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Abstract: The province of Salta is characterized by itsasokenergy high potential.
The use of solar resource would improve living abods in the area, diversify the energy matrix,
promote more sustainable production systems andgceedreenhouse gases emissions. However,
there are only a few studies that describe in tgghtial resolution the variability of the solar
resource in Argentina. Multidimensional tools, thainsider the environment and the socio-
economic situation, have to be considered for aaleqsupport decision-making, such as solar
collector location assessment and photovoltaicryiate In this sense, a deep evaluation of thersola
resource is needed first, as solar irradiation nseasential input variable for the design and
evaluation of solar application systems.

In this paper, we detail the methodology used ab@late a GIS tool to support decisions related to
renewable energy policies and solar technology gdesA comparison between global solar
irradiation measurements in situ, empirical modals] data provided by Land Surface Analysis
Satellite Applications Facility (LSA-SAF), is perfaed in daily, monthly and annual basis for a
seven-year period. This analysis validates theotisieis satellite data for the determination ofasol
irradiation in the region.

Keywords: Solar Irradiation GIS, LSA-SAF, Satellite imagery, Decision Support Tool.
1. Introduction

The energy system of a country is a strategic factdoost its economic growth and to enable its
social development. In this sense, the possibitityincreasing the energy supply based on
renewable sources also contributes to the produet@ the environment, resulting in a decisive
input in the production process and ensuring a ilowact on the environment. The use of solar
resources would improve living conditions in theardiversify the energy matrix, promote more
sustainable production systems and give answersntaronmental issues [1] such as: strong
pressure on renewable natural resources (e.g.do@wforests), undisclosed use of conventional
energy resources (fossil fuels), and pollution byssion of carbon dioxide (with consequences in
global warming).

However, the lack or inadequate planning of rendésvamergy projects has left a long list of
difficulties in economic, social, environmental amdtitutional aspects. In Argentina, the main
remarkable difficulty is that the energy problens Imat been solved yet, both macro and local scale.
Despite the fact that there is legislation [2] &hdre are numerous efforts to implement solar
energy technology [3,4], the main remarkable diftig of Argentina is that the energy problem has
not been solved yet, both at macro scale (non-ified energy matrix) and at local level
(unsatisfied basic needs, solar equipment with@a, wost overruns for the implementation of
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renewable energy projects, disengagement from Isactars). The development of integrative

planning tools that bridges the gap presented is dctor are therefore necessary [5-7]. In this
sense, GIS-based decision support tools for plgnaimd decision-making in the introduction and

promotion of Renewable Energy have proved to bg useful as evidenced by many experiences
around the world [8-11].

Nowadays, the Non-Conventional Energy Researcltutesiof the Argentinean National Scientific
and Technical Research Council is working on theeligpment of a Decision Support System for
the incorporation of Renewable Energy in the progiof Salta, Argentina. In order to achieve such
an integral tool is essential to acknowledge themital of renewable resources in the region. & th
study area, ground measurements of solar irradiatie punctual, scarce and scattered. The lack of
information makes it difficult to characterize thehavior of the irradiation in Salta, a provinceéhwi
great altitudinal and geographical variability. fh@rmore, there are only a few studies that
characterize in high spatial resolution the vatigbbf the solar resource in the region. These
studies use satellite imagery as a new data saarestimate solar irradiation [12,13]. At country
scale, a recent work of development and analyse réw solar radiation atlas for Argentina from
four ground-based measurements and satellite si&ighlighted [14].

1.1 Background of solar irradiation mapping

For a couple of decades now, GIS-based decisioposufpols have been used as a crucial tool for
energy management. The spatial distribution of wettde resources, their dependence on the site
characteristics and its connection to other spatioporal attributes, makes this tool a key element
for the planning of renewable energies. This caolmerved in multiple studies around the world,
among them: Spain [5], India [15], Greece [9], &adombia [16].

In the worldwide context regarding to GIS solar rggepotential models, there is a remarkable
difference between countries, like Germany, US/Spain, that started their "energy turnaround”
years ago and those, like Argentina, Uruguay, Childrazil, that started the process few years
ago. The energy transition processes of industadlicountries (e.g. Germany) have encouraged
studies on a detailed scale to promote the maximae of solar energy at a household level.
Consequently, those countries are most focused@mévelopment of accurate methodologies to
estimate solar potential in urban and suburbs diE&22] while the interest in addressing solar
potential estimates in rural areas has been l&inkde Nevertheless, there are countries, like Brazi
which present extensive rural areas with a higlrspbtential in which the development of GIS-
based decision support tools for renewable enem@yagement and planning in rural environments
are critical [10].

Various methods are used for solar irradiation nrvapp Naturally, it is highly recommended to
count with ground measured historical data of saladiation from calibrated meteorological
stations network. This would allow evaluating thehavior of the solar resource with great
precision. However, high costs of installation, mi@nance, and communication to centralize the
data have promoted the development of different etsotb estimate the global solar irradiation
from available data. These models can be grougedhree categories:

e Empirical Methods. Journée and Bertrand [23] classify the empiricaldeis into three
categories: sunshine-based (clear sky) models,aanpe-based models, and cloud-based
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models. In general, a well-calibrated sunshinetbasedel can provide better solar
radiation estimates than cloud-based or temper@ased models [24,25]. Other
applications of empirical models at the local aedional level are based on statistical
correlations with geographical variables such aide and latitude [26,27].

* Interpolation/extrapolation approaches of in situ measures. These methods are frequently
used in the development of irradiation maps inedéht spatial scales. It consists in the
interpolation or extrapolation by statistical orogttistical methods of solar irradiation
values from ground measurements [28]. Errors inetreuation of global solar irradiation
by interpolation or extrapolation are given by tensity of the network: a large distance
between stations leads to serious errors. Methddsiterpolation were applied in the
development of the solar irradiation maps for Atgen[29-31].

» Data obtained from satellite imagery. The accelerated development of satellites in disé |
decades has favored the scientific community witlarge amount of environmental and
climatic data. Numerous services associated witisdlsatellites provide data for mapping
global solar irradiation [32-34]. Satellite-modelddta is frequently quoted as being more
accurate than empirical or interpolation/extrapolatapproaches at distances greater than
34 km from a weather station [35]. Solar irradiatdata derived from satellite imagery is
used for several photovoltaic solar projects puedas zones that are distant from ground
measurement stations and other applications [36,3V]decision support tool for
photovoltaic and thermal solar energy based onlisatkistorical data of solar irradiation
was developed for Chile [38].

The models grouped in these categories are ust@ipined so as to compare and validate them.

Generally, solar radiation studies combine datanfsatellite imagery with empirical models and

the combination is validated with ground referestations. However, most of these works only
present assessments of solar radiation for spéadations [10]. With a greater scope, other models
around the world are oriented to the developmenGt8 and thematic maps of radiation with

potential application in energy planning as is tase of Spain [39], Uruguay [40], Republic of

Djibouti [41] and Chile [38].

In previous work, estimates from empirical methagdgellite data and data from one ground station
were compared [12,13,42] in order to determinesiigrce of global solar radiation data with the
best possible spatio-temporal resolution for theriaValley, located in the middle of the province
of Salta, Argentina. Results showed that LSA SARd.&urface Analysis Satellite Applications
Facility (LSA SAF) is a satisfactory alternativedompensate the lack of ground measurements in
the valley. From this point, we expand the studsaacovering the entire province of Salta while
maintaining the high spatial resolution. Moreowsg, enhance the methodology to a GIS method
creating daily, monthly and annual solar irradiatiayers. These maps are mainly based in satellite
irradiance data, that was validated with estimgteserated by empirical methods, commonly used
in the area, and to in situ available data frone fregional ground stations through a seven-year
period. This work presents a novel methodology essllts in the Argentinean context where
available solar irradiation maps are based onpotation methods of ground station measurements
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[20,31] or data based on satellite imagery withrezar any validation [14,43,43], causing the
results to be inaccurate.

1.2 Purpose of this study

A solar irradiation GIS is a key input to achieve tdevelopment of integral tools that promote
renewable energies in the region. The present studsrt of a larger project that seeks to create a
Decision Support System, which systematically ipooates the multiple dimensions that are
considered in the development of energy policigbénprovince of Salta [45].

Therefore, a more accurate characterization obti@r resource is needed first. This study aims to
develop a solar irradiation GIS for the provinceaisuitable spatial-temporal resolution; applying
solar irradiation satellite data evaluated withsitu available data and estimates from empirical
methods. This GIS is presented in accessible farniat diverse stakeholder groups related
(government, academic institutions, NGO, and pdpmia

The methodology developed in this works presenpesor benefits in relation to punctual analyzes
of solar radiation or solar radiation mapping basadinterpolation methods with few measured
radiation data available in the region. Moreovemiproves spatial precision by covering the entire
territory of the province and facilitating the sgllen of sites with high photovoltaic and thermal
solar potential for different applications (insertiof electricity to grid and isolated, improvemeht
small and large scale primary production systemayigion of energy in households). The time
scale used in the results is adequate for the @s&nd of multiple solar technologies.

This paper is sectioned as follow; Firstly, matierend methods are presented with an overview of
the geographical area concerned, a descriptioheotiata sets, an explanation of the methodology
for the development of the solar irradiation GISl &dne software used in this study. Secondly, the

results are presented and explained. Thirdly, ésellts are discussed and, in the last section, the
conclusions are drawn.

2. Materialsand Methods
2.1. Study area

The geographical area of this study is the provwifc8alta, located in the Northwest of Argentina.
Its bounding box coordinates are (in WGS84): E68t360128 W, West: 68.569034 W, North:
21.993606 S, South: 26.382889 S. Salta sharesHdarders with Bolivia to the north and the
province of Jujuy; with Paraguay and provinces ofmtosa and Chaco to the east; with provinces
of Catamarca, Tucuman and Santiago del Estercetsdhth, and with Chile and Jujuy to the west.
The total area of Salta is 155.488%m

Salta is characterized by a diversity of landscapes to its large size and the distribution of its
territory. Salta's topography is stepwise decrepsiraltitude generally from west to east as seen i
Figure 1. According to the classification of saladiation worldwide [46], Salta is inserted in zone
7 with the highest radiation in the world (up td2&kWh/nf annually). Although this classification
presents Salta as a great promise for solar engsgy more detailed studies are necessary to
optimize solar projects location assessment.
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Fig. 1. Digital Elevation Model of the Province of Saltased on data from NASA [48].

Different base layers of the province of Salta waympiled for the solar irradiation GIS. Most of
the layers were downloaded from the National lasgtitof Geography (NIG), a public institution
that develops geographic information and maps geAtina. The maps are in different formats and
can be freely downloaded from its web page [47]Tdble 1 there is a summary with basic data of
the maps used.

Table 1. List of the main base layers used.

Thematic Layers Type Sour ce
Political and administrative divisions Vector (Polygons) National Geographic Institute of
(countries, provinces, and counties) Argentina
Main Locations Vector (Points) National Geograplmstitute of
Argentina
Road network: roads and routes Vector (Lines) Nati@Gseographic Institute of
Argentina — Open Street Map
Hydrographic network Vector (Lines / National Geographic Institute of
(rivers, lakes, and dikes) Polygons) Argentina
High and medium voltage electrical Vector (Lines) Energy Secretariat of Salta
network Province
Digital Elevation Model (DEM) Raster NASA [48]

2.2.  Methodological Development
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A methodological process diagram is presented gurei 2. The process basically includes three
general stages: acquisition of data from variouss, comparative analysis and processing of the
data collected and, finally, the edition of the GI&l its dissemination.

1. Data Acquisition

7~ =

. 2.1. Solar Irradiation
4 1.1. Ground Stations Dail 3.1. GIS |ntegration
aily

b S

a N

2.2. Solar Irradiation
—| 1.2. Satellite Imagery Monthly o

L »

1.3. Empirical Estimates 2.3. Solar Irradiation
Annually

Fig. 2. Methodology Process Diagram

2.2.1 Data acquisition and pre-processing

Three data sets of solar irradiance are used ssthidy: a) Data derived from Meteosat Second
Generation (MSG) satellite images generated by S84 b) Ground measurements from five
meteorological stations located around the studda and c) Estimates generated by empirical
methods.

Ground measur ements stations

There are few records available of ground measumtsrer solar radiation in Argentina, especially
in Northern Argentina. However, data from five pyoaneters installed in the region by public
institutions and companies fdre analyzed period (2009-2015) were collected. The basic data from
each station is resumed in Table 2 and Figure 3 shows their location. The stations are distributed in

a range of 979 to 3463n.a.s.1.

In all cases, the solar irradiation values weresuead with Davis Vantage Vue equipment. It must
be considered that ground data may present intrirggiations due to the measurement instruments,
which are not the scope of this work.

Table 2. Summary of the characteristics ground stations us#te analysis.

Place Longitude | Latitude Altitude Temporary Period Frequency
(metersabove . . of data
Since Until .
level sea) (minutes)




201

202
203

204
205
206
207
208
209

210

211
212
213

Abra Pampa 65.4933 W| 22.4756'S 3463 October 2011 January 2016 5-15
(Jujuy)

El Pongo| 65.0831W| 24.2255 §
(Jujuy)

La Vifia| 65.3105 W| 25.1821 {
(Salta)

El Rincon| 67.0222 W| 24.0112 §
(Salta)

Cafayate| 65.5826 W| 26.0833 {
(Salta)

979 Sept. 2006  February 2016 15

U7

1198 June 2009 Dec. 2016 15

U7

3800 May 2006 March 2016 60

U7
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Fig. 3. Location of measurements stations.

The compilation of solar irradiance data serieslimdphard work as this information is not
available and disseminated in public and privasgitutions. The general steps that the management
followed were: 1) Make a data base of organizatestablished in the study area 2) Find out if the
organization had irradiation data. 3) Make firshiaxt with the organization and explain research
objectives. 4) Establish agreements. 5) Set upingsetvith people in charge of the data. 6) Group
and centralize data.

Satellite imagery from MSG by LSA SAF

The variable downloaded from the satellite imagess idown-welling surface shortwave flux
(DSSF). DSSF refers to the radiative energy inviagelength interval [0i8n, 4.0um] reaching
the Earth's surface per time and surface unit ardesponds to the most important quantity
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involved in the surface radiation budget [49]. Thasiable is comparable to the concept of global
solar irradiation on horizontal plane. DSSF is =i from the Spinning Enhanced Visible and
Infrared Imager (SEVIRI) instrument on board of M3@&d is calculated making use of an
algorithm developed by Météo-France, which is kaptto date since 2004. This algorithm
originally appeared in 1999 [49] and was validdtadthe first time by Geiger et al. [50]. Posterior
validation works can be found in [12,13,51-54].

The data from LSA-SAF was obtained in packagesQff0limages in HDF5-format file through
their web form and the ftop of the LSA-SAF websit@ta for each half an hour from 2009 and
2015 was downloaded from the part of the disk whieeeregion is located. Since and standard day
consists of 48 files, one image every 30 minutas,od 17520 maps that could be obtained for each
year, an average of 17356 per year was obtainégaihs2013 and 2014 omit 4 entire days of data
and the rest of the missing maps are distributegjidarly over the length of the year [50].

The data has a spatial resolution of 4.8 km for shely area. The data in HDF5-format was
transformed to Geotiff in order to be geo-refereneato code EPSG 22183 (“POSGAR 94 /
Argentina 3”). The library used for the transforioatwas the Geospatial Data Abstraction Library
(GDAL) [55]. The conversion of the satellite mapsoi common units (Wh/f was performed in
order to allow comparisons to be made. The progragnanguage R [56] in the integrated
development environment R-Studio [57] was usedtig transformation using the package raster
[58] and its arithmetic functions.

The comparisons were performed on daily and mordlglyregated solar energy basis. LSA-SAF
data, which corresponds to instant solar irradiamaes accumulated into daily energy using the
Equation (1). It is assumed that the irradianceaiemunaltered in each 30 minutes period, setting
the first raster map at 00:00 a.m and the lastabrid.:30 p.m.

I= %705 h*r) (1)
I: daily aggregated irradiation (W.h/m?)

r;: raster map with DSSF values (W /m?)

Once the entire satellite database was collectetiilly; the maps were grouped in monthly basis
adding all daily maps of each month. Finally, eswf the five ground measurements locations
were extracted from daily and monthly maps accagrdio the comparisons performed. The
procedures were also performed in R using the rigsa sp [59], raster [58] and rgdal [60],
generating at the end output files with the eqaahft as the ground measurements final files.

Estimates generated by empirical methods

In order to validate the satellite data, an esiiomabf the solar irradiation based on empirical
models was made. The combination of two clear skyets was used to this calculation: Hottel
[61] and ARG-P [62]. Both models estimate horizbrgéobal solar irradiance in clear sky
conditions and they are regularly used in the mref@y, 63, 64].
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Hottel expresses atmospheric transmittance, asctidm of the zenith angle (greater transmittance
in vertical direction, less towards the horizongight above sea level (higher transmittance at
higher altitude) and climate type. While ARG-P usasra-terrestrial irradiance and the altitude
above sea level to generate a clearness indexe SIRG-P presents satisfactory performance at
high altitude it was used for stations located Gp@®meters above sea level and Hottel method was
applied for stations placed under those conditions.

A program in C language was developed to calcuteadiation in daily and monthly basis using
the empirical models. Since both models need g@ametric angles, such as zenith angle, azimuth
angle and incidence angles. The Solar Position rklgn (SPA) developed by the National
Renewable Energy Laboratory [65] was used for plhigposed. This algorithm calculates the solar
zenith and azimuth angles in the period from thary@000 to 6000, with uncertainties of +/-
0.0003 degrees based on the date, time, and loaati&arth [66].

The input variables of the program are latitudegltude, and altitude of ground stations and the
output is 24 columns with daily solar irradiatioor f12 characteristic days and monthly solar
irradiation.

2.2.2. Comparative analysis

Diverse comparisons of global horizontal solardrasion of LSA-SAF data from 2009 to 2015,
available ground measurements angpirical estimates by clear sky models, were performed:

a) Average solar irradiation accumulated in a daily basis of each month. The characteristic days
used in the comparisons were selected followindgiBaind Beckman [61]. Table 3 presents the
characteristic days used in the daily comparis@isaracteristic days of all months have been
used for daily comparisons.

Table 3. Characteristic days used [61].

Month Date | Julian Day
January 17 17
February 16 47
March 16 75
April 15 105
May 15 135
June 11 162
July 17 198
August 16 228
September 15 258
October 15 288
November 14 318
December 10 344
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b) Average solar irradiation accumulated for each month: All twelve months are used for monthly
comparisons.

¢) Average solar irradiation accumulated in a year.

The performance of the DSSF product was evaluatad)statistical indices and measures of error
regularly used [13, 53, 54, 67, 68]: a) The rooemsquare deviation (RMSE %) - Equation (2), b)
The mean bias error (MBE %) — Equation (3), c) bDateation coefficienkR? ,and d) Relative
error ( E).

RMSE% = 100 * [ ?zl(ﬁi—ground - Hi—satellite)/n]/( Z?:l Hi—ground /n) (2)

MBE% = 100 * ?zl(ﬁi—ground - Hi—satellite) / Z?=1 Hi—ground (3)

H ground: monthly global solar irradiation of the ground station.

H satellite: monthly global solar irradiation from the satellite image.

2.2.3. GISedition and diffusion

Based on the results obtained in the comparistiessolar irradiation maps were developed and
adjusted for Salta provincdhe processing was performed for characteristic ldggrs, monthly
and annual solar irradiation.

A GIS project was developed in the software QuantalS (QGIS) in order to integrate and
centralize the basic layers and the solar irrasliathaps. All the edited maps were designed to be
easily understandable and readable by any intemprgioreover, a Keyhole Markup Zip (kmz) file
was also developed with all the irradiation dasaaavidely disseminated format.

Several dissemination strategies were proposeelichrthe different stakeholder groups: scientific-
academic seminars, website, meeting with governm@eshtrecords of the results in virtual formats.

2.3. Software

In this study, many software programs in combimatioth own software codes were used during
the whole process. Table 4 presents a summaryeo$dftware programs, its applications, and its
licenses.

Table 4. Software used.

Software Applications License
R Mathematical functions of aggregation. Statistical GNU — General Public
analysis. Comparisons and correlations. License v3

R - Studio | Used as an integrated development environment (fof5) GNU - Affero General Publi¢
the R programming language and graphics plotting. | License v3.

Own Software| peveloped to pre-process ground measurements| and) GN General Publig

10
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313

Code in R | satellite data. License v2
language
Own Software| program developed by the working group for H@NU — General Publi¢
Codein C | estimation of global solar irradiation under clesity | License v2
language | conditions.
QGIS Organization of the Geographical Information Syste@NU - General Publi¢
visualization of thematic layers and maps edition. License v3
GDAL Maps re-projections and conversions of satellitegel MIT License
formats.
3. Results

3.1. Comparisons and analysis

Solar irradiation of characteristic day

Comparative analyzes of the daily horizontal glad@hr irradiation between satellite data, ground
measurements and empirical estimates, are presfemtde five stations available in Figure 4. The
Abra Pampa and El Rincon stations have higher sofdiation values, in concordance to their

altitude.
B
Abra Pampa El Pongo
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Fig. 4. Comparative graphic for characteristic daily hontal global solar irradiation at points
corresponding to the ground stations: A- Abra Pa(dpgauy); B- El Pongo (Jujuy); C- La Viia
(Salta); D- El Rincon (Salta); E- Cafayate (Salta)

In the comparison performed between satellite aepdsured data in Table 5. and 6., MBE % is
under 10% in all the stations while the maximunuealhat reaches during months of September
and November is 17%. The values of RMSE % oscdlattween 7 % and 22 % in ground stations
while there is a pick in June where the RMSE vadazhes the 25%.

In all cases, the satellite and ground data isvibdlte curve of the data corresponding to the
empirical estimates throughout the year. This isabee the empirical estimates were made with
clear sky methods that do not take into accounbggpineric and climatic variables. In winter time
(June-August), the smallest differences betweernvaélhges of clear sky models, satellite values and
measured are observed, due to the dry seasonntrasy the greatest differences are found during
the wet season (September - April), where moredif@mss and precipitation occurs. The values are
almost identical for the dry season (autumn-winteshowing greater variability in the summer
months due to the causes explained above (Table 6).

Table 5. Statics indicators for data from LSA-SAF in relatito ground measurements for each
ground station.

Ground Stations | RMSE% | MBE% | R®
Abra Pampa 7 -3 0.90
El Pongo 12 -6 0.86
La Vina 16 -9 0.74
El Rincon 13 -5 0.78
Cafayate 22 -19 | 0.93

Table 6. Statics indicators for data from LSA-SAF in relatito ground measurements for the
characteristic day of each month.

Months RMSE% | MBE% | R?
January 17 19 -6 0.59
February 18 14 6 0.84

March 18" 10 -6 0.96
April 15" 9 3 0.90
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May 117 9 = 0.93
June 17 25 -10 | 0.09
July 16" 9 -6 0.87
August 1%’ 4 1 0.88
September 1% 17 -16 | 0.95
October 1% 14 -13 | 0.83
November 16 17 -16 | 0.84
December 17 14 -12 | 0.49

Monthly solar irradiation

The comparative results of the monthly global hamial irradiation are presented in Figure 5. Data
from monthly solar irradiation refers to the sumatifthe days of the considered month divided by
the number of years taken into account, in thiseCasTables 7 and 8 show the results of the
statistical indices for the monthly comparisonse Torrelation between the satellite and measured
data is over 88% for all stations. In general, bebavior of the curve is similar for the different
stations considered. The analysis for the periodlAnd September (dry season) indicate better
adjustments. For the summer months, a greater bitya is observed, highlighting an
underestimation of the solar irradiation satelltalues for the month of January and an
overestimation for the months of October, Novembad December. As it can be seen in Table 8.
The values of RMSE and MBE have a remarkable diffee in these months, especially in
November and December reaching: 23 % and 22% (RMZE) and 27% (MBE) respectively.

Based on this comparative analysis, adjustmenofaetere determined for the months of January,
October, November and December, where the diffeehetween satellite and measured data of
the five stations are greater than 10% (Equation 5)

Z?: Hi— roun
A F; = (22t i (5)

Hi_satellite

Adjustment Factor; = Adjustment Factor for monthly horizontal global solar irradiation,

with j = January, October, November and December.
H; = Monthly average horizontal global solar irradiation, with i varying in each station.
n = Number of ground stations

The calculated adjustment factors are January 10@Tober 0.93, November 0.833, December
0.811. These factors were applied to the satefhggps, adjusting the solar irradiation monthly
values to the terrestrial ones. As it can be sedifigure 5, the curve “Adjusted satellite datanfro
Cafayate ground station approximates significatatlthe curve from terrestrial data in months from
October to December when the adjustment factorsappdied. Table 7. and 8. show a valuably
improvement in the statistic indicators (RMSE % BE%) and the determination coefficientR

in the data adjusted. The most remarkable casetdsaE ground station as it goes from 26
RMSE%, -20 MBE% and $0.77 values to 16 RMSE% , -15 MBEY% Rnd 0.95 values.
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Fig. 5. Comparative graphic for monthly horizontal globalar irradiation at points corresponding
to the ground stations: A- Abra Pampa (Jujuy); BP&ngo (Jujuy); C- La Vifa (Salta); D- El
Rincon (Salta); E- Cafayate (Salta)

Table 7. Statics indicators for data from LSA-SAF with andhout adjustment factors in relation
to ground measurements for each ground station.

Satellite Data vs Adjusted Satellite
Ground M easur ements Data vs Ground
M easur ements
Ground RMSE% | MBE% | R° | RMSE% | MBE% | R®
Stations
Abra Pampa 10 -2 0.8 4 2 0.97
El Pongo 14 -8 0.88 7 -4 0.94
La Vina 19 -12 0.81 5 -8 0.96
El Rincon 11 -2 0.91 16 2 0.96
Etchart 26 20 | 077 16 15| 0.95

Table 8. Statics indicators for data from LSA-SAF, beforel after applying the adjusted factor, in
relation to ground measurements for each month
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Satellite Datavs Ground | Adjusted Satellite Data
M easur ements vs Ground
M easur ements

Month | RMSE% | MBE% | R° | RMSE% | MBE% | R?
January 10 9 0.62 5 -1 0.62
February 11 -6 083 11 -6 0.83
March 9 -6 0.96 9 -6 0.96
April 9 -7 0.95 9 -7 0.95
May 7 -1 0.92 7 -1 0.92
June 8 -3 0.84 8 -3 0.84
July 10 -2 0.74 10 -2 0.74
August 7 -4 0.83 7 -4 0.83
Septembe 9 -6 0.85 9 -6 0.85
October 11 -10 0.89 5 -2 0.89
November 23 -22 0.8y 7 -2 0.87
December 29 -27 071 9 -3 0.71

Annually solar irradiation

Table 9. presents the results of Relative Errogmiund measurements with satellite data and
ground measurements with adjusted satellite ddta.rélative error was measured in each station
and as it can be seen in Table 9, the performahcelative error improves significantly when
adjusted satellite data is considered. The higredsative error, between satellite data with ground
measurements, is from Etchart ground station withalwe equal to 29 %. While considering
adjusted satellite data versus ground measuremthietgelative error value of the same ground
station only reaches 9 %.

Table 9. Relative error for data from LSA-SAF, before arittiaapplying the adjusted factor, in
relation to ground measurements in annual basis.

Satellite Data vs Ground Adjusted Satellite Data vs Ground
M easur ements M easur ements

Relative Relative

Station Ground Satellite| Error Ground Satellite Error

M easur ements| Data % M easurements| Data %

Abra Pampa 2104.10 2321.00 10 2104.10 1943.26 -7
El Pongo 1568.46 1837.48 17 1568.46 1568.02 0.0
La Vifa 1530.37 1860.45 21 1530.37 1577.83 3
El Rincén 2196.98 2413.59 10 2196.98 2035.28 -7
Etchart 1639.142114.23 29 1639.14 1786.53 9

3.2 Solar Irradiation GIS

The solar irradiation GIS with a high spatial leson for the whole surface of Salta was
developed from LSA-SAF satellite imagery. It is thest remarkable result of this study. This tool
enables to consider the spatial-temporal distrdputf irradiation in the same framework. The solar
irradiation GIS includes raster layers associatethé variables: 12 daily global horizontal solar
irradiations (one day a month), 12 monthly globatizontal solar irradiation and 1 annual global
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horizontal solar irradiation, expressed in kWh/fhis solar irradiation GIS is presented in print
and digital format.

The analysis of the generated maps indicates aellert potential of the solar resource for the
province of Salta (Figure 6). The west region, wehiéie highest mountainous areas are located, has
the highest radiation values, exceeding an annlal srradiation of 2300 kWh/fn This value
places the region within the 7 zones with the hsglselar irradiation values in the world [51]. The
central and the east region have annual valueseketwt600 and 2000 kWhimconfirming a
satisfactorily potential for solar energy applicas.
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Fig. 6. Annual average global horizontal solar irradiatmap.

Regarding the distribution of irradiation duringetlyear, the maximum values of daily solar
irradiation are concentrated in November (6 to 9hkw) and the minimum in June (2.5 to 5
kWh/n). The central zone valley presents the fewestajlbiorizontal solar irradiations in the
summer months, that can be associate with efféatodiness and precipitations that characterize
this geographical area. It is necessary a deep toogksure this assumption. However, Carmona et
al. [14] present maps of monthly mean effectivaudl cover (ECC) obtained from the CERES-
SYNL1 product for the whole Argentine Republic ahd highest ECC values in Salta are located
during summer months
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414 "Figure 7 exemplifies the distribution of monthlylaoirradiation for the months of December
415  (summer) and June (winter) in Salta province.
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416 Fig. 7. Monthly solar irradiation distribution in June abdcember.

417

418 In correspondence to the annual values, the soladiation daily and monthly increases with
419 altitudinal variations of the terrain (Figure 1l)efzated areas show the highest values of irragiatio
420  during all the months of the year.

421
422 4. Discussion

423  Diverse comparisons of global horizontal solardiaéion of LSA-SAF data from 2009 to 2015,
424  available ground measurements amapirical estimates by clear sky models, were performed:
425 characteristic daily comparisons, monthly solaadration

426  The comparative analyzes, between ground stationsharacteristic daily basis, presented in
427  Figure 3, show that the Abra Pampa and El Rincatiosts present the higher solar irradiation
428 values that is explained by their altitude: 3468 8800 m.a.l.s respectively. On the other hand the
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smallest differences between the values of cleamsbdels, satellite values and measured data are
observed during the dry season (June-August). itrast, the greatest differences are found during
the wet season (September - April), where moredifeass and precipitation occurs.

Results of comparisons performed in monthly basimw that the dry season, from April to
September, indicates a satisfactory adjustmentewguimmer months presents a greater variability,
highlighting an underestimation of the solar ireditin satellite values for the month of January and
an overestimation for the months of October, Novermand December. For this reason, adjustment
factors for these months were applied, obtainingstntially better statistical indicators results.
The most remarkable case is Etchart ground stasdhgoes from 26 RMSE%, -20 MBE% antl R
0.77 values to 16 RMSE% -15 MBE% ant(R95 values.

Consistently, performance of the comparison ofrsiofadiation values from LSA-SAF and ground
measurements in annual basis improves significamtign adjusted satellite data is considered.
Relative error between adjusted satellite datagrodnd measurements oscillates between 0 -10 %,
while non adjusted satellite data presents relaiver values up to 29%.

All this considered, the results of this work dttate that solar irradiation data of the LSA-SARi
satisfactory alternative to compensate the scamfityround measurements available data in the
Northwest region of Argentina. The comparison & ¢fiobal horizontal solar irradiation data of the
LSA-SAF with the measurements of five pyrometersairseven-year period is a satisfactory
validation of the source. Moreover, similar valoésndicators (e.g MBE, RMSE) used in this work
and in other validation papers from Europe, evigemgood reproduction quality of the data source
[12,13].

A previous study [69], conducted in the same apsampares measured monthly mean solar
radiation and estimated monthly values from thre¢elbte databases. The satellite sources
considered are: SWERA, SoDa and SSE and resultteoRMSE% are 12%, 23%, and 23%
respectively. While, results of RMSE% of LSA SARdadata from the closest ground station
considered in Salazar is 7%. LSA-SAF is superigarding to high spatial resolution and its
performance is better in this case.

In a national context, Carmona’'s work performsdbmparison between CERES_SYN1 data and
four ground-based observations of the monthly ndly global solar radiation. This comparison
presents a close-to-perfect agreement between CERBA$L data and ground-based observations
for monthly mean daily global solar radiation (R20-995), with a MBE factor close to zero
[14].Although LSA-SAF has a better spatial defimiti (0.015 degree versus one degree) the
performance of the indexes is not in any of theesadose to zero, what opens a new line of
research to compare and evaluate the performanGERES SYN1 data and solar radiation data
from ground stations located in Salta.

The relative error values between the annual iatamh of measured values and adjusted satellite
data for all stations are within 10%, highlightittge EI Pongo station where the Er is zero. The
performance of adjusted satellite data is veryskatiory, considering that although the solar
radiation data from ground stations are consid&redain” in this work, however that data can also
contain errors. Those errors can be associatedh®: measurement equipment (calibration,
installation and maintenance) and the managemendatd (accuracy of measurements, data
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processing, collection and storage system). ltoispossible to quantify this since the degree of
maintenance of the stations (cleaning of domesglilay, etc.) is unknown.

Although, there are many examples of works that se@alidate solar irradiation satellite data with
ground measurements [40,41,70], there is nothimgealyin the number of stations needed for a
certain area. However, it is evident that the mauenber of stations the better, as it enables an
exhaustive evaluation. In the present work, the memof ground measurements and its time period
is considered satisfactory for the present analydigre are several works with larger territorial
surface than Salta where satellite radiation deda walidated using fewer measurements with a
shorter period of time [14,40,41]. On the otherdhahe present methodology improves simplistic
solar assessment methods generally employed byowditaic actors such as interpolation of
ground station measurements [20,31] or data basedatellite imagery with scarce or any
validation in the concerned area [14,43,46].

The methodology presented here enables the develdpoh high resolution irradiation maps with
adequate accuracy using free access data fromeanationally source (LSA-SAF), not commonly
used in countries outside Europe, and empiricdmasiobns models with high solar geometry
accuracy. On the other hand, this work presentshifirst time new LSA-SAF data comparisons
with more than one in-situ measurements in the Acarrcontext.

The global horizontal solar irradiation layers freatellite images with high spatial resolution ailo
a more detailed analysis of the behavior of saladiation in the whole province. In comparison
with previous works, that identified four irradiai isolines in the province [70], this study prdasen
a considerable improvement in the spatial resatutio

In the local academic context, some subsequendatadns have been made, obtaining pleasant
adjustments [71]. Also, GIS solar irradiation is being used in thesige of prototypes, the
installation of solar photovoltaic plants and plemgnprocesses. Its application in both governmental
and private sectors is very useful since it alldles evaluation of solar technology on a small and
large scale.

5. Conclusion

The use of solar resources would improve livingdibons in the area, diversify the energy matrix,
promote more sustainable production systems aral gmgwers to environmental issues. However,
there are only a few studies that describe in tgghtial resolution the variability of the solar
resource in Argentina.dfar radiation ground measurement data is scarce, punctual and mainly not
available, so information derived from satellite images can contribute to filling the current gaps.
Even though there are works, concerning solar radiation within the national circumscription, that
consider satellite imagery, data from LSA-SAF,a internationally renowned free access data source,
is not taken into much consideration. The results of this work show that the use ofatelkte
database provided by LSA SAF is adequate for selsource mapping in the province of Salta.
This data is compared with clear sky estimatesgaondnd station measurements in daily, monthly
and annual basis. The monthly variations due tostitellite method are corrected applying an
adjustment factor in the summer months. In the chsbe average daily solar radiation maps for
characteristic days, this adjustment is not madaulme there are few available terrestrial stations
and series of short and incomplete measurements.
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The maps generated, with irradiation annual vahetsveen 1600-2300 kWhfmsuggest a high
potential of solar energy in the province of Sdftighlighting a strong increase in solar irradiatio
as a function of altitude.

The information, now available in geospatial formaia contribution to the decision making related
to energy planning at both macro and local scadejributing in the evaluation of solar energy
projects, pre design of solar technology such sobdlector location assessment and photovoltaic
potential. Moreover, the present solar irradiatioal incorporates the advantages offered by the
GIS technology in order to use the sources of see@rgy in an adequate manner, respecting the
potentialities and limitations of each geographregfion and territorial environment in general. In
this sense, it is intended to make the solar iataah GIS available to interested institutions &md
the public in general.

As mentioned at the beginning of the document, & tool is part of a larger project that seeks to
create a Decision Support System, which systenligticecorporates the multiple dimensions that
are considered in the development of energy palimethe province of Salta. These dimensions
refer to: quality, quantity and accessibility, imgorating solar energy in an integral way that
guarantee the sustainability of the energy systEmerate impact on employment, favor productive
development, promote environmental care, and engemeration and energy access for the full
development of people.
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Highlights:

e Development of a solar irradiation GIS in high spatial resolution for the first
time in Argentina

e Comparisons LSA-SAF and five ground stations solar irradiation data for a
seven-year period

* LSA-SAF compensate the lack of ground measurements in an area with great
geographical variability

* The solar irradiation GIS is a contribution to the decision making related to
energy planning



