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Abstract

The RadEst 3.00 verson software estimates daily global solar radiation at low altitude plain area
using meteorological parameters precipitation, maximum and minimum temperatures and solar radiation
of Simara (Lat.27.15°N, Lon.84.98°E, and Alt.137m). Radiation is calculated as the product of the
atmospheric transmissivity of radiation times radiation outside the earth atmosphere. The model
parameters are fitted in two years data by iterative procedures. An accurate knowledge of solar radiation
distribution in each particular geographysical location is crucial for the promotion of solar energy
technology. The values estimated by the models are compared with measured radiation data. The
performance of the model was evaluated using the statistical tools such as root mean square error
(RMSE), mean bias error (MBE), Coefficient of Residual Mass (CRM) and coefficient of determination
(r%). The empirical solar radiation models that showed better results using BC, CD, and DB and among
them Modular DCBB is the best model for this location The finding coefficients of different models can be
utilized for the estimation of solar radiation at the similar meteorological sites of Nepal.
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Introduction

Nepal is situated in between 26° 22” - 30° 27°N latitude and 80° 4’ - 88° 12’ E longitude so it is closer
to the solar belt. The annual average global solar radiation is 3.6-6.2 kWh/m?day and the sun shines for
about 300 days in a year™?. The global solar radiation increases in altitude mainly due to decreasing
amounts of air molecules, ozone, aerosols and clouds in the atmosEhere as well as due to snow covered
surfaces. Thus there is not only the single source dependence factor”.

The global solar radiation is an important weather variable for several agro-environmental
studies. The number of ground level weather stations recording daily global solar radiation is very small
compared to the number recording air temperature and precipitation’. The need for solar radiation
estimates at sites where it is not measured has grown in the past years, as the spatial scope of research
into land-surface processes has expanded from local, regional continental and global scale®. The incoming
solar radiation has significant role for the optimal design of solar energy system, hydrological and crop
growth modeling. For the instance, it is key input for estimating potential evapotranspiration which play a
major role in the design of water supply storage reservoirs and irrigation systems. Inspite of the
importance of global solar radiation data, its measurements is not frequently available especially in the
developing countries like Nepal®.

The total solar radiation can be easily estimated from sunshine duration measurements using several
equations with varying degree of complexity following the classic work of A. Angstrom’. Actually,
models that estimate solar radiation from sunshine hour fared better than models involving at temperature
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and precipitation by®°*°. However it is known that sunshine hour is not measured even in the most of
standard meteorological stations as ambient temperature and precipitation. Thus, the solar radiation
estimation models based on daily ambient temperature difference and precipitation are attractive and
viable options. These models are really simple, but allow widespread application because precipitation
and ambient temperature are observed practically in all of the meteorological stations in the world.

This paper describes RadEst 3.00 software that allows the user to estimate the daily global solar
radiation data from maximum and minimum air temperatures and precipitation and geographysical
location. The best model can be used to relate global solar radiation, temperature and precipitation for the
further study in similar geographysical regions as well as for the development of solar energy technology
in Nepal.

Bristow and Campbell™~ demonstrated that a relationship exists between radiation transmissivity
through the atmosphere and the diurnal range in near-surface air temperature. This model has been used
in numerous studies, and improvements have been developed over the last years. In the models***3, the
correction factor accounting for seasonality effects occurring in mid-latitude area was introduced. This
model was implemented in the weather generators'*. In addition, more recently a further improvement
was proposed Donatelli and Bellocchi®, better accounting for seasonality at a wide variety of locations
M. Donatelli1*’.

Ill

Methodology

The RadEst 3.00 software websites'™"® is a MS Windows (98/NT/2000/XP program which allows
evaluating the daily estimation of global solar radiation values for a given latitude. These four models
(Bristow-Campbell, Campbell- Donatelli, Donatelli- Bellocchi and Modular Donatelli- Campbell -
Bristow -Bellocchi (MDCBB) evaluate the results by graphical and statistical tools.

The models adopt the following parameters;
tt;, transmissivity,

- 1, clear sky transmissivity,

- AT, average monthly temperature (°C),

- Tumax daily maximum air temperature (°C),

= Tmin, daily minimum air temperature (°C),

- b, empirical parameter which is the temperature range coefficient or multiplier for AT. It is worth to
underline that greater the value of b greater will be the estimated solar radiation. The parameter b is
the key parameter for all models,

- ¢, empirical parameter which is very sensitive, i.e. a small change in ¢ causes large change in
estimated solar radiation,

- Ty, empirical parameter which is the summer night temperature factor,

- ¢y, parameter for seasonal variation magnitude,

- Cy, parameter for seasonal variation profile,

- iand DOY both represent day of the year, i= 1 to 365,

- f(Tay), function of average temperature,

- f(Tmin), function of minimum temperature.

Models

All the models estimated the atmospheric transmissivity of global solar radiation based on the
difference between maximum and minimum air temperature. The estimated value of radiation is calculated
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as the product of the estimated transmissivity times the value of potential radiation outside the earth
atmosphere as,

Est Rad;= tt; x PotRad;

where, EsRad; - estimated radiation (MJ m? day™)
PotRad; - Potential radiation outside the atmosphere (MJ m? day™),

Potential Radiation (PotRadg,,) = 117.5 x dd2 x {hs x Sin (lat) x Sin (dec) + Cos (lat) x Cos (dec) x Sin
(hs)}/ =

Where, PotRadg,, - Potential Radiation, doy - day of the year

dd2= factor accounting for distance of the sun=1 + 0.0334 x Cos (0.01721 x doy — 0.0552)

hs = half day length= Cos™ {-Tan (dec) x Tan (lat)}

dec = solar declination = Sin™ [0.39785 x Sin {4.869 + 0.0172 x doy+ 0.03345 x Sin (6.224 + 0.0172 %
doy)}]

There are four models in RadEst 3.00 software which are briefly described as below

1. Bristow and Campbell Model (1984)

Bristow and Campbell (BC) is the first model is used to derive and develop the other models. This
BC model exploits the relationship between diurnal air temperature range and radiation load to estimate
the daily flux of incoming solar radiation. This model has been used in numerous studies and
improvements have been made over the last years®.

tt [1-ex (—_bATiC Nl
R
! P monthAT

AT = Tmax;-(Tmin; + Tmin;.)/2,

2. Campbell and Donatelli Model (1998)

Campbell and Donatelli model is the second model to estimate the solar radiation which is derived
from the modification of the first BC model. In CD model, a correction factor accounting for seasonality
effects occurring in mid-latitude areas was introduced.

tt; =z / I-exp{-bx f(Tavg) x AT? x f(Tmin )}]
AT = Tmax;-(Tmin; + Tmin.()/2,
f(Tavg) = 0.017 exp f exp(-0.053 _ Tavg)
Tavg = (Tmaxi + Tmini)/2

f(Tmin) = exp(Tmini)/Tnc)
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3. Donatelli and Bellocchi Model (2001)

The Donatelli and Bellochi Model is the third model to estimate the solar radiation from air
temperature data. In addition, the assumptions made by the previous models, it is mainly differ from the
previous ones by better accounting explicitly for the effect of the seasonal variation of the clear sky
transmissivity and the DeltaT using a trigonometric function via parameters c1 and c2 which are the
general seasonality factors in (Donatelli Bellochhi model.

2

tti =t /I+f()][] - ex {_bAT‘ 1
i =t i - s
! p ATweek

where,
AT = Tmax;-(Tmin; + Tmin;,.,)/2,
Tmax is daily air maximum temperature °C, Tmin is daily air minimum temperature °C
f (i) = ¢y {sin (i x ¢, x 7/180) + cos(i % f(c,) x n/180)}
f(cy) = 1-1.90 ¢; + 3.83 ¢
€3 = ¢2 - integer (c2),
4. Modular DCBB Model

The fourth model DCBB is based on air temperature data to estimate the global radiation. It includes
features of the previous three models allowing switching such features more specially, the trigonometric
function which allows accounting for a seasonal variation of both the clear sky transmissivity and the
DeltaT can be excluded by setting the parameter c1 = 0.

. —bAT* £ (T,;,)
ttj =7 [1+/()] [1 —exp{ HP
ATaVg
where , AT= Tmax; — (Tmin; + Tmin,,)/ 2

f (i) =cy {sin (i x ¢, x 7/180) + cos(i % f(cy) x n/180)}
f (o) = 1-1.90 c; + 3.83 c5?

Cs= ¢, —integer (c),

Files Format

The Environdata Weather Master 2000 instrument is installed at Simara (Lat.27.15°N, Lon.84.98°E,
and Alt.137m). It is compact, robust, automatic weather station. It consists of six electronic weather
sensors, Easi Access Windows database and reporting sophisticated software, automatic evaporation
calculation, internal data logger and battery, solar panel and powder-coated stand. Each sensor
continuously sends information to the data logger, which processes and stores the data in its memory. The
operating temperature is from -15.0°C to + 60.0°C and resolution is 0.1 °C. Global incoming radiation
with cosine correction accuracy and cosine corrected are +/-5% and +/-3%c respectively®’.
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All these models take into account of daily precipitation, maximum and minimum temperature and
total solar radiation i.e. (DOY, Rain, Tmax, Tmin, Rad) data of each year without headers in ASCII
format. It means that all models should arrange the data day of one year (from 1 to 365), rainfall (mm),
maX|mum temperature Tmax (°C), minimum temperature Tmin (°C) and global solar radiation in Rad
(MJ/m?/day). The daily values of global solar radiation have been estimated for two years (2006 and
2008) of input data of Simara.

Input Format

In the RadEst 3.00 model, it is necessary to input the latitude, longitude and altitude of the measured
locations for four models. In spite of this, select the clear sky transmissivity ranges from 0.60-0.80. The
latitude is explicitly used in the expression of potential radiation and clear sky transmissivity is used in
the expression of transmissivity coefficient of atmospheric radiation in each model. It is also used in the
calculation of global solar radiation and its plot.

Analysis

First of all the data is carried out using auto optimization (AO) and parameter fitting (PF) whereas at
least 2 years data is required for the comparison as well as estimation of global solar radiation. AO can
be less accurate method as compared to PF. Thus AO has no significant effect so it is not considered in
this analysis. PF is more convenient because of key parameters which are directly related to the affecting
factors of solar radiation. It is used by varying the different parameters to get closer value in between
estimated and measured radiation. After the analysis the different models give the value of root mean
square error (RMSE) coefficient of residual mass (CRM), mean bias error (MBE) and coefficient of
determination (r®). Those tools help to justify the model estimated value and  measured value of
radiation.

Results and Discussion

All four models were calibrated using parameter fitting (PF) on the basis of 2006 data of Simara by
minimizing Coefficient of Residual Mass (CRM) , MBE and RMSE should be smaller as for as possible
or nearly equal zero. The value of r? should be greater as far as possible. Finally the equal values of
measured and model estimated radlatlon are found in PF in 2006. The finding value of model estimated
and measured value 15.7 MJ/m? is found. Measured and Model estimated Average Value, Maximum
Value and Yearly total Value of Global solar Radiation of Simara 2006 is given in Table 1. The Table 1
data shows that there is nearly closer values is found in DCBB model to compare in BC, CD and DB
hence DCBB is the best model in 2006 for the estimation of global solar radiation.

Table 1: Measured and Model estimated Average Value, Maximum Value and Yearly total Value of
Global solar Radiation of Simara 2006

Average value (MJ/m?) Maximum Value(MJ/m?) | Yearly Total (MJ/m?)
Models MEA EST MEA EST MEA EST
BC 15.7 15.7 26.3 25.5 4275 4281
CD 15.7 15.7 26.3 25.5 4275 4275
DB 15.7 15.7 26.3 26.8 4275 4298
DCBB 15.7 15.7 26.3 26.0 4275 4274

The calibrated values of the parameter from 2006 are used to estimate the global radiation of 2008
data. Firstly, all four models are tested by auto optimize result and the estimated values are highly deviate
with measured value. Similarly the parameter fitting method is used to estimate the GSR then it is found
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that the estimated value of GSR is very close to the measured value of global solar radiation. The PF
based testing values is given in Table 2.

Table 2: Measured and Model estimated Average Value, Maximum Value and Yearly total Value of
Global solar Radiation of Simara 2008

Average value (MJ/m?) Maximum Valueg(MJ/m*) | Yearly Total (MJ/m?)
Models MEA EST MEA EST MEA EST
BC 15.3 14.9 255 24.4 5569 5425
CD 15.3 14.8 25.5 25.8 5569 5402
DB 15.3 14.7 25.5 28.8 5569 5357
DCBB 15.3 15.0 25.5 25.7 5569 5458

Table 2, data shows that the measured and model estimated average Value, maximum value and
yearly total value of global solar Radiation of model DCBB tentatively equal is found in DCBB model in
comparison of the other 3 models BC, CD and DB thus the model DCBB is the best among other three
models to estimate the global solar radiation in this low land region of Nepal in 2008.

Error Analysis of Years 2006 and 2008 data

Table 3 shows the error analysis in between measured and model estimated data the of global solar
radiation in 2006. In 2006 the RMSE is lower in BC model than DCBB however most of the values of
MBE, and CRM are lower to compare the BC model and the value of r? is also greater in DCBB than BC
model thus it is confirmed that among the four models the DCBB is the best in terms of statistical

analysis.

Table 3: Error Analysis of Year 2006

Models RMSE MBE CRM r’
(MJ/Im2) (MJ/m2 (No Unit) (No unit)
BC 5.13 4.45 -0.02 0.34
CcD 5.28 4.49 -0.00 0.33
DB 5.39 4.59 -0.01 0.30
Modular DCBB 5.18 4.36 -0.00 0.36

Table 4 shows the error analysis in between model estimated and measured value of global solar
radiation of 2008. It is found that the value of RMSE, MBE and CRM is comparatively lower values in
DCBB than BC, CD and DB models and the value of r? is higher in DCBB than other three remaining
models. It concluded that DCBB model proved the best fit among the other three models.

Table 4: Error Analysis of Year 2008

Models RMSE MBE CRM r’
(MJ/m2) MJ/m2) (No unit) (No unit)
BC 453 3.56 0.03 0.31
CD 4.64 3.59 0.03 0.32
DB 5.08 3.72 0.04 0.28
Modular DCBB | 4.39 3.37 0.02 0.39
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Figures 1 (top) and 2 (bottom): The variation of daily global solar radiation in 2006 and 2008

The figures 1 and 2 show that the variation of global solar radiation with day of the year. The
radiation varies significantly due to high concentration of moisture and local weather condition. The
average measured values of GSR are about 15.66MJ/m*/day and 15.26 MJ/m?/day in 2006 at and 2008
respectively at Simara. Similarly there is lacking of measured data of solar radiation in 2006 after 273 day
number. Thus there is more error is found in RMSE and MBE values in 2006 than in 2008 data of RMSE
and MBE. It is clearly shown in table 3 and 4.

Figure 3 and 4 show that coefficient of determination in between estimated value and measured
value of solar radiation of 4 models , the DCBB Model is the best because .most of the data are very close
to the correlation line with higher value of r* in 2008 data of Simara.
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Figure 3(left) and 4 (right): The coefficient of determination in between estimated value and measured
value of solar radiation in 2006 and 2008 of DCBB model

Figures 3 and 4 show that there is 0.36 and 0.39 coefficient of determination is found in 2006 and
2008. These values are the maximum in DCBB model in comparison with other three BC, CD and DB

models.
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Figures 5 (top) and Figure 6 (bottom): The comparative study of ten days average value of estimated
and measured radiation with ten day period in 2006 (top) and in 2008 (bottom).
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Figure 5 shows that there is mostly leading the estimated values of global solar radiation to the
measured values of radiation up to the 209 day number in 2006. However there is missing the measured
data after the 273 days . From the 209day number the measured values of radiation leads to the estimated
data because of local weather condition.

Figure 6 shows that there is tentatively the estimated values of radiation leads the measured data up
to the 183 day number after that the measured data dominates the estimated value of solar radiation . It is
happened due to the local weather condition such as humidity, clouds, wind direction etc.

Table 5 shows the comparative study of finding calibrated model coefficients of Simara Nepal.
These data can be utilized to the similar meteorological locations of Nepal.

Table 5: Calibrated Model coefficients for different locations of the World?*

S | Models | Parameters | Cortez Padova | Rothams | Wageningen Pretoria Griffith Simara
N Colorado | (ltaly) ted (Netherlands) (South (Australi
(USA) (UK) Africa) a) (Nepal )
1. BC b 0.17 0.141 0.110 0.100 0.126 0.123 0.103
c 2 2 2 2 2 2 2
2. CD b 0.203 0.396 0.345 0.331 0.39 0.282 0.153
The 104.1 42.1 106.1 64.1 84.8 100.0 19.3
3 DB b 0.112 0.131 0.106 0.099 0.134 0.119 0.095
C; 0.034 -0.040 -0.011 -0.026 -0.053 0.015 0.06
C, 1.410 0.008 1.183 0.215 0.041 1.137 1.045
4. DCBB b NA NA NA NA NA NA 0.081
Cy NA NA NA NA NA NA 0.044
C, NA NA NA NA NA NA 0.915
Tnc NA NA NA NA NA NA 96

Source: G.M. Abraha and M.J. Savage 2008%

Conclusions

It is concluded that these four models Bristow-Campbell, Campbell- Donatelli, Donatelli Bellocchi
and Modular DCBB used to estimate the global solar radiation varying with key parameters and testing
by graphical and statistical tools on 2006 and 2008 at Simara Finally the overall performance of the
model was evaluated by statistical tools such as root mean square error (RMSE), mean bias error (MBE),
Coefficient of Residual Mass (CRM) and coefficient of determination (r?) at the it is confirmed that .
Modular DCBB is the best model for this location for estimation of global solar radiation at samara and
other similar meteorological sites of Nepal. the finding model coefficients can further be used in the
design and estimation of performance of solar systems at the similar meteorological sites of Nepal.
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