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ABSTRACT

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 natural 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 insignificant percentage of solar power gain (=2 %)
corresponded to 1000 m above ground level; the tropospheric height of 8100 m recorded 20 % 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. 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 below or equal 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.

Keywords: Percentage of solar power gain, wind speed, tropospheric height, modeling and simulation.

1.0 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
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clean energy resources of regions and sub-regions in order to have sustainable socio-economic growth in
the regions (Tucho, 2020; Rublev et al, 2021). 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 technology
remain the most accessible, affordable and sustainable clean energy sources (Majid, 2020; Bogdanov et al,
2021; Maka and Alabid, 2022).

Hence, solar panels are more likely to be efficient at high altitudes because solar radiation increases with
altitude in the atmosphere (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, 2018), these conditions are favored by high altitude (Somadi, 2016; Bhattacharya, 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 UV A 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 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, 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 minutes, 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, Osman 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 irradiation 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 (jntechenergy, 2022).
Asgharzadeh (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.
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According to Sharaf et al (2022) cooling could be active (Hassan et al., 2021; Deokar et al, 2021; Dwivedi,
2020), passive (Ramkiran et al., 2021; Rakino et al., 2019, Wu and Xiong, 2014), phase change material,
PCM (Sahu et al., 2021; Hassan et al, 2014; Seto et al., 2021) and additive PCM (Mabhdi et al., 2021; Luo,
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 atmosphere, it is necessary to have a high-altitude
platform (HAP) or high-altitude aerostatic platform to support appropriate photovoltaic 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 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).

The Navier Strokes equation applies to three-dimensional (3-D) modeling and simulation of fluid potential
in a flowing system (Loria, 2020; Ahammad et al., 2019; Oko and Nnamchi, 2013). Inclusively, Nnamchi
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 panels. 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, modeling and simulations establishes a practical
relationship; between the tropospheric height and wind speed, between the tropospheric 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.

2.0 MATERIALS AND METHOD

This paper employs both analysis and experiment in order to realize the objectives of this work as stated in
Section 1. Model formulation and simulations portray the analysis of wind flow and 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.1 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
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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 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 4AMW; Mayuge plant 30600 panels with
a generation capacity of and Soroti plant; 32680 panels with a generation capacity of 10MW), CR
(Kabulasoke plant; 68000 solar panels with a generation 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. The
Western Regions 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.
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Fig. 1 Map of the study areas

2.2 Experiments

Three elevated stations within the Western Campus of Kampala International University were chosen; the
Engineering Complex (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; MC010W-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 terminals of the solar panel and the multi-meter, a consecutive
measurement of direct current (DC, SC) and direct voltage (DV, OC) was feasible. For the purposes of
tracking the percentage of solar power gain, a solar panel was kept at elevated height, whereas the second
solar panel was placed in an unshaded and depressed position. Readings were simultaneously taken at an
interval of 15 minutes when the sun is on noonday (between 1:00 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, £0.25°) 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 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-minute 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 Figure 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 about 9200 m (= 42 ms'/distance 1000 m) in Fig 2. The near-ground measured average
wind speed data obtained from radiosonde (Kriuchi and Philipona, 2016) was compared with
meteorological data (Accueather.com) ranging from 2.22 — 3.61 m/s.
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2a. Engineering Complex Ground level (Datum)

2b. Hostel Complex

Ground level (Datum)

2c. Library Complex
Fig. 2 Measurement sites
176

177 23 Model and Numerical Formulation of wind flow

178  Wind flows are formulated in three dimensions (X,y,z) like any other fluids. Navier Stokes model describes
179  a fluid flow in three dimensions, 3-D (Radwan et al., 2021). Excluding physical forces gravity force, GF
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(Rapp, 2016), pressure gradient force, PGF (Taha and Gonzalez, 2022) and Coriolis force, CF (Lee, 2017),
the flow describes natural wind flow (NWF), whereas the presence of the extrinsic physical forces makes
the flow to be forced wind flow (FWF). The natural wind flow equation (NWFE) comprises a local
acceleration of the fluid, convective fluid flow and diffusive terms in Eq.(1a)

ou, ou, ou, ou, o’u, 0u, Ou Y7,

+u, +u, +u, =V Sttt 3 L="— (1a)
ot ox oy Oz ox oy Oz Yol

where uy(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?3) is the density of the wind, (m?/s) is the kinematic

viscosity of the wind.

Similarly, NWFE in the y-direction is presented in Eq.(2a) as

Stu —+u, —+u, == - == (2a)
oz p p

- - +

o T ox U oy ox* oy’ oz
where uy,(m/s) is the component wind velocity in the y-direction. NWFE in the z-direction is presented in
Eq.(3a) as

ou Oou Oou 8uy ,u(azuy 82uy aqu . . 7

“tu, ——tu,—+u, = = i, W
ot ox oy oz pl\ Ox oy Oz

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

Ou ou ou Ou._ _ﬁ(&zuz o'u. Ou ] 5 - (a)

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

ou ou ou ’u, 0u. 0u y7i
u —+u,—~+u —=v Sttt = L="= (1b)
ox oy Oz ox oy Oz
Similarly, the steady-state Eigenvector of Eq.(2a) is expressed in Eq.(2b) as
ou ou ou o*u, 0°u, 0u
U, —+u,—+u, r K ot — 3 =t (2b)
ox oy oz pl| ox oy oz
In the same vein, the steady-state Eigenvector of Eq.(3a) is written in Eq.(3b) as
0 16} 16} 0’ 0’ 0’
u, r +u, r +u, Y. K uzz + uzz + uzz 3 Uzﬁ (3b)
ox oy oz pl ox oy oz Yo,
The resultant velocity, u(m/s) is expressed by the component velocities of the wind in Eq.(4)
uzzuf+u3+uf :u:(uf+ui+uf)o'5 4

The linear relationship between the component wind velocities and step changes is approximated in Eq.(5)
as
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Substituting Eq.(5) into Eqgs.(1b-3b) yields the modified NWFE in Eqgs.(6-8) respectively with one
dependent variable.
y %4- Ay %-ﬁ- Az \Ou, 0 o’u, N o’u, +82ux 6
ox \Ax)oy \Ax) oz ox* oyt oz ©
and
Ax 8uy Buy Az \Ou, 82uy azuy 82uy
Uy — + +| — |— |=0U > + > + 5 (7)
Ay ) ox Oy Ay ) 0z ox oy oz
and
u (&J%_F(&j%_k% =D azuz + 62u2 + 62142 8
‘WAz)ox \Az)oy oz o’ oyt oz’ ®

Considering vertical wind flow; Egs. (6 and 7) vanish as u, and u,, become zero. Also, wind flow gradient

in z-direction becomes zero ( 6/ 0z = 0), thus, Eq.8) reduces to Eq.(9a)

Ax \Ou Ay \ou o’u, 0u
uz _ 4 + - 4 — U 2Z + 2Z (9a)
Az ) Ox Az ) Oy ox oy
The dependent variable u, in Eq. (9a) is substituted with percentage power gain, p,(%) in Eq. (9b)
2 2 P._—-P,
u, (gja& ' (gja& ) Stk 3 p. oty = Poe) (9b)
Az ) Ox Az ) oy Ox oy P e

where P o, (W) is the power above the ground level and P, jq5¢(W) is the power at the ground level.

2.3.1 Numerical solutions of the NWFE model

The numerical solution is preferred for the ease of realizing the approximate solution of the linear wind
flow models in Eq.(92). 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.(10)

Uy, = Uy (10)
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2.3.3  Space discretization of differential linear terms

The implicit and explicit discretization of the differential linear terms are based on their order (first and
second) shown in Eq.(11) and Eq.(12) respectively. Center discretization applies at the interior nodes,
whereas forward discretization applies at the boundary nodes

n+l n+l n n n+l n+l n n
u

% _ 0 u:.m - -1 + (1 _e)u:,m _u:.m . % _ 9 u:,m - -1 + (1 _ 9) u:,m B uz.H (1 1)
Ox 2Ax 20 > oy 2Ay 2Ay
and
2 2 n+l + n+l no_ 2 n + n 2 2 n+l + n+l n _2 n + n
Luzz _ 0 e u : M (1 _ 9)14“H Muz M:H . Luz-' _ 9 " U U + (1 B H)M:M ”:-'2 M:H (12)
ox ) (af o ; ()

where ¢ is the degree of implicitness, the superscript, n denotes future time, whereas the subscript i denotes
the discretized nodes.

Substituting Eqs.(10-12) into Eq.(9a) gives the discretized form of the NWFE (GF=0, PGF=0 and CF=0)
in the z-direction in Eq.(13)

n+l n+l n n n+l n+l n n

u™ —u” u' —u" A u" —u u" —u
o [ A gtes ¥ () SR U P 4 (1- )L
I\ Az 2Ax 2Ax Az 2Ay 2Ay

0 2un+l +unJrl (1 g\un _Zun +un 0 : 2un+l +un+l (1 g\un _zun +un
=0 z.,+1 -1 + _ i+l zi z,i-1 + ,.,+1 -1 + _ z,i+l zi z,i-1
(Ax)2 ) (v T ()

2.3.4  Simplification of numerical solution of the NWFE

(13)

The NWFE, Eq.(13) is rearranged according to its implicit and explicit terms in Eq.(14)
01+ &, w8 W 200 48 W -0t g w8 W <=0+ v 8

_21-0 o) : VA g5 e o Y2 )
21 (5 -I-f}l)u 1 )( 1+(§“+§w))u L3 < (Ax)zu: <05,¢,, (Ay)zuf" <0.5, (12)
if(Ax>Ay), &,<&, 5 if(Av=Ay), &,=6,,; if(Ax<ay), &,>E,; RHS=.,

where &, is the stability criterion in the x-direction and &, is the stability criterion in the y-direction.
Consideringn = 0,1 <i < N -1 leads to a diagonal matrix in Eq.(15a-g)

_9(1+‘§x1 +§yl)“1 +26(§x1 +§y.1)“1:‘, - ( 1+§v1 +§v1)“ 1_0)(1+(§x1 +§yl))
0 . UAz _ VAz
( (@i 1 +§,\ 1)“ ( 1+( x,1 + ))ML: 3 é‘c,l - (Ax)zuo1 <05 b §y,1 (Ay)zuj] SO-S,
lf(Ax > Ay), é:x,l <§v,| 5 lf(Ax = Ay), éx,l :gy,l 5 lf(Ax < Ay)r é:x,l >§y,1§ RHS Efz,l >

/
ufyo = 2143’1 — ufvz ) ulo —uf,o ~AzQG, Az(m), G(—m sj
m

(15a)
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AR Tl R T ) P () (S R
- __ vz __UbAz (15¢)
() Ay YRR () U Y YO - e <05, ¢, o <0.5,

if(Ax>Ay) E<E s if(Av=Ay), &.,=¢,; if(Ax<Ay) &,>& 5 RHS=f,

(15d)

AR T AR S ST RUEL D) N B N A
B 2(1 - ‘9)(§r,,nus ¢ );N—3)u?_,\:,3 + (1 - 9)(_“' (gx,N% ¢ VN3 ))"O” 3 éx,N—S B ( AXZ;ZA;O <05,¢ YN T ( A ljzAZo <05, (152)

\) ) u

,N-3

if (Ax > Ay )’ gx,N-z NITER if (Ax =0y ), fx,N-3 =CyN3 if (Ax <ly )’ gx,N—} >GyN-3 RHS = fz,N—3

B (EETNN S/ CRUT-N VI S TSN YU () | FY CONNTINN

Az Az 15
h 2(1 - 9)(%,»2 + 5}',N72)”?‘M2 + (1 B 9)(_“' (é:,\;.y\uz t gy.wuz ))MOH e gx,NQ = (AX[;ZMO <05, ;v,NfZ = (Ayl;zo <05, (159

if (Ax >y )a Sna<s VN2 3 if (Ax =y )a SoNa=6 ER) if (Ax <ly )’ $na>6 VN2 RHS = fz,N72

- 9(1 +&na S )“1\2 + za(égx.N—l +& a1 )“i_.u - 9(_1 +& v TSN )“1\ =(l - 9)(1 + (gx,N—l +& a1 ))uo\
0 —0)- 0 vz __ vz
- 2(1 - 6)(&,1\/71 + SEy,AH )“:HV,‘ + (1 6)( 1+ (é:x,N—l + gy,Nfl ))"’x 3 éx,N—l (Ax)2 u?H <05, ezy,N—l (Ay)zu?_w <05,

lf(Ax > Ay), Seva< YN-L lf(Ax = Ay), Sonai :§v,N—l 5 lf(Ax < Ay), Sena >§y,N71; RHS = f, x.1»

/
uS,N = ZUS,NA —MS,,V,Z B ui\ _“S,N ~AzG, Az(m), G(m SJ
m

(15g)

231  The tridiagonal matrix notation of Egs.(15a-g), NWFE in z-direction is given in Eq.(16a) as

2006, +¢,)  -0-1+¢,+¢,) 0 0 0 ][ 1
_6(1+§x,2 +§y,2) 29(‘§x,2 +§y,2) 0 0 ulz,z fz
0 —o-14e,+E) o —0l-14e e L) 0 ol
0 20(5):,N—2 + y,N—Z) - 9(_ 1+ ng‘zvfz + éy,N—Z) ”Iz,zvfz fz,N72
0 0 - 9(1 + é:x,/v-1 + y,N—l) 29(5,\:N—1 + égy,N—l) ”lz,N_l fz,Nq

(16a)
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232 Similarly, the tridiagonal matrix of the percentage power gain, p,(%) is given in Eq. (16b)

29(@,1 + é:y,l) - 9(_ 1+ gx,l + 5):,1) 0 0 0 plZ,l f’\
Soliee,wgn) 20 ,vg) 0 0 P | | 1)
0 ~Ol1ee+E,) O 1eE e ) 0 SN

0 0 . 2‘9(9&;(,,\/72 + gy,N—Z ) - 9(_ 1+ éx,N—Z + gy,N—Z) p},m fNW (1 6b)

0 0 0 - 9(1 +ovat y,N-l) 29(§X,N-1 + y,N—l) plz,nul f:‘\_,

233 The kinematic viscosity, v(m?/s) is defined by Nnamchi et al (2019) in Eq.(17) as
1.03x107% +7.0x10™ T, —4x107"'T?

L= 1 7T(K) (17)

2.1313-0.003T

234 Temperature variation from the surface to the top of the troposphere, T,(K) is defined in Eq.(18) according
235  to https://www.weather.gov/jetstream/laye data
3 7(K), h(m), T, =222.15K,T

T — T (]-;u - Tvsurﬂlce xhz - hsurface) ' e — 29 0.1 5 K ,

+
z surface
(htop - hsurﬁlce ) (18)
h,, =18000m, h =0.0m, h,=h,,,,. —h
236  where T(K) is the temperature, h (m) is the height above ground level.

surface Elevation

237
238 3.0 RESULTS AND DISCUSSION
239 3.1 Results

240  The results are presented in both tables and figures. Table 1 shows wind speed boundary conditions at
241  ground level for Egs. (9a and 16a) and Eqs. (9b and 16b), defining the wind speed and percentage of solar
242 power gain at ground level (depressed station, tropospheric height is zero). Tables 2-4 present the solar
243 power measured results for the elevated (above ground level) station 1 (Engineering Complex), station 2
244  (Hostel Complex) and station 3 (Library Complex), respectively. In addition, Tables 2-4 present the solar
245  power measured results for the depressed (ground level) station 1 (Engineering Complex), station 2 (Hostel
246  Complex) and station 3 (Library Complex), respectively. The simulation of percentage of solar power gain
247  was limited to altitude of 9200 km? with a corresponding wind speed of 42 m/s. The tropospheric height is
248  the difference between the altitude and the elevation of the study areas. Towards the second circling in the
249  radiosonde, the wind speed decreased drastically to zero before rising again. Thus, the altitudes with
250  decreasing to zero wind speed were neglected in this analysis as the effect of wind speed diminished and
251  later vanished.
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Fig. 3. Altitude versus wind speed based on radiosonde (Krduchi and Philipona, 2016)

Table 1.

Natural wind flow and percentage power gain boundary conditions for the study areas

Dimension Wind speed boundary condition Percentage power gain boundary
Study area (1)) (m/s) condition (-)
NR x=y=z=0 Uy=u,=u,=0 p:=0
ER x=y=z=0 Uy =u,=u,= 0 p,=0
CR x=y=2z=0 U =Uy=u,= 0 pz=0
WR x=y=z=0 U =u,=u,=0 pz=0
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257 Table 2

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

Local time (pm)

Parameter 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 1926 1926 1926 1926 1926 0 0 0 0 0

height, h,(m)

Wind speed, u,
(m/s)

Short circuit
current, I(A)

Open circuit
voltage, V (V)
Measured power, P,
W)

Measured
percentage power 0.038 0.038 0.039 0.038 0.038 0 0 0 0 0
gain, Pmeasured(”0)

Simulated

percentage power 0.037 0.039 0.040 0.038 0.040 0 0 0 0 0
gain, Psimulated(%o

Root mean square
error, RMSE

250 264 268 254 2.66 0 0 0 0 0

024 053 056 058 058 023 051 054 056 056

21 21 21 21 21 21 21 21 21 21

494 1113 11.76 12.18 12.18 4.75 10.72 11.32 11.74 11.73

0.001

259
260 Table 3

261  Measured average data at station 2 (Hostel Complex of Kampala International University, WC)

Local time (pm)

Parameter 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
Zr"posl’hem height, 3765 3765 3765 3765 37.65 0 0 0 0 0
A(m)
Wind speed, u,(m/s) 2.66 2.64 279 263 260 0 0 0 0 0
Short circuit current,

I(A) 034 037 044 050 053 032 035 038 048 049

Open circuit

20.27 21.80 20.00 20.72 20.05 20.11 21.69 21.51 20.61 20.18
voltage, V(V)

Measured power, P,

W) 695 810 870 1045 1065 648 759 817 989 9.89

Measured
percentage power 0.074 0.07  0.07 0.06 008 O 0 0 0 0
gain, pmeasured(%)

Simulated
percentage power 0.075 0.067 0.094 0.057 0.087 0 0 0 0 0
gain, Psimulated(%0)

Root mean square

error, RMSE 0.014

262
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263

264

265

266

Table 4

Measured average data at station 3 (Library Complex of Kampala International University, WC)

Local time (pm)

Parameter 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) 717

VN N Y N B Y|

0 0 0 0

Wind speed, u,(m/s)  2.69

275 2,67 275 274

0 0 0 0

Short circuit current,
I(A) 0.53

0.57 057 053 049

025 024 024 023

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 1033 998  9.84

9.42

Measured
percentage power 0.15

gain Psimultated(%o)

0.14 0.15 0.14 0.14

Simulated
percentage power 0.15
gain psimulated(%)

0.14 0.15 0.14 0.14

Root mean square
error, RMSE

0.005
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2000

Tropospheric height, hz (m)

1000

B Radiosonde wind data

N-S direction

E-W direction

10

20

30

Wind speed, uz (m/s)/distance (1000 m)

Fig. 4 Growth of tropospheric height with the wind speed for the Northern Region.
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267  Figures 4-7 portray fitted line graph of troposphere Height against the wind speed for NR, ER, CR and WR,
268  respectively. Similarly, Figures 8-11 portray simple line graph of wind speed against the percentage of solar
269  power gain for NR, ER, CR and WR, respectively. Whereas Figs. (12-15) give the composite or contour
270  plot of Percentage of solar power gain against tropospheric Height and the wind speed. These results are
271  germane for discussion and drawing apt conclusions.

9000
8000 /l*
7000 u -

6000
5000
4000

3000

B Radiosonde wind data
N-S direction

2000

Tropospheric height, hz (m)

1000
E-W directi

HoR

0

0 5 10 15 20 25 30 35
Wind speed, uz (m/s)/distance (1000 m)

Fig. 5 Reliance of tropospheric height on the wind speed for the Eastern Region.
272
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Tropospheric height, hz (m)

10 15 20 25 30 35
Wind speed, uz (m/s)/distance (km)

Fig. 6. Dependence of tropospheric height on the wind speed for the Central Region.
273

274 3.2 Discussion

275  The results are discussed according to the three cardinal objectives of the study; establishment of the
276  functional relationship between the tropospheric height and the wind speed, formulation of the functional
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294
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296
297
298
299
300
301
302
303

relationship between the tropospheric height and percentage of power gain, and lastly unification of the
three 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

Figures 4-7 demonstration the linear behavior between the tropospheric height and the wind speed for the
study areas (Figs. 1 and 2). This result supports that Eq. (9a) is a linear partial derivative model of NWFE
because the body or external forces were not considered in their formulations, however, it describes the
linear relation between wind speed and tropospheric height. Despite the radiosonde data in Fig. 3 showed
a wavy curve between the altitude and the wind speed. The tropospheric height is derived 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. 4-7, the agreement supports the implementation of
simulated results in this work. 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. 4-7. Significant wind speed 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 are available.

8000
7000 L
6000

5000 u

4000 [ |

3000 ~ 1

2000 [} B Radiosonde wind data

Tropospheric height, hz (m)

N-S direction
1000 [ |

E-W direction

0 5 10 15 20 25 30
Wind speed, uz (m/s)/distance (1000 m)

Fig. 7. Variation of tropospheric height with the wind speed for the Western Region.

3.2.2  Functional relationship between tropospheric height and percentage power gain

Figures 8-11 display the linear behavior between the percentage of solar power gain and the tropospheric
height for the study areas in Figs. 1 and 2. Similarly, these results support that Eq. (9b) is a linear partial
derivative model of NWFE 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 topography becomes
unimportant, as the percentage of solar power gain in both north south and east west directions cluster as
shown in Figs. 8-11. Figures 8-11 could not be fitted because measurements could not be carried in the high
tropospheric height. However, Tables 2-4 shows practical measurement of the percentage of solar power
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304
305
306
307
308
309

310

gain, the measurements are conducted close to ground level in three elevated stations in Fig. 2. The root
mean square error (RMSE) analysis of simulated and measured results gave 0.001, 0.014, 0.005 in Tables
2-4, respectively. 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).

9000
8000 ”’//,/f’
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3000

2000

Tropospheric height, hz (m)

1000 N-S direction
E-W direction

0 2 4 6 8 10 12 14 16 18 20 22 24

Percentage of power gain pz (%)/distance (1000 m)
Fig. 8. Growth of tropospheric height with the percentage of solar power gain for the Northern Region.
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Fig. 9. Impact of tropospheric height on the percentage of solar power gain for the Eastern Region.

Page 17 of 25



311

312

313
314

315
316
317
318
319
320
321
322

10000
9000 —
— -
£ 8000
N
< 7000
]
W 6000
2
S 5000
]
2 4000
>
2 3000
o
|g 2000 ——— N-S direction
1000 E-W direction
0
0 2 4 6 8 10 12 14 16 18 20 22

Percentage of power gain, pz (%)/distance (1000 m)
Fig. 10. Influence of tropospheric height on the percentage of solar power gain for the Central Region.
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Fig. 11. Effect of tropospheric height on the percentage of solar power gain for the Western Region.

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. 12-15 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 obvious that from ground level to approximately 1000 m that small percentage of solar power gain of 2
% 1is 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 (0.001, 0.014, 0.005)
obtained in Tables 2-4 is quite low. Low percentage of solar power gain results are supported by Amusan
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324
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330
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337
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339
340
341
342
343
344
345
346

347

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 the closes significant percentage of solar power gain at approximately height of 1000 m is 2%.
Experiment and simulation backed up the present result; hence, the percentage of solar power gain of 2%
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 20 % solar
power gain in Figs. 12-15. The prospect of having percentage of solar power gain above 20 % 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, 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. 12-15 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.
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Fig. 12. Response of the percentage of solar power gain, p(%) to tropospheric height and wind speed for
the Northern Region.
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Fig. 13. Response of the percentage of solar power gain, p(%) to tropospheric height and wind speed for
the Eastern Region.
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4.0 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 ground platform in generation of solar power into electricity. The study reveals that near
ground level, about 1000 m could attract percentage of solar power gain of 2 %, but at high altitude of 9200
m, the percentage of solar power gain is prominent to the tune of 20 %, 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 linear relationship exists between the tropospheric height and the percentage of solar power
gain. The linear relationship further reveals that the natural wind flow equation, NWFE is a linear partial
derivative model, describing the potentials; wind speed 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 the same elevation as Uganda (1100 m above sea level). Moreover, the application of the
results could extend beyond equal elevation; any geographical area having elevation below 1100 m could
conveniently use these results to estimate possible percentage of solar power gain by subtracting its
elevation from 9200 m. Pertinently, accessing more percentage of solar power gain entails 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 full access to solar irradiance by ground
platforms.
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