt
N Number of panels
NOCT Nominal operating cell temperature (K)
P Power (W, kW, MW)
Patm Atmospheric pressure (kPa)
PV Photovoltaic
P Average solar power (W, kW, MW)
r Radius of the earth (km)
RMSE Root mean square error
SPGMBCT Solar power generation model based only on cell temperature
T Temperature (K)
t Time (s or day)
U Wind speed (m/s)
UETCL Uganda electricity transmission company limited
UNMA Uganda national meteorological authority
v Voltage (V)
X X-maximum
x Distance in x-direction (m or km)
Y y-maximum
y Distance in y-direction (m or km)
z Distance in z-direction (m or km)
T Average temperature (K)
SD Standard deviation.

Greek letters

A Thermal diffusivity (m?/s)
B Coefficients

X Space vector

(] Latitude

H Efficiency (%)

A Longitude

P Density (kg/m®)

M Dynamic viscosity (N-s/m? or kg/ms)
N Kinematic viscosity (m?/s)
(€] Degree of implicitness

A Change

Superscripts

n Time

¢ Degree

Subscripts

0 Reference

1 Position one

2 Position two

a,0 Ambient at reference

c Cell

dc Design capacity

e Empirical

gen Generation

i Iteration in i

j j-iteration

m Measured

(continued on next page)
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(continued)

Abbreviation Definition

max Maximum

oc Open circuit

H Irradiance

P Power
Panel

sc Short circuit

sim Simulation

stc Standard test condition
Ta Ambient temperature
U Wind speed

x x-direction

y y-direction

z z-direction

1. Introduction

The performance of the PV system has been attributed to ambient conditions (temperature), cell temperature, wind speed and
irradiance around the PV array. The ambient and cell temperatures are known to diminish the solar output power as the bulk of the
absorbed solar power is converted into heat, which decreases the output voltage, and reduces solar power generation. Conversely, high
wind speeds enhance the cooling of the PV system for optimum solar power generation. The irradiance increases power generation by
increasing the output current. Besides, the efficiency of the solar cell contributes to utilizing more heat absorbed, whereby the effi-
ciency of the solar cell is appreciable, and otherwise, the solar power generation is inhabited by the low efficiency of the solar cell. The
aforementioned factors (temperature, wind speed and irradiance) could form implicit and explicit linear correlations for empirical
models. In the implicit model, temperature has a direct impact on power generation, whereas wind speed and irradiance have an
indirect impact on solar power generation (Chung [1], Salilih & Birhane [2], Sun [3], Sarniak [4], Al-Amri & Abdelmagid [5], Atia
et al. [6], El Hammoumi et al. [7], Koehl et al. [8], Luque & Hegedus [9], Kamkird et al. [10], Alhmoud [11], Esmaeilion [12], Fenga
[131, Wang [14], Esmaeilion [15]). Their pertinent findings are as follows: appropriately, Chung [1] used the nominal operating cell
temperature standard model to predict insolation; however, the model could not forecast solar power generation. Suitably, Salilih &
Birhane [2] applied the nominal operating cell temperature standard formula to evaluate the electrical performance of a photovoltaic
system under different loads and discovered that 4 Q recorded the highest performance. Rightly, Sun [3] developed a new nominal
operating cell temperature, solar power NOCT (solar power generation model based only on cell temperature, SPGMBCT), for an
unglazed photovoltaic-thermal PVT module using water as the working fluid to achieve a better prediction of SPGMBCT temperature.
Precisely, Sarniak [4] presented a SPGMBCT model and discovered less power loss in half-cells relative to normal cells. Specifically,
Al-Amri & Abdelmagid [5] developed a SPGMBCT model that predicts solar cell temperature in high-concentration photovoltaic
systems, considering heat transfer through the materials and wind velocity. Essentially, Atia et al. [6] observed the degradation
(maximum power decreases over time) of monocrystalline silicon PV modules by analyzing their performance ratio, temperature
losses, and energy yield using the SPGMBCT model. Fundamentally, El Hammoumi et al. [7] examined the effect of cell temperature on
the amount of energy generated on a daily basis. Precisely, Koehl et al. [8] used ambient temperature, global solar irradiation, and
wind speed to develop a PV-module temperature that was validated with the measured temperature. Basically, Luque & Hegedus [9]
implemented an implicit cell temperature model based on solar irradiance and operating temperature but excluded wind speed in the
development of the SPGMBCT model. Primarily, Kamkird et al. [10] used temperature coefficients to modify the SPGMBCT model and
achieved a good prediction of cell temperature appropriate for the design of PV systems. Principally, Alhmoud [11] attributed losses in
PV systems to the nature of construction materials and suggests that proper characterization of materials improves the performance of
the system. An overview of the implicit SPGMBCT model is vital in the development of the power generation model since it is found in
the linear correlation model, which describes solar power generation.

Besides, the explicit empirical models are supposed to improve the prediction of cell temperature, considering that all the factors

Table 1
Design capacity of solar plants in Eastern Region of Uganda.
S#  Power Plant Power capacity Lat* Long* 2020 2021 Average Source
(MW)* data
1 Busitema Solar power station 4 0.54722  34.0236  3.082 3.142 3.112 UETCL
[39]
2 Busitema Solar power station (upgraded) 10 0.54722  34.0236 7.705 7.854  7.780 UETCL
[39]
4 Mayuge Solar Power Station (Emerging Power 10 0.49500 33.4075 7.858 7.744 7.801 UETCL
Bufulubi) [39]
5 Soroti Solar Power Station 10 1.68500 33.6581 7.379 7.160 7.269 UETCL
[39]
6 Tororo Solar North 10 0.63889 34.1192 7.205 7.247 7.226 UETCL

[39]
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(cell or ambient temperature, wind speed and irradiance) have a direct impact on solar power generation. The classical design/
operational models of PV systems are implicit in nature; hence, the operational solar output power hardly matches the design, no
matter how favorable the extrinsic factors are. The model correlation term is built solely on temperature, thus excluding wind speed
and irradiance. The discrepancy is obvious from careful observation of solar power generation data from the Eastern Uganda Solar
Plants (Busitema, Mayuge, Soroti and Tororo), which shows that the operational solar power generated scarcely matches the design
capacities for the four plants as shown in Table 1. The discrepancy in the solar power generated compared to the design capacity calls
for a remedy to minimize the difference in the design and operational solar power generation by re-engineering the design and
operational models.

The re-engineering of empirical solar power generation models is advocated by the introduction of explicit power generation
models; by introducing double linear correlation (Schwingshackl et al. [16], Mattei et al. [17], Olukan & Emziane [18], Nguyen et al.
[19], Barykina & Hammer [20], Brito et al. [21], Sarniak [4], Ayaz et al. [22], Agyekum et al. [23], Akhsassi et al. [24], Kaldellis et al.
[25], Abe et al. [26], Zouine et al. [27], Muneeshwaran et al. [28], Kalogirou [29], Cotfas et al. [30]); in retrospect, Schwingshackl
et al. [16] demonstrated that incorporating wind data into the SPGMBCT models improves the prediction of cell temperature compared
to standard methods. In the same manner, Mattei et al. [17], observed that the cell temperature model based on the thermal properties
in lieu of wind speed or irradiance is weak in predicting cell temperature. Pertinently, Olukan & Emziane [18] modified the SPGMBCT
model without the wind speed; however, they recorded a good prediction of cell temperature. Outstandingly, Nguyen et al. [19]
modified the SPGMBCT model with wind speed, thermal inertia (thermal diffusivity) and irradiance to obtain a better prediction of cell
temperature. In the same vein, Barykina & Hammer [20] applied the Faiman model/parameters to achieve a better prediction of cell
temperature relative to the standard model. Similarly, Brito et al. [21] employed a dual explicit cell temperature model to evaluate the
lifetime of PV modules and discovered more is generated by an increase in irradiance. Also, Sarniak [4] used the SPGMBCT model to
investigate power losses in half-cells and normal cells and concluded that half-cells incurred less loss than normal cells. In the same
manner, Ayaz et al. [22] discovered that explicit models are compatible with mono-crystalline and thin-film semiconductors.

The partial (double factors) and full (triple factors) explicit models have the capacity to minimize the difference between the design
and operation of solar power generation. Uniquely, Agyekum et al. [23] investigated the impact of cooling a PV panel on its output
voltage and efficiency. Exceptionally, Akhsassi et al. [24] developed multiple explicit cell temperature models, which validated well
with the experimental data in a 7.2 kWp standalone photovoltaic power plant. These models engendered high precision in the module
temperature without wind speed. Remarkably, Kaldellis et al. [25] examined the effect of weather conditions on the operating cell
temperature and efficiency and observed that an increase in cell temperature reduces the efficiency of the panel. Distinctively, Abe
et al. [26] developed a dual explicit model with the combination of irradiance and cell temperature to record good solar generation.
Typically, Zouine et al. [27] and Muneeshwaran et al. [28] reviewed several implicit and explicit cell operating temperature models
and found that the PV temperature significantly impacts its energy productivity. Also, Kalogirou [29] developed an explicit model of
cell temperature as a function of wind speed and irradiance to calculate the efficiency of PV modules and cell temperature. In addition,
Cotfas et al. [30] studied the impact of technologies on cell temperature and irradiance for commercial photovoltaic systems while
measuring their current-voltage characteristics. Generally, the dual explicit SPGMBCT model gave rise to improvements in the pre-
diction of cell temperature compared to implicit SPGMBCT models. As earlier mentioned, the application of explicit models applies to
the development of solar power generation models for similar improvements in the prediction of solar power generation.

Moreover, triple linear correlation (Nguyen et al. [19], Araneo et al. [31], Skoplaki et al. [32], Kichou et al. [33], Scarabelot et al.
[341, Zouine et al. [27], Muneeshwaran et al. [28], Dong et al. [35], Al-Dahidi [36], Ndegwa et al. [37]) to displace a single linear
correlation in the implicit model. Significantly, Nguyen et al. [19] modified the SPGMBCT model with wind speed, thermal inertia
(thermal diffusivity) and irradiance resulting in an outstanding result. Considerably, Araneo et al. [31] developed a full (triple) explicit
SPGMBCT model to achieve high accuracy in cell temperature prediction. Substantially, Skoplaki et al. [32] developed explicit (triple)
models based on weather, material optics, thermophysical properties, cell/ambient temperature, wind speed and irradiance, which are
appropriate for the design and operation of the PV system. Outstandingly, Kichou et al. [33] discovered the impact of an explicit
(triple) model on floating and land-based PVs using MATLAB simulations. Floating PV showed better performance than land PV by 3
%. Notably, Scarabelot et al. [34] used an explicit (triple) model to gain an increase in the current and solar power generated.
Conspicuously, Zouine et al. [27] and Muneeshwaran et al. [28] reviewed explicit (triple) models to demonstrate the influence of cell
temperature on solar power generation. Obviously, Dong et al. [35] developed a neural network to accurately predict PV cell tem-
perature and solar power generation. Similarly, Al-Dahidi [36] developed an explicit (triple) SPGMBCT model using multiple linear
regression (MLR) and artificial neural network (ANN) models for better prediction of PV cell temperature and solar power generation.
Remarkably, Ndegwa et al. [37] used the explicit (triple) SPGMBCT models to achieve precision in predicting the cell temperature and
solar power generation of PV systems. Based on the following findings, explicit (triple) SPGMBCT models are stronger than explicit
(double) and implicit SPGMBCT models in predicting cell temperature and solar power generation for various PV technologies; hence,
a triple explicit SPGMBCT model is proposed for the current study.

Further re-engineering of the solar power generation model is considered by introducing a differential (substantial derivative) solar
power model, such that the solar power is a function of ambient temperature, wind speed and irradiance. The substantial derivative of
solar power generation is the sum of the coupled substantial derivatives of the aforementioned trio of extrinsic factors. The substantial
derivative is derived from the Navier Stokes equation by replacing the thermal and kinematic diffusivities with an electrical diffusivity
and potential (the numerator of the derivatives), according to Nnamchi et al. [38]. The present work introduces first-order and
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second-order substantial derivatives for modelling and simulation of solar power generation with the requisite boundary and initial
conditions. A numerical solution of both differential models is sought with the finite difference method via the Crank-Nicolson explicit
technique. Simulation of both numerical models will show a robust model that validates the empirical power generation data. Further
validation (depicts the deviation between the simulated and measured solar power generated) of the design and empirical data is
required to substantiate that the discrepancy between the design and operational data is minimized.

From the foregoing discussions on solar power generation model developments, this study develops a differential solar power
generation model for the simulation of solar power generation and the development of multiple explicit empirical power generation
models for improvements in the design/operations of PV systems such that the discrepancies seen in Table 1 become infinitesimal.

2. Materials and methods
2.1. Study area

Uganda, an East African landlocked nation, borders Kenya to the east, Sudan to the north, the Democratic Republic of the Congo to
the west, Rwanda to the southwest, and Tanzania to the south. This study was carried out in Uganda. It consists of the following four
regions: the northern, eastern, central, and western. The study was focused on the eastern region (1.2692° N, 33.4384° E) of Uganda.
Due to the installation of the majority of the solar power plants, as shown in Fig. 1, the central region was chosen.
3. Methodology

The methodology consists of developing differential and empirical models for solar power generation by conducting experiments,

modelling and simulations. Furthermore, field data acquired from Uganda Electricity Transmission Company Limited (UETCL), and
the Uganda National Meteorological Authority (UNMA) is essential to validating the outcomes of modeling and experiments.
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Fig. 2. a. Solar power simulated. b. Empirical solar power generated.

3.1. Model formulation

Modelling and simulation, experimentation, acquisition, and analysis of data are essential for the study of solar generation, as
portrayed in Fig. 2a and b. Based on simulations, solar power generation is influenced by the thermophysical characteristics of extrinsic
factors such as air temperature and wind speed, as well as extraterrestrial parameters like solar irradiance. Besides, the cell temper-
ature of the solar panel has an impact on both the formulation of solar power generation models and the empirical generation of solar
power. The differential model is a balance of solar power substantial derivative against the substantial of the extrinsic factors. The field
data were acquired from the existing solar power plants within the study areas (Busitema, Mayuge, Soroti, and Tororo). Where e is the
error associated to the external variables, D/Dt is a substantial derivative, H(W /m?) is the solar irradiance, U(m /s) is the wind speed,
Pgim (W) is the solar power simulated, Pg.,(W) is the solar power generated, Py (W) is the solar power at standard test condition, T,(K) is
the ambient temperature, §.(1 /K) is the temperature coefficient of the solar cell, (%) is the efficiency of solar cell, N,( — ) is the
number of solar panels and T,(K) is the temperature of solar cell.

3.1.1. The Navier Stokes equation

Extrinsic variables such as wind speed (U), ambient temperature (T,), and solar irradiation (H) have an impact on photovoltaic cell
performance. Hypothetically, the substantial derivatives of the Navier-Stokes equation are proposed for modeling solar power gen-
eration (Nnamchi et al. [40]. As shown in Fig. 2a and b, the wind speed is assumed to be uniform in all special coordinates, an unsteady
state assumption prevails; and the pressure gradient of extrinsic factors is ignored except wind speed. Therefore, the substantial de-
rivative of the component and resultant wind speeds are defined in Egs. (1a), (1b) and (1c), 1d) as

DU, _1oPam 02Ux+62Ux+32Ux u-U (1a)
Dt &7, ox oz oy o2 ) T 3T ?

DU, 10Patm  (0°U, &°U, U\, U
et A (Uy=—; v= 1b
Dt g}’ p ay < + ayz 022 Yy 37 V=p, 4 ( )

DU, 10Pam 62UZ+02UZ+02UZ uoY (10

T 2t T ) T g )P

DU Uou U U PU 13

—_— =g — —+ =) v= . = : = = = %5 Py =0. 2 1

D=8 g Y (axz ay2+azz>7v /tz/p,x (xy2)'*; U=/3Uy, = V3U, = V3U,; Patm=0.5pU ad
Equations (1a), (1b) and (1c¢), 1d) are complemented with mass continuity equation in Eq. (2)

oU, oU, dU, U

—=0U,=0,=U,= 2

> oy 3y S pe 7 (&)
Similarly, the substantial derivative of ambient temperature is formulated in Eq. (3)

DT, PT, T, 0°T,

Dt 7a<dx2 + 2 + az2>’ afk/pcp 3)
Likewise, the substantial derivative of solar irradiance is expressed in Eq. (4) as

DH (o°H 62H O°H
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3.1.2. The Navier Stokes equation for solar power generation

The Navier-Stokes equation is a first-order substantial derivative of solar power generation in three dimensions, 3-D Nnamchi et al.
[40]. It is adopted for modelling solar power generation and distribution due to its spatiality and chronological features. Integrally,
solar power in Eq. (5) is a function of U, T, and H

DP DH DT, DU DP fy DH fr, DT, py DU

2 - : 5
Dt %D Yt %ot Di g, Dt B Dt B, Dt ®

where ay(m?), ar, (W /K), ay(W /m /s ) are power coupling coefficients of H, T, and U respectively. The coupling coefficients in Eq. (5)
are Defined Eq. (6) as follows:
g P o, 1 1 1

a o ar, = ) ) fp = ) =17 —7 3 By = —— (6)
" ﬁP ! ﬂP ﬂ /P P max ﬂH max /))Tﬂ amax /U Umax

Substituting substantial derivative of Eqgs. (1d), (2) and (3),4) into Eq. (5) gives Eq. (7) first order linear solar power generation
model.
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For dominant viscous force, Eq. (7) reduces to Eq. (8)
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3.1.3. The modified Navier Stokes equation for solar power generation
The modified Navier Stokes equation is a second-order substantial derivative of solar power generation in three dimensions (3-D),
also, it is adopted for modelling solar power generation and distribution due to its spatial and chronological features. Essentially, solar
power in Eq. (5) is a function of U, T, and H. Thus, an alternate power generation model (Modified Navier Stokes Equation, MNSE) is
created by differentiating Eq. (5) to a second-order in Eq. (9)
D’p D’H DT, D?U

- - - 9
D %pe ~ Ypp T Wpp ©

In addition, substituting second-order substantial derivative of Egs. (1d), (2) and (3),4) into Eq. (7) gives Eq. (10)
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3.1.4. Substituting substantial derivative operators in Eq. (10) yields Eq. (11)
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The left hand side, LHS of Eq. (11) is defined in Eq. (12)
o°pP o°P o°P P P P P o°P
2 _ el 27~ 2_ 2_
A =G T 2 6t+2Uy0y0t+2Ua 0t+UX0 2t Uyga t Ui 20Uy 50
P &P (12)
+2iUigs+ 20U o



O. Living et al.

Heliyon 10 (2024) 32353
3.1.5. Combining Eqs. 11 and 12 gives Eq. (13) solar power generation model
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Similarly, considering dominant viscous force, Eq. (13) is simplified to Eq. (14)
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3.1.6. The numerical solution

Discretizing Egs. 8 and 14 by finite the difference method to discretize solar power generated and the influential factors (H, Ty, U),

leads to numerical solutions implemented in the Microsoft Excel 2013 (16.0.17029.20028) of the first and second order solar power
generation models in Egs. (15a) and (15b) and Egs. (16a) and (16b) respectively
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Similarly, Eq. (14) is discretized in Eq. (16) as
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3.1.7. The boundary conditions (BC)

The boundary conditions for solar power generation were derived from the field data obtained from the existing solar plants in
Eastern Uganda (Fig. 1 and Table 1) and the rest of the boundary condition data were obtained from Nnamchi et al. [40], UNMA [41]
and UETCL [39] for Busitema (0.547°, 34.024°), Mayuge (0.495°, 0.495°), Soroti (1.685°, 33.658°) and Tororo (0.639°, 34.119°)
study areas. These mercatorian coordinates were converted to space coordinates, considering minimum latitude, ¢,,;, and longitude,
Amin s a reference point, with the aid of the Hervasine formula (Nnamchi [40]; Prasetya et al. [42]) in Eq. (17) as

Ay — A
d=2rsin! <\/s1n ((pz 3 (pl) + cos(¢, )cos (¢, )sin® (%)) 3 xiu=x+d ; yni=yi+d a7

where d(m) is the distance between two coordinates, r(m)is the radius of the earth, ¢;,i = 1, 2 is the latitude of the coordinates 4;,i =
1,2 is the longitude of the coordinates, x is the distance in x-direction and y is the distance in y-direction. The boundary conditions are
developed based on the similitude of Eq. (19a) with the y coordinate equal to zero and the corresponding average value of the intrinsic
and extrinsic factors as a function of the x coordinate of their corresponding field data as presented in Egs. (18a), (18b) and
(18c),18d,18e), which is further regressed as a quadratic function of x.

1
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U =fx)=do+dix+dox>* =T % (18d
o
1
300
U =Uy = Ul =f(x) =eo +erx+ex’ = Uy ! (18

W)

where x and y are distance in x and y coordinates, a;,i = 0,1, 2 are coefficients of solar power, b;,i = 0,1, 2 are coefficients of solar
irradiance, ¢;,i = 0,1, 2 are coefficients of ambient temperature, d;,i = 0, 1, 2 are coefficients of resultant wind speed and ¢;,i = 0,1,2
are coefficients of component wind speed, P(W), H (W /m?), To(K), U (m/s), Ux (m /s) are the average power, solar irradiance, air
temperature, and wind speed respectively.

Alternatively, the present study defines P?J in Eq. (19a) as

v@H 7

P =f(x,y)= 3 X =Xmax=187.62km ; Y =yua =193.42 km (19a)

3.1.8. Initial condition
Initial conditions refer to the solar power generated in the reference year in Table 1 as stated in Eq. (19b)

P)(x,y; 0)=P=75371 (MW) 3 t=0,0<x<187.62 km (19b)

3.1.9. Empirical solar power generation
The first empirical solar power model is defined in Eq. (20) by the following literature (Al-Bashir et al. [43]; Scarabelot et al. [34];
Skoplaki et al. [32]) as

( mfv.,c)

Vi

Pgen‘l :PSTC(]- +ﬂc(TC - To)) n Np E| ﬁc :71, (20)
m

where Py, (W) is the solar power generated, Py (W) is the solar power at the standard test condition, T,(K) is the ambient temperature,
To(K) is the reference temperature, §.(1 /K) is the temperature coefficient of the solar cell, 7(%) is the efficiency of solar cell, N, ( — ) is
the number of solar panels and, T,(K) is the temperature of solar cell.

However, the present work considers an additional physical factor, wind speed, which enhances the cooling of the photovoltaic
panel and constitute the second empirical solar power model in Eq. (21) as

(Pstcfpm)
B
Pyen2 =Psrc(1+ f(Tc — To) +B,U)N, 3 Po="7—" 21

Digital Solar
power meter

Solar Panels

Digital Anemometer

Digital thermocouple-A
Digital Multimeter

Digital thermocouple-B

Fig. 3. Experimental set up.
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Input variables (wind speed, U,
temperature, T, Irradiance ,H, Power, P) —

-|Second - order substantial derivative model

Thermophysical parameters (Ta,U)

Validate the model

” Output (H,U,T & P)

Fig. 4. Flowchart for data acquisition and power generation model.
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Table 2
Empirical power generation coefficients.
S# Coefficient Busitema Mayuge Soroti Tororo Source
1. Cell temperature B (%°C) —0.000142 —0.000157 —0.000132 —0.000351 Present study
2. Wind speed Pu (%sm‘l) 0.112316 0.135124 0.129189 0.091326 Present study
3. Irradiance Py (%m2 wfl) 0.000104 0.000112 0.000067 0.000164 Present study
Table 3
Coefficients of boundary conditions.
S# Variable Symbol/Unit Coefficient, k = 0,1,2 R2 Source
0 1 2
1. Solar power l._j(MW) 7.5200 —4x10°° —40x 107 0.9985 UETCL [39]
2. Irradiance HY,(Wm™2) 684.7600 1.2320 0.0035 1.0000 Nnamchi et al. [38]
3. Ambient temperature ’[‘i’j{K) 268.9400 0.0058 3.0x10°° 1.0000 UNMA [41]
4. Resultant wind speed U?J-(ms‘l) 0.5195 —0.0026 2.0x 1075 0.9984 Nnamchi et al. [40]
5. Component wind speed U, = U9, =12, (ms™?) 0.2999 —0.0015 1.0x 10~ 0.9984 Nnamchi et al. [40]

These coefficients were obtained by correlating field data from UETCL [39] and Nnamchi et al. [34,36].
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Table 4
Statistical description of the experimental data.
S#  Studyarea  Statistics Ambient temperature (°C ~ Cell temperature (°C ~ Wind speed Irradiance Voltage Current
) ) (m/s) (W/m?) ) (4)
1. Busitema Lower 21.20 26.50 0.00 76.40 37.60 0.12
limit
Mean 31.71 42.11 1.12 617.57 41.33 0.85
Upper limit ~ 46.70 63.80 4.14 1249.50 43.10 1.94
SD 4.14 7.65 0.75 335.48 0.80 0.44
MAD 3.32 6.22 0.57 302.23 0.59 0.38
2. Mayuge Lower 23.90 25.70 0.10 32.40 36.80 0.05
limit
Mean 32.02 41.65 0.97 588.26 41.13 0.82
Upper limit 44.90 63.10 3.43 1382.50 43.40 1.94
SD 3.70 9.15 0.57 353.13 0.87 0.48
MAD 2.67 7.91 0.42 308.10 0.62 0.43
3. Soroti Lower 21.00 32.00 0.02 207.60 38.70 0.31
limit
Mean 28.55 44.46 0.99 717.74 41.47 1.01
Upper limit 43.70 65.60 3.09 1331.90 44.90 2.19
SD 3.10 6.52 0.53 348.15 1.06 0.49
MAD 2.38 4.99 0.39 313.91 0.83 0.43
4. Tororo Lower 22.51 22.90 0.14 32.60 38.00 0.08
limit
Mean 29.24 44.91 1.56 682.16 41.27 1.05
Upper limit 40.30 64.90 5.50 1314.00 43.40 2.29
SD 3.24 10.28 0.98 343.08 1.06 0.49
MAD 2.42 8.32 0.81 297.61 0.83 0.42
Table 5
Validation of simulated with the empirical solar power generation.
S# Study area Mercator coordinates Solar power generation, Pg, (MW) Root mean square error, RMSE
Lat. Long. Simulated Empirical RSME; RSME;
First order Second order ﬁge"_empl
Pyen sim1 Pyen sim2
1. Busitema 0.547 34.023 5.6078 7.1512 7.7818 2.1778 0.6437
2. Mayuge 0.495 33.408 5.6075 7.1484 7.8014 2.1987 0.6692
3. Soroti 1.685 33.658 5.6072 7.1462 7.2698 1.6701 0.2008
4. Tororo 0.639 34.112 5.6078 7.1516 7.2190 1.6288 0.1804
Table 6
Validation of solar power design capacity with the empirical solar power generation.
S# Study area Mercator coordinates Solar power generation, Pg, (MW) Root mean square error, RSME
Lat. Long. Design capacity, dc Empirical, e RSME; RSME; RSME;
Pgendc Implicit Explicit
Peene1 Peene2 Pyenes
1. Busitema 0.547 34.023 10 7.782 8.367 8.622 2.222 1.645 1.419
2. Mayuge 0.495 33.408 10 7.801 8.419 9.028 2.199 1.587 1.023
3. Soroti 1.685 33.658 10 7.270 7.790 8.901 2.735 2.217 1.151
4. Tororo 0.639 34.112 10 7.232 7.780 8.345 2.772 2.227 1.683

Further modification is desired to improve the effectiveness of Eq. (19) by considering the direct influence of insolation on the
output power. Third empirical solar power model is developed in Eq. (22)

In

)
Peens =Psrc(1 + (T — To) + B, U+ pyH)IN, 3 ﬁH:H— (22)

where the coefficients in Egs. (18)-(20) are similarly defined in Eq. (6).
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3.1.10. Thermophysical properties of air
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The thermophysical properties of air are basically thermal and fluid diffusivity in Egs. (23)-(25) and Egs. 25 and 26 respectively,

which are employed in the simulations.
The thermal conductivity is defined in Eq. (23) Nnamchi et al. [44].

k=0.0121exp(0.0025T) 3 T(K)

The density, p(kg /m®) is expressed in Eq. (24) Nnamchi et al. [36,40] and Living et al. [45]

Par=2.1313 = 0.003Ty, 3 293.15 < Ty, (K) < 363.15,R? = 0.99998743

The specific heat capacity, cp(kJ /kgK) is stated in Eq. (24) Nnamchi et al. [36,40]

p=2.1313-0.003T 3 T(K)

The dynamic viscosity, u(kg /ms) is stated in Eq. (24) Nnamchi et al. [36,40]

u=103x10°+7x10°T-4x 10 ""T*> 3 T(K)
where T(K) is the average air temperature.

3.1.11. Error analysis and validation

Error analysis and validation of simulated and empirical, e solar power generation are presented in Eq. (27)

(P gen,sim P gen,e) 2

RMSE =
N

14

(23)

24

(25)

(26)

(27)
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Fig. 7. Empirical solar power generation at Busitema study area.

Whereas, the error analysis and validation of design capacity, dc and empirical solar power generation are given in Eq. (28)

RMSE =

N

(Pgen,dc - Pgen,e)2

(28)

where N is the number of observations (215), P is the solar power generated (gen) and subscript, e is the empirical power generation.
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3.2. Experimentation
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Fig. 8. Empirical solar power generation at Tororo study area.
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Fig. 9. Empirical solar power generation at Soroti study area.
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Fig. 10. Empirical solar power generation at Mayuge study area.

In the eastern part of Uganda, the experimental setup seen in Fig. 3 was installed next to four solar power facilities (Busitema,
Mayuge, Soroti and Tororo). The set-up consisted of two ADH solar PV modules (ASO 15W-18P, +0/6.49Wp), two digital solar power
meters (SM206, 0.1-1999.9 W/m?, +5 %), a digital multimeter (DT9205A C€, 1 % or less), two digital thermocouples (DM6802B K-
type, £2.2 °C or + 0.75 %) and a digital anemometer (UNI-T UT363S, 0.4-30 m/s, 10-50 °C). The following data were recorded:
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ambient temperature, cell temperature, wind speed, irradiance, PV output voltage and electric current. Readings were recorded every
15 min from 09:00 a.m. to 17:00 p.m. on a daily basis. The experiment was conducted for 215 days in each study area. The algorithm in
Fig. 4, explains the aforementioned methodology. The coefficients of temperature, wind speed and irradiance in Egs. (20)-(22) and
Table 2, were determined as ratios of relative voltage to temperature, relative power to wind speed and relative current to irradiance,
respectively. These coefficients were used to calculate empirical solar power generation.

3.3. Description of the algorithm

The algorithm used in this work is illustrated in Fig. 4. The input data of wind speed (U), irradiance (H), temperature (T), and power
(P) were acquired from (Nnamchi et al. [34,36]; UNMA [41]; UETCL [39]), respectively. Formulation of the first and second solar
power generation models followed; the coefficients in the formulation are either extraterrestrial or thermophysical. Differential models
of solar power generation were developed as a function of wind speed, temperature, and irradiance by coupling the aforementioned
coefficients to wind speed, ambient temperature and solar irradiance. Further, explicit discretization of the differential models was
carried out in order to obtain the numerical solutions of the first and second numerical models. Besides, empirical models were
developed based on the experimental data and modified with the velocity; further modification with both wind speed and solar
irradiance was considered. The solar power generation from simulated models was validated with empirical data. Similarly, the
empirical solar generation models were validated with the design capacity of the solar power plants. Ultimately, the scheme outputted
the essential results and stopped.

4. Results and discussion
4.1. Results

The results are made up of tables and figures substantiating the objectives of this study. Table 2 contains the empirical power
generation coefficients; Table 3 describes the coefficients of boundary conditions; and Table 4 gives the statistical description of the
experimental data. Table 5 presents the validation of simulated solar power with empirical solar power generation and Table 6
comprises the validation of solar power design capacity with empirical solar power generation.

The figures are as follows: Fig. 5 portrays the solar power generation based on the first order generation model; Fig. 6 proffers the
solar power generation based on the second order model, Fig. 7 holds the empirical solar power generation at the Busitema study area
and Fig. 8 depicts the empirical solar power generation at Tororo study area, Fig. 9 describes the empirical solar power generation at
Soroti study area, Fig. 10 gives the empirical solar power generation at Mayuge study area, Fig. 11 shows the empirical solar power
generation based on the first model for the Eastern region of Uganda; Fig. 12 illustrates the empirical solar power generation based on
the second model for the Eastern region of Uganda; Fig. 13 demonstrates the empirical solar power generation based on the third model
for the Eastern region of Uganda.

4.2. Discussion
This discussion is composed according to the objectives of the study and its applications.

4.2.1. Development differential models for solar power generation

Solar power generation models could be intrinsic or extrinsic models. The intrinsic model considers the generation, mobility
(diffusion) and recombination of charge carriers, thus neglecting the influence of external factors (cell/ambient temperatures, wind
speed and irradiance). Obviously, the impact of these factors cannot be undermined, so there is a silent need to develop a differential
model that develops solar power generation as a substantial derivative of the aforementioned factors. The results in Figs. 5 and 6
present the first and second-order differential models. Validation of these results in Table 5 shows that the second order differential
model validated experimental data better than the first order differential model as the RMSEs of the second order model for the study
areas (Busitema, Mayuge, Soroti and Tororo) are much lower than those of the first order model. The observation could be attributed to
the extended multiple spatial terms in both convective and diffusive components of the second differential model. The validation
results also portrays that the boundary conditions in Eq.s (18a, 18b, 18c, 18d, 18e) and the initial condition in Eq. (19b) are precise.
Consequently, the second order differential model is applicable to the global development and prediction of solar power generation in
space and time (Nnamchi et al. [38]).

4.2.2. Development of empirical models for solar power generation

Empirical models are vital for ascertaining the reason behind the wide discrepancies between the design and field (operational)
solar power plant capacities shown in Table 1 for the study area. The empirical model is categorized into two categories: implicit (Eq.
(20)) and explicit (Egs. 21 and 22) models. Implicit mode refers to a model with ambient/cell temperature as the only variable; hence,
wind speed and irradiance have an indirect impact on solar power generation, whereas the explicit model does not encapsulate wind
speed or solar irradiance, thus having a direct impact on solar power generation. Observing Figs. (7)-(10), the operational solar power
generated for the implicit empirical model is far from reaching the design capacity in Table 1, and the operational solar generation data
for the explicit (double), minimize the gap between the design and operational solar power capacities and operational solar power
generation data for explicit (triple) much closer the gap between the design and operational solar power plant capacities. The
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Fig. 11. Empirical solar power generation based on first model for Eastern region of Uganda.
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Fig. 13. Empirical solar power generation based on third model for Eastern region of Uganda.

phenomena observed in these Figs. (7)-(10), show that the implicit model is far insufficient for predicting the solar power generated as
it does not have a direct impact of both wind speed and solar irradiance in its formulation (Chung [1]; Sun [3]; Sarniak [4]; Al-Amri &
Abdelmagid [5]; Atia et al. [6]; El Hammoumi et al. [7]; Alhmoud [11]). Conversely, the explicit (double) in Eq. (21) has both cell
temperature and wind speed directly built into the formulation, thus, it has the ability to bridge the gap between the design and
operational capacities relative to the implicit model. Moreover, the explicit (triple) model in Eq. (22) is built on the three extrinsic
factors (ambient/cell temperature, wind speed and irradiance) to further bridge the gap or discrepancy between the design and
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operational capacities (Nguyen et al. [19]; Kichou et al. [33]; Scarabelot et al. [34]; Muneeshwaran et al. [28]; Dong et al. [35];
Al-Dahidi [36]; Ndegwa et al. [37]). However, explicit (triple) draws the operational to design capacity only when the combination of
the extrinsic factors is favorable and vice versa.

Observing Figs. (11)-(13), Mayuge recorded the highest solar power generation based on model 1, model 2 and model 3 compared
to other study areas. This result is supported by the RMSE analysis in Table 6, which recorded the lowest values compared to other
study areas. Besides, the impact of wind speed and solar irradiance is directly accounted for in the explicit (triple) model. Future solar
plants should be sited at Mayuge and Soroti as the leading sites.

4.2.3. Limitation of the models

The differential models (first and second-order) are void of truncation errors since regression analysis is not implemented in the
solution, whereas the explicit and implicit empirical models have truncation errors due to the regression of these models. However,
RMSEs indicate that the triple explicit empirical model showed strong agreement with the design capacity by virtue of the integrity
extrinsic factor. The assumption of a uniform distribution of wind speed could not mar the results, and the application of the Navier
Stokes model was suitable for modelling of solar power generation since the simulated and empirical results are in good agreement.

4.2.4. Applications of the developed models

An explicit (triple) model should be implemented in the design of solar power plants, as its sensitivity to solar power generation is
very high. Both empirical (explicit-triple) and second order differential models are useful for the effective operation of solar power
plants. The second differential model could compliment the empirical model in providing detailed and accurate design information in
space and time.

where MAD implies mean absolute deviation and SD designates standard deviation. The detailed experimental data is found in the
supplementary file.

5. Conclusions

This paper carried out modeling, simulation, and empirical studies of solar power generation with the aim of developing realistic
design and operational models that minimize the gap between their capacities. The modeling encompasses differential modeling and
empirical models. The differential model covers first- and second-order models for the simulation of solar power generation, whereas
the empirical model comprises explicit and implicit models. The explicit models could be double or triple depending on the number of
extrinsic factors. Based on the differential modeling, simulation, and validation, the second-order differential model yielded 7.1484
MW, which is in good agreement with experimental (7.8014 MW) results relative to the first-order differential model (5.6075 MW) due
to the extended space terms in its formulation.

Explicit models minimized the gap between the design and operational solar power generation capacities. However, the explicit
triple model performed better than the explicit double model due to more extrinsic factors directly impacting solar power generation. It
was observed that both the implicit (7.801 MW) and explicit (8.419 — 9.028 MW) models worked well for Mayuge and Soroti when
compared to other study areas (Busitema and Tororo). This result signifies that solar power generation in Mayuge and Soroti is favored
by extrinsic factors (ambient temperature, wind speed and solar irradiance). If the extrinsic factors are not favorable, the discrepancy
between the design and operational solar power generation remains imminent.

Therefore, this work recommends the use of a second-order differential model and an explicit triple model for universal prediction
of solar power generation. Also, the models could be implemented in the design of solar power plants with high performance since both
extrinsic and intrinsic factors are integrated into the models. Furthermore, the combined impacts of extrinsic factors on solar power
generation models should be considered for improving operational and design models.
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