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Terrestrial and extraterrestrial factors hinder the exploitation of solar power using a ground platform.
This paper is concerned with the generation of solar power above ground level. This paper employs
modeling and simulations coupled with experimentation to establish a functional relationship between
the percentage of solar power gain, tropospheric height, and wind speed. The finite difference method
based on the Cranks-Nicolson scheme was used to realize the model solution. The wind flow equation
established a linear relationship between tropospheric height and wind speed, between tropospheric
height and the percentage of solar power gain. It is evident that an infinitesimal percentage of solar
power gain (*2.5%) corresponded to 1000 m above ground level; the tropospheric height of 8100 m
recorded 23% of solar power gain. Furthermore, wind speeds of 0 to 33 ms~!/distance (1000 m)
correspond to ground level and tropospheric height of about 8100 m respectively. However, there
is a prospect of achieving more percentage of solar power gain by applying high-altitude platforms.
The results obtained apply to other study areas having elevations close to 1100 m, it serves as a guide
in the estimation of the percentage of solar power gain by the virtue of tropospheric height and wind

speed.

© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The socio-economic development of regions and sub-regions
depends on the ability of the regions and sub-regions to have self-
sustained clean energy generation. Nowadays, it is imperative to
explore and exploit clean energy resources of regions and sub-
regions in order to have sustainable socio-economic growth in
the regions (Tucho and Kumsa, 2020; Rublev et al., 2021; Bishoge
et al,, 2018). Pertinently, Owusu and Asumadu-Sarkodie (2016)
assert the need for energy and its related services to satisfy
social and economic development, welfare and health in different
regions of the world is perpetually on the increase. Among the
renewable energy resources available for satisfying the global
energy demand, solar-photovoltaic energy resources and technol-
ogy remain the most accessible, affordable and sustainable clean
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energy sources (Maka and Alabid, 2022; Thadani and Go, 2021;
Majid, 2020; Bogdanov et al., 2021).

Hence, solar panels are more likely to be efficient at high
altitudes because solar radiation increases with altitude in the at-
mosphere (about 8 - 12%/304.8 m) and atmospheric temperature
is low with increasing wind speed to induce fast cooling of the
solar panels due to decrease in air molecules, emissions and air
temperature. Maximizing radiation and minimizing temperature
leads to optimum power generation in solar panels (Chandra
et al., 2018), these conditions are favored by high altitudes (Eyring
and Kittner, 2022; Baldock and Mokhtarzadeh-Dehghan, 2006;
Bhattacharya et al., 2014).

Moreover, the intensity of solar irradiance on a solar panel
hinges on the zenith angle and the relative distance of the sun to
the earth (Zhang et al., 2021). Blumthaler et al. (1997) observed
the magnitude of increase in irradiance with altitude; the daily
total of global irradiance ranged between 8%+2% per 1000 m
(total irradiance), whereas ultraviolet irradiance ranged between
9%+2% per 1000 m in a clear sky condition. Furthermore, an
increase or decrease in the distance between the sun and earth
relative to the mean distance between the sun and earth induces

2352-4847/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://doi.org/10.1016/j.egyr.2023.04.269
https://www.elsevier.com/locate/egyr
http://www.elsevier.com/locate/egyr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.egyr.2023.04.269&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:stephen.nnamchi@kiu.ac.ug
mailto:fnatukunda@must.ac.ug
mailto:swanambwa@must.ac.ug
mailto:enos.musiime@kiu.ac.ug
mailto:tukamuhebwa@kiu.ac.ug
mailto:titus.wanazusi@kiu.ac.ug
mailto:emmanuel.ogwal@kiu.ac.ug
https://doi.org/10.1016/j.egyr.2023.04.269
http://creativecommons.org/licenses/by/4.0/

S.N. Nnamchi, F. Natukunda, S. Wanambwa et al.

high or low solar radiation on a horizontal surface, respectively
(Pielke Sr, 2013). In addition, it is phenomenal that whenever the
sun is overhead, the earth experiences the maximum intensity of
solar radiation, thus, the solar panel outputs peak power (Zaksek
et al,, 2005; Amaya, 2019).

Uncertainly, Amusan and Igbudu (2014) assert that height has
no significant impact on the PV power output. The methodology
for investigating the impact of height was deficient in the control
experiment, there was no second panel placed on the ground
level to simultaneously record power at the ground level. They
varied the height of PV from 0 to 4.68 m and recorded ideal power
every 15 min, not considering that insolation is not constant.
Thus, there should have been an unshaded control panel placed
on the ground to simultaneously record the ideal power at zero
level and the second panel to track ideal power at any given
height, this technique would have demystified or debunked their
assertion.

Contrarily, in characterizing the influence of installation height
and a green roof on PV performance of ground platforms, Osma
et al. (2016) emphasize that a lower height (about 0.5 m above a
roof) increases PV performance by 1%, and 2% by a green roof,
whereas both increases the PV performance by 2.8%. This is a
micro power gain compared to macro power gain in the high
altitudes (above the troposphere), however, the height of the
green roof is uncertain, thus, neglecting the impact of height on
the power gain. Panjwani and Narejo (2014) observed that by
placing a panel at an altitude/height of 90 ft/27.432 m power
accession of 7%-12% was gained. This result is authenticated by
a ground control experiment running simultaneously with an
elevated experiment. At higher altitudes, we get more direct ir-
radiation and little diffused radiation, which increases the output
power because the inhibiting factors are minimal, however, the
lifespan of the photovoltaic panel is reduced and the cost of
installation is high (Sodhi et al.,, 2022). Asgharzadeh et al. (2018)
showed that there is a corresponding gain in PV output power
below the unspecified saturation height, subsequently, height
does not impact the PV output power. However, this conclusion
is not supporting the development of high-altitude platforms,
HAP, which explore energy beyond the tropospheric or saturation
height. Few works support that high altitude engenders more
photovoltaic output power (Aglietti et al., 2008; Panjwani and
Narejo, 2014). Alrwashdeh (2018) affirms that optimizing the
height of the tower supporting a solar panel facilitates greater
power production. Chitturi et al. (2018) showed that at a height
of 1764 m that the efficiency of solar panels increases by 42%
compared to the ones placed at a height of 612 m above sea
level. Besides the impact of height, a previous study (Shastry and
Arunachala, 2020) supports that cooling of photovoltaic panels
enhances their output power. According to Sharaf et al. (2022)
cooling could be active (Hassan et al., 2021; Deokar et al., 2021;
Dwivedi et al., 2020), passive (Ramkiran et al., 2021; Rakino et al.,
2019; Wu and Xiong, 2014), phase change material, PCM (Sahu
et al, 2021; Hasan et al., 2017; Seto et al.,, 2021) and additive
PCM (Mahdi et al., 2021; Luo et al., 2017; Atkin and Farid, 2015)
aimed at increasing photovoltaic output power. Significantly, cold
air is found in the higher atmosphere boosting the performance of
HAP. Due to the abundance of air within and beyond tropospheric
Height, the present study will be limited to the passive cooling of
photovoltaic panels using natural air.

In order to utilize the solar energy available in the high at-
mosphere, it is necessary to have a high-altitude platform (HAP)
or high-altitude aerostatic platform to support appropriate pho-
tovoltaic panels (Chitturi et al., 2018; Aglietti et al., 2008; Gupta
et al,, 2019) could be heavier-than-air (fixed wing airplane) or
lighter-than-air (Balloons, Airships, and Propulsion Assisted High-
Altitude Platform — PAHAP). Pertinently, this HAP could access
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solar power to the tune of 25 km, which is above the tropospheric
height the present work is studying. Based on the literature
considered, there is hardly any that has shown progressive power
gain as the altitude increases. With the exception of Panjwani and
Narejo (2014) most works in literature, employed uncontrolled
experiments to measure only near-ground parameters (power
and power gain), whereas some used HAP to measure power in
the troposphere and beyond. However, the present work employs
modeling and simulation of airflow and practical measurement
of ideal power to establish the progressive solar power gain up
to an altitude of 9200 m and air speed of 42 m/s according to
radiosonde data (Krduchi and Philipona, 2016) in Fig. 1.

The Navier Strokes equation applies to three-dimensional
(3-D) modeling and simulation of fluid potential in a flowing
system (Burmasheva and Prosviryakov, 2022; Loria, 2020; Aham-
mad et al,, 2019; Oko and Nnamchi, 2013). Inclusively, Nnam-
chi et al. (2021) demonstrated the practical application of the
Navier Strokes equation in solar-biomass drying. Phenomenally,
the present work extends the application of the Navier-Stokes
equation to the modeling and simulation of tropospheric wind
speeds and tropospheric solar power gain in photovoltaic pan-
els. The Navier Stokes equation for fluid flow applies to solar
power gain as this potential replaces vertical wind speed in
a boundary value problem emanating from the Navier Stokes
equation. The contour analysis of the percentage of solar power
gain demonstrates the impact of tropospheric height and wind
speed on the percentage of solar power gain. The application of
validated model results becomes inevitable and veritable when
the measurement is difficult in a remote atmosphere close to the
sun.

Therefore, the present work via controlled experiments, mod-
eling, and simulations establishes a practical relationship; be-
tween the tropospheric height and wind speed, between the tro-
pospheric height and percentage of solar power gain, and further
presents effective solar power gain as a function of tropospheric
height and wind speed from the ground level to prospective
altitude, which supports progressive solar energy exploitation
above the ground level.

2. Materials and method

This paper uses both analysis and experimentation to accom-
plish the objectives of this work outlined in Section 1. Model
formulation and simulations portray the analysis of wind flow
and the percentage of solar power gain in the study areas.

2.1. Map of the study area

The study (practical measurement) was carried out at the
Western Campus of Kampala International University, Uganda.
Fig. 2 shows the map of the study areas. However, the analysis
covered the four regions of Uganda; the Northern region (NR),
the Eastern Region (ER), the Central Region (CR), and the Western
Region (WR) at elevations of 1073, 1143, 1200, and 1473 m,
respectively. Uganda is a Sub-Sahara country situated in East
Africa, landlocked by South Sudan in the north, Kenya in the
east, the Democratic Republic of the Congo in the west, and
Tanzania/Rwanda in the south. Uganda occupies a total land mass
of 241559 (sq.km); the NR, ER, CR, and WR cover 82099, 39479,
61403, and 55277 (sq.km), respectively. The major power supply
to the national grid is via hydropower generation, 743 MW,
which is complemented by ground-level solar power generation
in NR (none), ER (Tororo plant; 32000 panels with a generation
capacity of 10 MW, Busitema plant with a generation capacity of
4 MW; Mayuge plant 30600 panels with a generation capacity
of and Soroti plant; 32680 panels with a generation capacity of
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Fig. 1. Altitude versus wind speed based on radiosonde (Krduchi and Philipona, 2016) https://creativecommons.org/licenses/by/4.0/.

10MW), CR (Kabulasoke plant; 68000 solar panels with a gener-
ation capacity of 20 MW) Nnamchi et al. (2022) and WR (none).
Thus, solar power generated from the two regions (ER and CR) is
approximately 50 MW. Western Region has no ground platform
partly due to the sloping nature of the region, low average wind
speed (5.8 km/h), and least irradiance according to Mundu et al.
(2022). Despite these disadvantageous factors, the present work
looks into the prospect of exploring solar power above ground
level, in this region and other regions, and the introduction of
high-altitude platforms in Uganda.

2.2. Experiments

Three elevated stations within the Western Campus of Kam-
pala International University were chosen; the Engineering Com-
plex (station 1), the Hostel Complex (station 2), and the Library
complex (station 3). The depressed or reference station is the
Convocation ground under construction. Two photovoltaic panels
(Mira Cozy PV modules; MCO10W-18P) were used to measure
ideal electric power; the short circuit current (SC) and open
circuit voltage (OC) with the aid of Pocket Digital Multi-Meters
(MASTECH M830BZ, IEC 61010-1, +1.2%). By connecting the ter-
minals of the solar panel and the multi-meter, a consecutive
measurement of direct current (DC, SC) and direct voltage (DV,
0C) was feasible. For the purposes of tracking the percentage of
solar power gain, a solar panel was kept at an elevated height,
whereas the second solar panel was placed in an unshaded and
depressed position. Readings were simultaneously taken at an
interval of 15 min when the sun is on noonday (between 1:00

5168

to 2:00 PM). A Surveying Steel tape (BESTIR 01702, 50 m, £0.03
inch) was used to measure the height of the elevated position
from the unshaded and depressed position. The vertical height
was measured directly, the sloped height was determined by
measuring the slope length, a protractor (Helix HO1, 40.25°)
was used to determine the slope angle and right-angle geometry
was used to calculate the corresponding sloping height. Thus, the
true vertical height is the summation of the sloping height and
the vertical height of the structures used to place the elevated
solar panel. The experiment was observed for six months only
on noonday for the purpose of having appreciable and regular
readings. The experiment was observed every 15-min interval,
the DC current and voltage were measured and the average values
were taken. The percentage of power gain was determined by
computing the difference between elevated and depressed solar
panel electric powers. A simple multiple linear regression model
percentage of power gain against tropospheric height and wind
velocity was developed. The measured percentage of power gain
validates the simulated one. The pictures of the experimental
setup are shown in Fig. 1. The practical wind speed was gotten
from radiosonde data after subtracting the elevation of the study
areas from the altitude corresponding to the first peak height of
the wind speed of about 9200 m (= 42 m s~ !/distance 1000 m)
in Figs. 3(a,b,c). The near-ground measured average wind speed
data obtained from radiosonde (Krduchi and Philipona, 2016) was
compared with meteorological data (AccuWeather.com, 2022)
ranging from 2.22-3.61 m/s. The contours of the percentage solar
power gain as a function of tropospheric height and wind speed
were developed by plotting the three variables in OriginPro Lab.
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Fig. 2. Map of the study areas.

2.3. Model and numerical formulation of wind flow

Wind flows are formulated in three dimensions (x,y,z) like any
other fluids. Navier Stokes model describes a fluid flow in three
dimensions, 3-D (Radwan et al., 2021). Including physical forces;
gravity force, GF (Rapp, 2016), pressure gradient force, PGF (Taha
and Gonzalez, 2022) and excluding Coriolis force, CF (Lee et al,,
2017), the flow describes the wind flow (WF), Wind flow equation
(WFE) comprises a local acceleration of the fluid, convective fluid
flow diffusive and external force terms in Eq. (1a)

Iy uaux+u aux+u aux_ 10P
o T ox TWoy TR TET Uk
%u,  0%u,  d%uy n

3 = — 1a

+U<8x2+8y2+822> v=" (1a)

where u, (m/s) is the component wind velocity in the x-direction,
u, (m/s) is the component wind velocity in the y-direction, u,
(m/s) is the component wind velocity in the z-direction, t (s)
is the time, u (kg/ms) is the dynamic viscosity of the wind,
p (kg/m?) is the density of the wind, v (m?/s) is the kinematic
viscosity of the wind, g (m/sz) is the acceleration due to gravity
and P (kPa) is the fluid pressure.
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Similarly, WFE in the y-direction is presented in Eq. (2a) as

ou au ou au 10P
T I TR mial- St
y z p 3y
w (9%,  0%u,  0%u, I

= . =t 3 == (2a)
P\ 0x ay’ 0z )

where u,, (m/s) is the component wind velocity in the y-direction.
WEE in the z-direction is presented in Eq. (3a) as

8uz+u8uz+u 8u2+u auz_ 10P
ot Mox Wy T TET LY,
%u, 9%*u, d%u
T 2Z 2Z + 2Z 3 v="2 (3a)
P\ Ox ay 0z P

where u, (m/s) is the component wind velocity in the z-direction.

Imposing steady state condition on Eqgs. (1a)-(3a), Eigenvector
models are developed in Egs. (1b)-(3b), then, the steady-state of
Eq. (1a) is given in Eq. (1b) as

duy Jduy Juy 10P
Uy— FUy— FU—— =g — ——
0x ay 0z p 0x (1b)
N 3%u, N 3%u, N 9%u, .
v v=—
0x2 0y? 0722



S.N. Nnamchi, F. Natukunda, S. Wanambwa et al. Energy Reports 9 (2023) 5166-5182

Top view of Engineering Complex

b e e

a. Engineering Complex

Top view Hostel Complex

[
i
: =

sty

b. Hostel Complex
Ground level (Datum)

Ground level (Datum)

c. Library oplx

Fig. 3. (a)-(c) Measurement sites.

Similarly, the steady-state of Eq. (2a) is expressed in Eq. (2b) as In the same vein, the steady-state of Eq. (3a) is written in Eq. (3b)

as
au au au 10P
ux_y+u_y_y+u2_y:gy___ u%_{_u %_'_u%:g_la_lj
ox dy 9z p 0y 2p) ox  Tay oz T poz
2 2 2 3b
+ﬁ(8_l;y+3_uzy+a_l;y> E| Uzﬁ +E u,  0%u, 9%, 3 _ M (3b)
p \ dx ay 0z P o \ ax2 3y2 922 -
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The principle of conservation of fluid mass (the continuity equa-
tion) in Eq. (4) supports the validity of the flow equation, Egs.

(1a), (2a), (1b), (2b),
% - (4)
X ay 0z

The pressure gradients in Eqs. (1b), (2b), (3b) are approximated
as a product of fluid density and square of its velocity in Eq. (5)
2

10P u? 19P u§ 19P
77Q;077
p 0X

2

05
z

~ 05— — (5)
X pdy y p 0z
The linear relationship between the component wind velocities

and step changes is approximated in Eq. (6)

Uy AX Uy AX=>u Axu
uy Ay’ u, Az Ay
AX duy  duy ouy  ou,
Uy = —— —+ —=0 d —+—=0
* Az ° X + ay ax + 0z
W Ayw Ay Ay
s ~ = y — X )
Uy AX U, Az AX (6)
Ay duy  duy duy, ~ du,
Uy = ——1U, —+—=0and —+ — =
Az ax ay a 0z
u, Az U, Az Az
— N, = R —— U, = ——— Uy,
Uy Ax uy Ay Ax
Az au ou au au
, = ——1y — 4+ 2=0and —2+-2
Ay dax 0z ay 0z

Substituting Egs. (5) and (6) into Eqgs. (1b)-(3b) yields the modi-
fied WFE in Eqs. (7)-(9) respectively with one dependent variable.

2

u %_ ﬂ 3”"_ ﬂ dux __05u7><
*\ ox AX ay Ax) 9z )T T «x o
ux 3%u, 82ux _o uo M
5 o §=0 v="
Buy % _ duy _ —O.SHj
8y Ay 90z y (8)
w 82uy 82uy 02u, w
Ll i) 7 3 =0,v="2
+ 0 <8x2 ay>? 0z2 & v 0
and
O A Ny e A U
‘ Az ) ax Az ) dy 0z LT g )
N © u, d*u, 0%y, N
p \ax2 | 3y:  9z2 T

Considering vertical wind flow; Egs. (7) and (8) vanish as u, and
u, become zero. Also, wind flow gradient in z-direction becomes
zero (9] 9z # 0), thus, Eq. (9)) reduces to Eq. (10a)

Ax\ du, Ay\ du, u?
(-2 )2 (2 )2 ) =g -052
Az ) 0x Az ) dy z (10a)
u,  9%u, I
-|- - i v=—
0x? 0y?2 0

The wind speed potential u, in Eq. (10a) is substituted with
percentage power gain, p, (%) in Eq. (10b)

Ax\ 3p, Ay\ 3p, u?
u |-\ — e res =g —05=
Az ) Ox Az ) dy z (10b)
23 82pz 32pz 100 (pz.top - pz,base) o
— 5 3 Pz = (%)
P ox ay Dz,base
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where p; 1, (W) is the power above the ground level and p; pqse
(W) is the power at the ground level.

2.3.1. Numerical solutions of the WFE model based on finite differ-
ence method

The numerical solution (finite difference method) is preferred
for the ease of realizing the approximate solution of the linear
wind flow models in Eq. (10a) and percentage solar power gain
in Eq. (10b). The linear equations are composed of differential
and nondifferential linear terms. The solution is achieved by
discretizing the differential and nondifferential linear terms.

2.3.2. Space discretization of nondifferential linear terms
The discretization of the nondifferential linear terms is shown
in Eq. (11)

n
z,i

U, =1u (11)
2.3.3. Space discretization of differential linear terms

The implicit and explicit discretization of the differential lin-
ear terms are based on their order (first and second) shown in
Eqs. (12) and (13) respectively. Center discretization applies at
the interior nodes, whereas forward discretization applies at the

boundary nodes

au un-.o—l _ un-‘l—l n‘ _ n.
872 — 9 z,1+12A z,i—1 + (1 _ 9) z,1+12A z,i—1 :

X X X
au n+1 _ ,n+1 n __qn

74 z,i+1 z,i—1 z,i+1 z,i—1
— =0-= +(1-6 . 12
ay 2Ay ( ) 2Ay (12)
and
9%u, _ u;—iﬂ B zun,Tl ?:11 ;',i+1 Zu +uz1 1,
= ; +(1-0)
ax (Ax) (AX)

+1 +1 +1
0%u, _ u?,iﬂ B zu?.i Z.i—l +(1-0) ;].i+1 u it uzx 1
dy? (4y)® (Ay)
(13)

where 6 is the degree of implicitness, the superscript, n de-
notes future time, whereas the subscript i denotes the discretized
nodes.

Substituting Egs. (11), (12), (13) into Eq. (9) gives the dis-
cretized form of the WFE (GF # 0, PGF # 0) in the z-direction
in Eq. (14)

— (0 (il — “2?11) +(1=0) (g — 1))
- (9 (U?Tll 2T11) +0-0)(u ( 2,i+1 u;,ifl))
S Azg; Azu} i
TS g
ziy Az !
o (A (6 (i, — 20 +upily)
(]_0)(21+1 2“ +u211)) "
+2 VAZ J v=—
o ay? (O (urrly =20 + i) P
+(1—0) (u) g —2ul;+ul )
(14)

2.3.4. Simplification of numerical solution of the WFE
The WEFE, Eq. (14) is rearranged according to its implicit and
explicit terms in Eq. (15)

0 (1 B E;I‘z’i B E;Z') ugj‘—ll + 40 (‘i:xZI + Syz '%An-;l
(Az) g;.i z)ul;
=20 (14 £0, 4 ), ) il = 2725 -

z,i 1
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5 £, (1 =0) (u 1y —2u)  +uj; )
+E;,z.i (1-9) (ug,i+1 2u + uz i— 1)

(15)

% vAz
200 (i ~tfi) 3 v=T Ha= s
n vAz
i = ur (Ay)?
if (Ax> 4y, &,; <&, if (Ax=A4y),
)?,z,i = ;/1,2,1‘ 5 lf (AX < Ay) ’ sxzt > anI; RHSln Efzn,
where 5" . is the stability criterion in the (x-z)-direction and S”

is the stablhty criterion in the (y-z)-direction, RHS de51gnates

right hand side of the Eq. (15).

Considering n = 0,1 <i < N — 1 leads to a diagonal matrix

in Eq. (16a)-(16g)
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(16b)

(16¢)

(16d)
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where N is the mesh size (N = 111 is used in the numerical
computation).

The tridiagonal matrix notation of Eqgs. (16a)-(16g), WEFE in
z-direction is given in Eq. (17a), that is given in Box .
Similarly, the tridiagonal matrix of the percentage power gain,

p; (%) is given in Eq. (17Db), that is given in Box II.

0

where g°; = fP..
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Box II.

The kinematic viscosity, v(m?/s) is defined by Nnamchi et al.
(2019) in Eq. (18) as

1.03 x 107%° +7.0 x 107%T, — 4 x 10~ "'T?
v =
2.1313 — 0.003T,

3 TK)
(18)

Temperature variation from the surface to the top of the
troposphere, T, (K) is defined in Eq. (19) according to https://
www.weather.gov/jetstream/laye data

(Tmp - Surfﬂfe) (hz - hsurface)
(htop - hsurface)
Tmp =222.15 K, Tsurface =290.15 K,

T, = Tsurface + 3T (K) s h (m)7

htop = 18000 m, hsurface =0.0m, h; = hairude — NEtevation
(19)

where T (K) is the temperature, h (m) is the height above ground
level.
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Validation of tropospheric wind speed (u,) is based on statis-
tical tool, root mean square error, RMSE in Eq. (20)
_ 2
- uz,radiosonde)

RMSE,,, = \/ 2. (i N

Validation of near surface percentage solar power gain (p) is
based on statistical tool, root mean square error, RMSE in Eq. (21)

(20)

2
_ Z (pz,simul - pz,measured)
B N

where N is the number of data observed.

RMSEp,

(21)

2.3.5. Solution techniques, simulation procedure and the conver-
gence criterion

Numerical solutions of the differential models in Eqgs. (1a),
(1b), (1a), (2b), (4) are sort by finite difference scheme using
Crank Nicolson technique (with degree of implicitness, ¥ = 0.5)
with mesh size of 111. The boundary and center nodes were
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Fig. 4. Flowchart for determining percentage of solar power gain.

discretized with forward and center discretization, respectively.
Eqs. (7), (8), (9) are steady flow equations, thus, First-kind or
Dirichlet boundary conditions apply in the development of wind
speed flow field and percentage power gain distribution (the
boundary conditions are potentials). At tropospheric height of
zero (ground surface), the wind speed and percentage power gain
were considered to be zero.

Vitally, the pressure term in Eqs. (1a), (1b), (1c), (1a), (2b),
(3c) was approximated as a product of air density and square
of the wind velocity (P &~ 0.5pu?) to maintain wind speed as
a lone dependent variable and for the ease of the solution. In
addition, the continuity equation was useful in developing an
approximate relation among the component wind velocities with
respect to their step change. This further simplified the model and
made it amenable to solution as only one potential is left in the
component wind velocity models in Egs. (7), (8), (9). The input
data for the simulation are basically, the boundary potentials
and constants found in the numerical equations (Eq. (15)). The
tridiagonal matrices in Egs. (17a) and (17b) were used to calculate
the future potential. The simulation was terminated as tropo-
spheric height equalizes with the first circling tropospheric height
(h, = 9200 m). The flow chart illustrating the model solution and
simulation procedure is presented in Fig. 4. The algorithm is made
of input data to the tridiagonal matrix, computes the new set of
model potentials, and outputs future model potentials with the
corresponding tropospheric heights and wind speed.
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3. Results and discussion
3.1. Results

The results are presented in both tables and figures. Table 1
shows wind speed boundary conditions at ground level for Eq.
(17a) and Eq. (17b), defining the wind speed and percentage of
solar power gain at ground level (depressed station, tropospheric
height is zero). Tables 2-4 present the solar power measured
results for the elevated (above ground level) station 1 (Engineer-
ing Complex), station 2 (Hostel Complex) and station 3 (Library
Complex), respectively. In addition, Tables 2-4 present the solar
power measured results for the depressed (ground level) station
1 (Engineering Complex), station 2 (Hostel Complex) and station
3 (Library Complex), respectively. Table 5 portrays statistical val-
idation of tropospheric wind speed and percentage solar power
gain based on root mean square error, RMSE in Eqgs. (20) and
(21). The simulation of the percentage of solar power gain was
limited to an altitude of 9200 m with a corresponding wind speed
of 42 m/s. The tropospheric height is the difference between the
altitude and the elevation of the study areas. Toward the second
circling in the radiosonde (Fig. 1), the wind speed decreased
drastically to zero before rising again. Thus, the altitudes with
decreasing to zero wind speed were neglected in this analysis as
the effect of wind speed diminished and later vanished.
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Surface wind flow and percentage power gain boundary conditions for the study areas.

Study area Dimension (km) Wind speed boundary Percentage power gain
condition (m/s) boundary condition (-)

NR (x#0,y#0,z=0) Uy=1Uy=u,=0 p:=0

ER (x#£0,y#0,z=0) Uy=1uy=u, =0 p:=0

CR (x#0,y#0,z=0) Uy =u,=u=0 p.=0

WR (x#0,y#0,z=0) Uy=1Uy=1u, =0 p:=0

Table 2

Measured average data at station 1 (Engineering Complex at Kampala International University, WC).

Parameter

Local time (pm)

Elevated station

Depressed or ground station

1:00 1:15 1:30 1:45 2:00 1:00 1:15 1:30 1:45 2:00
Tropospheric height, h, (m) 19.26 19.26 19.26 19.26 19.26 0 0 0 0 0
Wind speed, u, (m/s) 2.50 2.64 2.68 2.54 2.66 0 0 0 0 0
Short circuit current, I (A) 0.24 0.53 0.56 0.58 0.58 0.23 051 0.54 0.56 0.56
Open circuit voltage, V (V) 21 21 21 21 21 21 21 21 21 21
Measured power, P, (W) 494 11.13 11.76 12.18 12.18 475 10.72 11.32 11.74 11.73
Measured percentage power gain, Pmegsured (%) 0.038 0.038 0.039 0.038 0.038 0 0 0 0 0
Simulated percentage power gain, Psimuiated (% 0.043 0.045 0.046 0.044 0.046 0 0 0 0 0
Table 3
Measured average data at station 2 (Hostel Complex of Kampala International University, WC).
Parameter Local time (pm)
Elevated station Depressed or ground station
1:00 1:15 1:30 1:45 2:00 1:00 1:15 1:30 1:45 2:00
Tropospheric height, h, (m) 37.65 37.65 37.65 37.65 37.65 0 0 0 0 0
Wind speed, u, (m/s) 2.66 2.64 2.79 2.63 2.60 0 0 0 0 0
Short circuit current, I (A) 0.34 0.37 0.44 0.50 0.53 0.32 0.35 0.38 0.48 0.49
Open circuit voltage, V (V) 20.27 21.80 20.00 20.72 20.05 20.11 21.69 21.51 20.61 20.18
Measured power, P, (W) 6.95 8.10 8.70 10.45 10.65 6.48 7.59 8.17 9.89 9.89
Measured percentage power gain, Pmeasured (%) 0.074 0.07 0.07 0.06 0.08 0 0 0 0 0
Simulated percentage power gain, pPsimuiated (%) 0.086 0.077 0.110 0.066 0.100 0 0 0 0 0
Table 4
Measured average data at station 3 (Library Complex of Kampala International University, WC).
Parameter Local time (pm)
Elevated station Depressed or ground station
1:00 1:15 1:30 1:45 2:00 1:00 1:15 1:30 1:45 2:00
Tropospheric height, h, (m) 77.7 777 777 77.7 777 0 0 0 0 0
Wind speed, u, (m/s) 2.69 2.75 2.67 275 274 0 0 0 0 0
Short circuit current, I (A) 0.53 0.57 0.57 0.53 0.49 0.25 0.24 0.24 0.23 0.23
Open circuit voltage, V (V) 22 21 20 21 22 21 21 21 21 21
Measured power P, (-) 11.56 11.78 11.48 11.22 10.75 10.08 10.33 9.98 9.84 9.42
Measured percentage power gain Psimuiated (%) 0.15 0.14 0.15 0.14 0.14 0 0 0 0 0
Simulated percentage power gain Psimuiated (%) 0.17 0.16 0.17 0.16 0.16 0 0 0 0 0

Table 5

Statistical validation of simulated results.

Study area Root mean square error, RMSE
Tropospheric wind speed, RMSE,, Measurement location Near surface percentage power gain, RMSE,
Northern Region, NR 8.792 Engineering complex 0.010
Eastern Region, ER 8.789 Hostel complex 0.021
Central Region, CR 9.879 Library complex 0.020
Western Region, WR 9.447

Figs. 5-8 portray fitted line graph of troposphere Height against ~ 3.2. Discussion
the wind speed for NR, ER, CR and WR, respectively. Similarly,
Figs. 9-12 portray simple line graph of wind speed against the
percentage of solar power gain for NR, ER, CR and WR, respec-
tively. Whereas Figs. 13-16 give the composite or contour plot of
the percentage of solar power gain against tropospheric Height
and the wind speed. These results are germane for discussion and

drawing apt conclusions

The results are discussed according to the three cardinal ob-
jectives of the study; establishment of the functional relationship
between the tropospheric height and the wind speed, formulation
of the functional relationship between the tropospheric height
and percentage of power gain, and lastly unification of the three
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Fig. 6. Reliance of tropospheric height on the wind speed for the Eastern Region.

parameters (percentage of solar power gain, tropospheric Height
and wind speed) in contour for the study areas.

3.2.1. Functional relationship between tropospheric height and the
wind speed

Figs. 5, 6, 7, 8 demonstrate the linear behavior between the
tropospheric height and the wind speed for the study area (Fig. 2).
This result supports that Eq. (3a) is a linear partial derivative
model of WFE because the body or external forces were not con-
sidered in their formulations, however, it describes the smooth
linear relation between wind speed and tropospheric height. De-
spite the radiosonde data in Fig. 1 showed a wavy curve between
the altitude and the wind speed. The tropospheric height is de-
rived from the radiosonde by subtracting the elevation of the
study areas from the altitude. The radiosonde measured data
fairly fitted well with the simulated results in Figs. 5-8, the agree-
ment supports the implementation of simulated results in this
work with the aid of RMSE. The validity of simulated tropospheric
wind velocity with the radiosonde results is supported by the
moderate values of the RMSE for the regional study areas in
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Table 5 (NR, ER, CR. WR with corresponding RMSE of 7.792, 8.789,
9.879, 9.447, respectively). The root mean square error results
for the Central, and Eastern Regions are higher than those of
the Northern and Western Regions, showing that the dispersion
between the simulated, and radiosonde data is pronounced in the
Central and Eastern Regions relative to the Northern and Western
Regions due variation in the topography. In addition, above the
ground level, the influence of topography becomes insignificant,
thus, the wind speed data in both north-south and east-west
directions cluster as shown in Figs. 5-8. Significant wind speeds
of approximately 33 and 42 ms~!/distance 1000 m correspond
to tropospheric heights of 8100 and 9200 m, respectively, these
wind speeds are very good for wind farm operations provided a
stack of these heights is available in the regions.

3.2.2. Functional relationship between tropospheric height and per-
centage power gain

Figs. 9-12 display the linear behavior between the percentage
of solar power gain and the tropospheric height for the study
areas in Fig. 2. Similarly, these results support that Eq. (10b)
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Fig. 8. Variation of tropospheric height with the wind speed for the Western Region.

is a linear partial derivative model of WFE because the body
or external forces as earlier mentioned were not considered in
their formulations, nevertheless, it defines the linear relationship
between the percentage of solar power gain and tropospheric
height. In addition, above the ground level, the influence of to-
pography becomes unimportant, as the percentage of solar power
gain in both north south and east west directions cluster as
shown in Figs. 9-12. Figs. 9-12 could not be fitted because mea-
surements could not be carried in the high tropospheric height.
However, Tables 2-4 shows practical measurement of the per-
centage of solar power gain, the measurements are conducted
close to ground level in three elevated stations in Figs. 3a, 3b,
3c. The root mean square error (RMSE) analysis of simulated
and measured solar power results gave 0.010, 0.021, 0.020 in
Table 5, respectively, thus, the low value of RMSE implies strong
agreement between simulated and measured percentage solar
power gain. The practical measurement supports that the higher
the near ground height, the higher solar power is generated, thus,
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RMSE at the Engineering is less than the RMSE at Hostel, and
Library complexes. The variation in RMSE could be attributed to
changes in experimental conditions as the measurement were
carried out on different days in different stations. Above the
tropospheric height, of 9200 m, the wind speed diminished to
zero, thus, a maximum tropospheric of 9200 m was considered
in this work since wind speed is defined from ground level to
this height (9200 m).

3.2.3. Composite behavior of percentage of solar power gain with
tropospheric height and wind speed

The percentage of solar power gain was simulated in space
where both the tropospheric height and the wind speed are
defined. The composite behavior of percentage of solar power
gain yielded the contour plots in Figs. 13-16 for NR, ER, CR
and WR, respectively. Remarkable the percentage of solar power
gain isolines shows the range of tropospheric heights and wind
velocity that support such percentage solar power gain. It obvi-
ous that from ground level to approximately 1000 m that small
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percentage of solar power gain of 2.5% is possible to attain. This
micro percentage of solar power gain of 0.038, 0.071 and 0.144%
were measured and computed at stations; 1, 2 and 3 respectively.
The corresponding RMSE (0.010, 0.021, 0.020) obtained in Table 5
is quite low. Low percentage of solar power gain results are
supported by Amusan and Igbudu (2014), but comparing the
percentage of solar power gain by Panjwani and Narejo (2014),
who assert range values of 7 to 12%, at tropospheric heights
of 0.243 m it is practically impossible to gain such considering
that significant percentage of solar power gain at approximately
height of 1000 m is 2.5%. Experiment and simulation backed up
the present result; hence, the percentage of solar power gain of
2.5% is quite realistic. Further comparison of the present results
with that of Chitturi et al. (2018) claimed percentage of solar
power gain of 42% height of 1764 m, however, the present work
supports about 4% solar power gain. The erroneous generation of
Amusan and Igbudu (2014) on insignificant percentage of solar
power gain from the earth to the sun is spurious as the present
work shows approximately 23% solar power gain in Figs. 13-16.
The prospect of having percentage of solar power gain above 23%
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is possible by using High Altitude Platforms, HAP (either lighter
than air or heavier than air). The present work demystifies the
false claims of attaining a high percentage of solar power gain
near ground level is practically impossible. However, the prospect
of achieving high percentage of solar power gain is possible on
the application of HAPs (Aglietti et al., 2008; Gupta et al., 2019).
Moreover, it is obvious that high wind speed is attained at high
altitude or tropospheric height where air temperature is quite
low, this condition accounts for high percentage of solar power
gain (Hassan et al.,, 2021; Deokar et al., 2021; Dwivedi et al,,
2020), passive (Ramkiran et al., 2021; Rakino et al., 2019; Wu and
Xiong, 2014). The percentage of solar power gain is independent
of size and number of solar panel used, but measured power is
dependent on the size and number of solar panel. Notably, above
ground level energy exploitation is possible with the application
of HAPs. Besides, the results in Figs. 13-16 are almost similar,
indicates that this result could be used anywhere, provided the
elevation is subtracted from the altitude (9200 m) to obtain the
tropospheric. The tropospheric height will unveil the possible
percentage of solar power gain. Thus, the application of the
results goes beyond the present study areas.

Lastly, the economic analysis of acquiring HAP is out of the
scope of this work, however, it is technically sound but costly to
acquire the HAP.

4. Conclusions

This research has accomplished energy exploration above the
ground level via modeling and simulations, and experiments.
This research is necessitated in bid to explore energy above the
ground level for areas not favored with the ground platform in
the generation of solar power into electricity. The study reveals
that near ground level, about 1000 m could attract a percentage
of solar power gain of 2.5%, but at a high altitude of 9200 m,
the percentage of solar power gain is prominent to the tune of
23%, however, at altitudes above 9200 m more percentage of solar
power gain is possible to achieve.

The model simulation indicated a linear relationship between
the tropospheric height and the wind speed. Similarly, a lin-
ear relationship exists between the tropospheric height and the
percentage of solar power gain. The linear relationship further
reveals that the natural wind flow equation, WFE is a linear
partial derivative model, describing the potentials; wind speed
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and the percentage of solar power gain in space with appropriate
boundary conditions in three dimensions.

The major results, presenting the percentage of solar power
gain as a function of tropospheric height and wind speed are
vast in their applications. Outside the study areas, the results
are applicable to other study areas having a close elevation as
Uganda (1100 m above sea level). Moreover, the application of the
results could extend beyond equal elevation; any geographical
area having an elevation below 1100 m could conveniently use
these results to estimate the possible percentage of solar power
gain by subtracting its elevation from 9200 m. Appropriately,
access to a higher percentage of solar power gain requires the
application of high-altitude platforms (either light-than-air or
heavier-than-air), this technology overshadows the influence of
topography and other related factors that hinder complete access
to solar irradiance by ground platforms.
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