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Abstract. To develop efficient solar energy technologies, it is essential to understand accurately the distribution of solar radi-
ation in each geographical location. This research project estimates total solar radiation reaching a surface daily in Dhankutta
(26.983°N, 87.346°E, 1192 m), Nepal by utilizing weather data including temperature, humidity, wind speed, rainfall, and
measured solar radiation data. Four distinct models (Bristow-Campbell (BC), Campbell-Donatelli (CD), Donatelli-Bellocchi
(DB), and Donatelli-Campbell-Bristow-Bellocchi (DCBB)) were employed to estimate global solar radiation (GSR). Root
mean square error (RMSE), coefficient of residual mass (CRM), mean bias error (MBE), mean percentage error (MPE), and
coefficient of determination (R%) were among the statistical tools used to assess the effectiveness of models. By minimizing
RMSE, and CRM, and maximizing R?, parameter fitting (PF) is used to calibrate all four models. The annual mean daily GSR
for 2021 and 2022 was determined to be 14.5 £ 0.25 MJ/m?/day and 15.7 + 0.24 MJ/m?/day, respectively, indicating sufficient
potential for solar energy generation. The maximum GSR of 37.6 MJ/m?/day and 26.5 MJ/m?/day were observed in 2021 and
2022 respectively. Among the four models used to estimate GSR, the CD model showed the highest accuracy with an R? value
of 0.60 so the CD model is considered the most reliable method for predicting GSR levels in this area.
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1. INTRODUCTION

On the global map, Nepal is in the solar energy-friendly
range. It is located between longitude 80°4’- 88°12’
E and latitude 26°22° - 30°27° N. However, the lack
of fossil fuels causes severe energy problems, hold-
ing back its development. Solar radiation is a secure
and clean energy source. An average of 3.6 to 6.2
kWh/m?/day of solar insolation occurs annually in the
country. Nepal has 300 sunny days and 6.8 hours of
sunshine each year, indicating a large potential for free
and clean solar energy.[!!

Ali, M. A. et al. explored using artificial neural
networks to improve the accuracy of global sun radi-
ation predictions compared to traditional methods.?!
Teyabeen, A. et al. utilized these advancements to cal-
culate monthly global sun radiation levels across twelve
major cities of Libya.’]. Building upon this, Narejo K
A et al. computed global, beam, and diffuse solar radi-
ation for five major cities worldwide: Karachi, Tokyo,

New York, London, and Sydney. (4]

The current annual average GSR of the nation is
4.23 kWh/m?/day.’! Therefore, in developing Asian
nations like Nepal, solar energy is one of the finest
solutions to the energy crisis.!® Joshi et al. estimated
GSR for Khumaltar and estimated GSR for Kathmandu,
Nepal, using several empirical models.”!. For Biratna-
gar, Nepal, Dhakal et al. investigated various empirical
models based on temperature, artificial neural networks,
and machine learning models for estimating GSR.!8!
Joshi et al. estimated daily GSR at Western Highland,
Simikot, Nepal using RadEst 3.0 software.[! Poudyal
et al. used the RadEst 3.0 software to calculate the GSR
for Kathmandu, Nepal, based on data from 2005 and
2007.11% " Similarly, at Simara Airport in Nepal, they
calculated the GSR.['!l Chhetri and Gurung analyzed
data from 2011 and 2013 in Jumla, Nepal, to calculate
GSR using the RadEst 3.00 software.!?]

This study is motivated by the urgent need to harness
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solar energy in Nepal, where abundant solar resources
remain underutilized. Understanding the precise distri-
bution of solar radiation is critical for optimizing so-
lar energy technologies and informing energy policy.
The authors employed a systematic approach that inte-
grated local weather data with advanced modeling tech-
niques to assess GSR accurately. By comparing mul-
tiple models, this research identifies the most effective
method for estimating solar radiation in Dhankutta and
enhances the understanding of solar energy potential in
diverse geographical contexts. This work adds signifi-
cant value by providing empirical data and methodolog-
ical insights that can guide future solar energy projects
and contribute to sustainable energy development in the
region.

2. RadEst3.0 SOFTWARE

Estimating daily GSR is important to advance solar en-
ergy research. The study aims to identify optimal meth-
ods for calculating daily GSR in Nepal. We evaluate
the performance of RadEst 3.0 software, which utilizes
readily available meteorological data like temperature,
humidity, wind speed, and precipitation to estimate
GSR. This user-friendly software offers a valuable tool
for future solar energy research in similar geographic
regions.

Models

Four models; DCBB, BC, CD, and DB were used to es-
timate daily solar radiation. These models calculate re-
sults using statistical methods and specific parameters.

Estimated transmissivity (ttj), clear sky transmis-
sivity (7 ), monthly average temperature (AT ), daily
maximum air temperature (Tpax), daily minimum air
temperature (Ty,), coefficient of temperature range
(b), very sensitive empirical parameter (c), temperature
factor (Tpc), seasonal variation magnitude parameter
(c1), seasonal variation profile parameter(c;), day of the
year (i = 1 to 365 or 366), average temperature function
{ f (Tayg)}, minimum temperature function { f (Tmin)},
estimated radiation {Est Rad; in (MJ m™ day™")}, po-
tential radiation outside the atmosphere {PotRad;) in
(MJ m? day™!)}

These models calculate the atmospheric transmissiv-
ity of solar radiation using the difference between the
maximum and minimum air temperatures. The esti-
mated value of radiation (Est Rad;) is the product of the
estimated transmissivity (tt;) and the value of potential
radiation (Pot Rad;) outside the earth's atmosphere.

Est Rad; = tt; Pot Rad;

PotRedd(,y —117.5dd, hsSin(lat) Sm(dec)c-ﬁ—Cos(lat) Sin(hs) (1)

In this equation, lat means the latitude of the monitor-
ing site, measured in degrees, dec is solar declination,
dd; is the sun's distance, and hy is half-day length.

2.1 BC Model13!

The BC model, the foundation of subsequent models,
estimates daily solar radiation using the relationship be-
tween air temperature range and solar radiation. This
model assumes that cloud cover affects both maximum
and minimum temperatures, and that clear skies lead to
higher temperatures. Estimated transmissivity is,

—b ATS
tti:’t{l—exl’ (m)} "

Hence from the equation, the estimated radiation pro-
vided is given by,

EstRedi= 1T [1 —exp (W;ThTA'CT)} PotRed,; 3)

Where,

AT, = Tmax,- - ijni+ZM[n(;+'/) “4)
2.2 CD Model'¥!

The CD is derived from the modification of the BC
model. In this model, transitivity is obtained as
tt; =71 —exp {=bx f (Tug) AT? f (Tin) }]
Thus,
Est Red; =
t[l—exp {=bx f (Tug) AT? fi (Tiin) PotRed;}](6)
Where,

Toyg =

&)

(7

Tmaxi +Tmini
2

2.3 DB Modell15: 16

DB model is the third model. It estimates total solar en-
ergy from air temperature, integrating variations in clear
sky transmissivity and using seasonality factors (cy, o)
to calculate temperature differences. The transmissivity
in the DB model is obtained as,

—b AT?

=1 [1 +£(0) [1 - exp{ L AT }H ®)
Providing radiation estimates as,

EstRed; = )

T [1 +£(i) [1 —exp { AL }H PotRed ; )
Where,

Ffi) =a [sin (i cz%) —&—cos{if(cz)%}] (10)
f(ca)=1-1.90c3 +3.83c;3> (a1
c3 =c; integer (cp) (12)

2.4 DCBB Modell13: 14,15, 16]

The DCBB model is a versatile model incorporating
features from the previous three. By adjusting param-
eters, users can switch between models. For example,
setting ¢ to zero and selecting the average monthly AT
option transforms the DCBB model into the BC model.
The estimated transmissivity is,

1= [1 4+ () [1 - exp { AT Do)

Which provides radiation estimates as,

13)

EstRed; =

_ 2 .
T [1 1) [1 —exp { %}H PotRed ; (14)
Where,

j]

@) = ¢ [sin (i czﬁ) —|—cos{if(cz) ﬁ
f(cy)=1-1.90cs + 3.83c32

[ (Tavg) =0.017exp { exp (—0.053 x Tp)}  (15)
Where,
Tnax; +Tin;
Tavg = 12 :
f (Tin) = exppin (16)

c3 = ¢p integer (¢3)
3. METHODS AND
INSTRUMENTATION

3.1 Site Selection

Dhankutta (26.983°N, 87.346°E), a town situated at
1192 meters, experiences a generally warm and pleas-
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Table 1: GSR values (average, maximum, annual total) were measured and modeled for Dhankutta in 2021

Model Average GSR (MJ/m?/day) Maximum GSR (MJ/m?2/day) Total GSR (MJ/m?)
AO Mea PF AO Mea PF AO Mea PF
BC 143 145 15.6 24.1 37.6 25.1 5236 5303 5686
CD 155 145 154 248 37.6 248 5646 5303 5619
DB 143 14.5 15.6 21.8 37.6 228 5203 5303 5676
DCBB 13.6 145 15.5 215 37.6 228 4947 5303 5673

Table 2: GSR values (average, maximum, annual total) were measured and modeled for Dhankutta in 2022

Model Average GSR (MJ/m?/day) Maximum GSR (MJ/m?/day) Total GSR (MJ/m?)
AO Mea PF AO Mea PF AO Mea PF
BC 155 15.7 15.7 25.2 26.5 25.3 5661 5734 5727
CD 156 15.7 157 24.8 26.5 249 5694 5734 5729
DB 154 15.7 15.7 23.8 26.5 24.1 5616 5734 5729
DCBB 14.7 15.7 15.7 224 26.5 233 5360 5734 5733

ant climate and receives significantly less rainfall during
winter than summer.

3.2 Instrument

Weather data, including solar radiation, maximum and
minimum temperature, rainfall, maximum and mini-
mum humidity, and wind speed, served as inputs for the
models. This information was collected by the Depart-
ment of Hydrology and Meteorology, Government of
Nepal (GoN) for Dhankutta during 2021 and 2022.
Rainfall was measured using a rain gauge (udome-
ter), while temperature was recorded with a maximum-
minimum thermometer. Sunlight levels were captured
by a CMP6 Pyranometer, which operates based on ther-
mocouple technology and can measure a broad range of

light wavelengths under various temperature conditions.
[17]

3.3 File Format

The data for the study was stored in a simple text format
(ASCII) without any labels at the beginning. Each line
of this file contained eight pieces of information sepa-
rated by spaces.

3.4 Input Format

To start, the RadEst 3.00 software requires the specific
latitude, longitude, and elevation of a location. Addi-
tionally, a clear sky transmissivity value between 0.6
and 0.8 must be provided.

3.5 Analysis

After inputting location details (latitude, longitude, al-
titude), data is accessed from an ASCII file. Two meth-
ods, parameter fitting (PF) and auto-optimization (AO)
are applied to different models. PF is more precise than
AO. Both methods require at least two years of data
for comparison and solar radiation calculations. PF in-
volves adjusting model parameters to match observed
and estimated radiation values, which are then com-
pared graphically. The models generate various statis-
tical metrics like RMSE, CRM, correlation coefficient,
R2, MBE, MPE, ME, and CV to evaluate their perfor-

mance.

4. RESULTS AND DISCUSSION

All models were initially tested using auto-optimization,
but the results were deviated. Subsequently, parameter
fitting was applied to 2022 data to optimize the models.
Table 2 compares model outputs (average, maximum,
and annual total GSR) for both methods. The average
annual GSR was found to be 15.7 MJ/m?/day. Using
2022 model parameters, GSR for 2021 was estimated
with minimal error. Table 1 shows these results. Com-
pared to other models, the CD model demonstrated
superior accuracy for both 2021 and 2022, as indicated
by closer agreement between measured and estimated
GSR values (average, maximum, and total). Thus, the
CD model is recommended for GSR estimation in hilly
regions during these years.

Figure 4 displays the seasonal changes in GSR for
2021 and 2022. Spring had the highest GSR lev-
els (16.32 = 0.54 MJ/m?%day in 2021, 17.88 + 0.46
MJ/m?/day in 2022) due to clear skies after the rainy
season. In contrast, winter experienced the lowest
GSR (13.14 £ 0.27 MJ/m?day in 2021, 13.46 + 0.31
MJ/m?/day in 2022) caused by clouds and rain. Solar
radiation peaks in spring and is lowest in winter due to
humidity, cloud cover, rainfall, and wind. Maximum
radiation occurs after the monsoon ends (June-August)
when the skies clear.

Figure 5 illustrates the monthly changes in GSR for
2021 and 2022. GSR peaked in April 2021 (19.14 +
0.71 MJ/m?/day) and May 2022 (18.97 + 0.88 MJ/m?/day)
due to clear post-rainy season skies. Conversely, GSR
was lowest in January 2021 (12.78 + 0.40 MJ/m?/day)
and December 2022 (12.69 £ 0.19 MJ/m?%day) due to
clouds and rain. Overall, GSR patterns remained con-
sistent over the two years, with error bars indicating
monthly variability.

Figure 6 depicts the seasonal rainfall patterns for
2021 and 2022. Summer 2021 experienced the highest
rainfall (607.37 mm), while winter 2021 had the lowest
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FIGURE 1: Linear correlation between measured and estimated GSR for 2021 and 2022
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FIGURE 2: Daily change in atmospheric transmissivity at Dhankutta for 2021 and 2022
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Table 3 : Error analysis for Dhankutta in 2021

Model MBE RMSE MPE (%) r CRM R? ME Cv
(MJ/m?/day) (MJ/m?/day) (MJ/m?2/day)
BC 1.12151 3.68 -18.498 0.80638 -0.07 0.48 0.40 25.30
CD 0.9463 3.60 8.64822 0.81379 -0.06 0.49 0.42 24.80
DB 1.1018 3.51 -19.149 0.81857 -0.07 0.50 0.45 24.19
DCBB 1.08733 3.77 -19.419 0.78965 -0.07 0.44 0.37 25.95
Table 4: Error analysis for Dhankutta in 2022
Model MBE RMSE MPE (%) r CRM R2 ME Cv
(MJ/m3/day) (MJ/m?/day) (MJ/m?/day)
BC -0.01784 3.09 -4.10217 0.741703 0.00 0.55 0.53 19.65
CD -0.01408 2.86 -4.18725 0.774362 0.00 0.60 0.60 18.23
DB -0.01378 3.10 -5.34358 0.728885 0.00 0.53 0.53 19.72
DCBB -0.00290 3.37 -5.15748 0.684089 0.00 0.47 0.45 21.43
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FIGURE 4: Seasonal variation of GSR at Dhankutta
for 2021 and 2022
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FIGURE 5: Monthly variation of GSR at Dhankutta
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(17.5 mm). Figure 7 shows how average wind speed
varied seasonally over the same period. Spring 2021
and 2022 recorded the highest wind speeds (0.725 m/s),
whereas summer had the lowest (0.421 m/s).

The highest radiation levels occurred on April 6,
2021 (37.59 MJ/m?/day) and August 7, 2022 (26.45
MJ/m?/day), while the lowest occurred on October 19,
2021 (0.97 MJ/m?/day) and February 4, 2022 (3.29

Seasons

FIGURE 6: Seasonal variation of precipitation at
Dhankutta for 2021 and 2022
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FIGURE 7: Seasonal variation of average wind speed
at Dhankutta for 2021 and 2022

(4.8°C). Rainfall peaked on October 20, 2021 (163
mm) and September 1, 2022 (60.3 mm), while the high-
est wind speeds were recorded on December 26, 2021
(1.64 m/s) and December 26, 2022 (1.44 m/s).

4.1 Error Analysis

Tables 3 and 4 compare predicted and measured GSR
accuracy for 2021 and 2022. The CD model showed
the best overall performance as indicated by a higher

MJ/m?/day). Temperature peaks were reached on Septem- R? value (0.60), with lower error values and a stronger

ber 10, 2021 (31.6°C) and July 15, 2022 (33.7°C), with
lows of January 30, 2021 (6.0°C) and January 28, 2022

correlation between predicted and measured data than
other models. Fig. 1 shows strong agreement between
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measured & estimated GSR for different models in
2021 & 2022, likely due to rainfall & regional climate.
Figs. 2a & 2b show daily changed air transmittance af-
ter rain in both years. Figs. 3a & 3b indicate high GSR
availability in Dhankutta, with low radiation & high
transmittance despite a narrow zenith angle in winter.

Summer (June-August) has low GSR due to rain,
clouds, and strong winds despite high temperatures.
Post-rain clear skies lead to increased GSR in autumn.
GSR generally rises from June to August and falls in
December but is influenced by temperature and precip-
itation. Cloud cover and rain reduce GSR in summer.
Precipitation negatively impacts GSR while tempera-
ture positively affects it.

Jumla, a mid-altitude region, receives more solar ra-
diation (GSR) than Simikot, a high-altitude mountain
area (6648 MJ/m? in 2013 and 7309 MJ/m? in 2011).
The BC model is more accurate for Jumla than Simikot.
Simikot has a higher GSR in spring and fall, while
Jumla's peak GSR is in spring. These differences are
due to altitude and local weather conditions. 1%/

While Simikot, located at a higher altitude, might
generally receive more sunlight, Jumla's higher recorded
global solar radiation (GSR) is likely due to several fac-
tors. The clearer skies and less cloud cover in Jumla
allow for more direct sunlight to reach the ground. Sea-
sonal changes, especially during spring when the sun is
most directly overhead, can also contribute to Jumla's
higher GSR. The specific location and measurement
techniques used could also play a role in the recorded
data, emphasizing that solar radiation patterns can vary
significantly between regions.

S. CONCLUSION

Analysis of Dhankutta’s solar radiation data for 2021
and 2022 reveals average daily levels of 14.5 + 0.25
MJ/m?/day and 15.7 £ 0.24 MJ/m?/day, respectively.
These high values suggest significant potential for solar
power generation in the region, which currently lacks
sufficient clean energy. Factors like weather, topog-
raphy, and local conditions influence solar radiation
levels. Dhankutta’s favorable conditions, including low
pollution and cloud cover, contribute to its high solar
insolation, making it an ideal location for solar energy
development. Due to its superior performance, the CD
model, evaluated alongside three others using RadEst
3.0, proved most suitable for this hilly region. The
model's coefficients can be applied to estimate solar
radiation and energy in similar areas of Nepal.
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