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a b s t r a c t

Santiago de Chile frequently suffers from atmospheric pollution that contributes to the decrease of solar
irradiance on the surface, leading to losses in the energy output of photovoltaic systems. In this study, a
simple model is used to estimate the effect of aerosols on the solar irradiance over the city throughout
the year, using as input AERONET sunphotometer data and other in-situ measurements. The results show
reductions of 3.5% and 14.1% for global horizontal and direct normal irradiance respectively and an in-
crease of 35.4% for diffuse horizontal irradiance between the actual condition in Santiago and a hypo-
thetical atmosphere free of aerosols. These effects translate approximately to an annual difference in the
energy output of �7.2% and �8.7% for monocrystalline and amorphous silicon PV technologies respec-
tively, and an annual difference of �16.4% for a CPV technology, showing that aerosols can have a sig-
nificant effect on the photovoltaic energy production.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

According to its 2050 energy policy, Chile has set a goal of
having 70% of energy production by renewable sources by year
2050 [1]. This goal and the new Net Metering law has raised the
interest of investors in different renewable energy systems such as
solar, wind, biomass and ocean wave.

In terms of solar energy, Chile hosts the highest values of surface
solar irradiance of the planet in parts of the Atacama Desert [2],
with a maximum of 7.44 kWh/m2/day. Important cities within the
country also have high values of solar radiation throughout the
year, with an annual average daily total for Santiago of 5.12 kWh/
m2/day [3,4]. Studies also show great potential for residential and
commercial photovoltaic (PV) systems along the country [5].
Moreover, several major cities in Chile could supply 22% of the
current electricity demand using PV technologies [6].

Given the good potential of PV systems in Chile, the net
photovoltaic capacity has increased from 2.9MW in December
2012 to 1802MW in November 2017 [7]. Several factors may
el Hoyo).
explain this increase, namely: The high solar irradiance over large
parts of the country; the lower prices for photovoltaic modules; the
low cost projections for PV systems [8]; the high energy demand
from the mining industry; and the high price of electricity [9].
However, the PV market in Chile still has multiple technical and
economic barriers, such as limited transmission capacity, volatile
energy prices, an immature solar market and the effect of the
environment on the energy production [10].

Quantifying the interaction of the environment with the surface
solar irradiance and PV systems is needed to ensure technical
feasibility and economic return. One variable of importance are
aerosols, as they play an important role in the solar radiation
budget. Different studies have shown a decrease of the shortwave
irradiance and the photosynthetical active radiation (PAR) with the
increase of the aerosol optical depth (AOD) (e.g Northern China
[11], Australia [12] and Spain [13]). The decrease of the shortwave
irradiance due to aerosols could also produce a decrease of the PV
power output. In Eastern China, there are cases registered in which
the reduction on the PV power output due to air pollution was
around 35% [14].

Since the 1990s, several organizations have made efforts to
improve the monitoring and abatement of air quality in Santiago,
with emphasis on fine particulate matter at the surface due to
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health concerns. Nevertheless, high concentrations of aerosols are
still a problem due to the prevalence of thermal inversion condi-
tions [15], low boundary layer heights [16] and the multiple
emission sources of pollutants in the city [17e19].

Santiago provides particularly a good site to study the effect of
aerosols on the solar irradiance given its high frequency of clear sky
days (approximately 200 days per year) and a long series of aerosol
measurement. Nonetheless, few studies related to the effect of
aerosols on the solar irradiance have been conducted in Santiago,
with studies to date only showing the effect of aerosols on UV ra-
diation [20]. Others studies conducted in Santiago by Molina [21][
and Molina et al. [22] found a significant bias of around 30% be-
tween a semi-empirical solar irradiance model and the observed
GHI, which they hypothesized to the scattering/absorption due to
aerosols.

Besides their effect on the solar irradiance, aerosols can impact
the power output of PV generation systems by the deposition of
particles on the modules [23,24]. For instance, Urrejola et al. [25]
studied the effect of soiling and degradation for thin film (TF),
polycrystalline (p-Si) and monocrystalline (m-Si) silicon photo-
voltaic arrays in Santiago, obtaining a mean annual average decay
of the performance ratio (PR) of 7.9%, 6.8% and 7.1%, with a
maximum decay of 16.8%, 12.3% and 12.9% in autumn of 2015 for
each technology respectively. These results show a larger PR
reduction when compared to similar studies in other regions of the
world [26e29], which may have been associated with the high
levels of air pollution [25]. Besides these studies there is no
research related with the effect of the atmospheric column of
aerosols on the power output of photovoltaic systems in Chile.

In this paper, we estimate the effects of aerosols for different
surface solar irradiance components under clear sky using obser-
vations and SMARTS2, a model for solar irradiance based on several
surface measurements, such as AOD, water vapor and ozone. With
the solar irradiance model, it is possible to calculate the power
output of different photovoltaic technologies with the current at-
mospheric conditions and also estimate the power output in a case
with no-AOD in Santiago.

The paper is organized as follows. Section 2 describes the site
and the data used. Themethodology is detailed in Section 3. Results
from the solar irradiance model, PV model and the CPV model are
found in Section 4. Section 5 contains the main conclusions of this
work.

2. Site description and data

Santiago, Chile (�33.45+N, �70.66+W) is located in a basin
surrounded by the Andes to the east and a coastal mountain range
to the west, with heights of 1000m a.s.l and 4000m a.s.l respec-
tively. Mean climate in Santiago is semi-arid, with an average
precipitation of 320mm concentrated during wintertime and a
long dry season that extends from spring to fall. Mean temperatures
range between 5+C and 27+C (See Fig. 1). The effect of the South-
eastern Pacific subtropical anticyclone, located in front of the
Chilean coast at around 30+, contributes to the large number of
clear days throughout the year due to the prevalence of a subsi-
dence inversion in the lower troposphere. Together with the quasi-
permanent influence of the Pacific high, the passage of coastal lows
(a subsynoptic feature traveling southward with a nearly weekly
frequency) intensifies the large scale subsidence [15], producing
favorable conditions for the accumulation of air pollutants, espe-
cially during wintertime, where boundary layer growth and vertical
dispersion of pollutants is inhibited by the lower values of surface
radiation [16,18,30].

To study the effect of aerosols on the solar irradiance, different
datasets were obtained between 2014 and 2016 in two different
locations: one at the Beauchef Campus of Universidad de Chile
(�33.4572+N, �70.6616+W) and the other at the San Joaquin
Campus of Pontificia Universidad Cat�olica de Chile
(�33.4976+N, �70.6066+W). Both sites have nearly the same alti-
tude and are separated by less than 7 km.

The global horizontal irradiance (GHI) and diffuse horizontal
irradiance (DHI) were measured with a CMP21 Kipp and Zonen
pyranometer. The diffuse component wasmeasured using a full ball
shadowing. The direct normal irradiance (DNI) was measured with
a CHP1 Kipp and Zonen pyrheliometer. The accuracy of all the in-
struments is ±2%, and all are properly calibrated with traceability to
the world radiation reference (WRR) at Davos. All the instruments
were installed in a SOLYS2 Kipp and Zonen two-axis sun tracker.
The pointing accuracy of the sun tracker is less than 0.1+. Each
component was measured every second and averaged every
minute.

The quality control for the solar irradiance dataset was proposed
by Rojas et al. [31] and consists of 17 quality tests. To start the
quality control, the first criterion filtered the data with solar ele-
vations lower than 10+. Then, criterion 2 to 14 from Rojas et al. [31]
were applied based on the hourly mean of each component, where
each data was flagged as valid or invalid for each test. After that,
daily means for the GHI, DNI and DHI were calculated for criterion
15 and 16, filtering all the hourly data in each day that did not pass
the quality control. Finally, an envelope using the clearness index
and the diffuse ratio was created, using the hourly data filtered. All
the data flagged as erroneous was deleted, which in this study
correspond to 64% of the entire dataset. It is important to note that
we used the same quality-controlled dataset obtained by Rojas
et al. for Santiago (same variables and period).

Air temperature and relative humidity were measured every
1min using a Campbell CS215 installed at twometers. The accuracy
of the instrument is ±0.4 +C for the air temperature and ±2% in a
range of 10e90% and ±4% in a range of 0e100% for the relative
humidity.

Wind velocity was measured with a Young 85,000, an ultrasonic
anemometer installed at two meters over the PV plant. The in-
strument has an accuracy of ±2% for speeds between 0 and 30m/s,
and ±3% for the range of 30 � 70 m/s. The wind data was acquired
at a frequency of 1min.

Solar irradiance, air temperature, relative humidity, and wind
velocity data was stored in a Campbell Scientific CR1000 at the
Campus San Joaquín. The datalogger uncertainty lies by ±0:06% of
reading plus offset.

Aerosol data, such as AOD, Angstrom coefficient, single scat-
tering albedo (SSA), the asymmetry factor and water vapor data
were obtained with an automatic sun photometer CIMEL CE-318-4
included in the AERONET (Aerosol Robotic Network), located at
Beauchef Campus. Measurements are available from late 2013 to
date of AOD at 340, 380, 440, 500, 675, 870, 1020 and 1640 nm,
water vapor (w) and Angstrom coefficient every 15min. The data is
cloud screened and quality assured (Level 2.0). The accuracy of the
instrument is between 0.01 and 0.02 [32]. Hourly means of AOD,
water vapor, Angstrom coefficient and the monthly mean single
scattering albedo (SSA) in Santiago throughout the year are shown
in Fig. 2.

Regarding the PV power output measurements, photovoltaic
modules were installed at Pontificia Universidad Cat�olica de Chile.
The power output datawas obtained every 15min from arrays used
previously by Urrejola et al. [25], consisting of 2 different types of
technologies, monocrystalline silicon (m-Si) and thin film amor-
phous silicon (a-Si). The arrays are tilted 32+ toward the equator,
with an azimuth of 350+ (clockwise from due north).

All technologies were cleaned monthly by brushing with water
and the raining events were recorded to take into account the effect



Fig. 1. Monthly boxplot obtained with daily mean values for a) 2m Temperature, b) 2m relative humidity (RH), and c) 2mwind speed (WS). In d) Mean monthly precipitation. The
data was obtained between 2014 and 2016.
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of soiling. Moreover, the degradation and the temperature coeffi-
cient for the power (d) of the different PV technologies were
considered, using the values obtained by Urrejola et al. [25]. Table 1
shows the specifications of the different modules used in this study
and Fig. 3 shows the PV plant located in the campus San Joaquín.
3. Methodology

3.1. Clear sky detection

Aerosols measurements are only taken in clear sky condition.
However, some clouds could have been detected in San Joaquín but
not in Beauchef station due to the distance between both meteo-
rological stations. To avoid that, the clear sky detection algorithm
proposed by Reno and Hansen [33] was used to filter cloudy con-
ditions in San Joaquín. The main advantage of this method over
others is the possibility to customize the model, allowing the
detection of cloudy periods without misclassify themwith extreme
episodes of air pollution.

The model consist in five criteria to classify a period as clear or
cloudy. The first one considers the mean value of GHI, classifying
the day as cloudy if the value is significantly lower than the mean
value. For the second criterion, the maximum value of GHI is
analyzed to detect periods where the global irradiance increases
due to the brightness produced by clouds, comparing it with a clear
sky model. The third one consider the variability along a time
period, comparing it with the variability of a clear sky model. The
fourth criterion analyze the maximum difference between changes
in GHI and the irradiance obtained with a clear sky model. Finally,
the standard deviation of the temporal change of GHI is calculated,
classifying the periods as cloudy if the standard deviation is over
8W=m2.

The model is currently available as a Python package [34], with
multiple options of broadband clear sky models to make the
comparisons required in each test. In this study, we selected the
model proposed by Ineichen [35] and a timewindow to execute the
test of five minutes. Fig. 4 shows the detection of clear periods
during three days in January 2014 using the model proposed.
3.2. Horizontal distribution of AOD

Since the main sites are separated by 7 km, we have to account
for the difference in aerosol load between both places throughout
the day. For this, we use the Multiangle Implementation of Atmo-
spheric Correction (MAIAC) AOD product generated by NASA,
which use the satellites measurements from MODIS AQUA and
TERRA missions. The product includes AOD at 470 nm, 550 nm and
water vapor with spatial resolution of 1 km.

A validation of MAIAC in Santiago using AERONET data with the
methodology presented inMartins et al. [36] is shown in Fig. 5. This
validation only account for the data from the AQUA mission be-
tween 2014 and 2016, a spatial average of 3 km around the AERO-
NET station and a temporal average of 1 h around the data obtained
between the 11:00 and 14:00 GMT-4, which in total correspond to



Fig. 2. Monthly boxplot obtained with hourly mean values for a) AOD 500 nm, b) water vapor, c) 440e870 nmÅ coefficient. d) Monthly mean SSA (single scattering albedo)
obtained by AERONET. e) Frequency of days per month with measurements. The data was obtained between 2014 and 2016.

Table 1
Specifications of the 2 PV technologies used in this study. Obtained from Urrejola
et al. [25].

Name Technology N+ d [%/+C] Pstc [Wp]

m-Si Cz-Si 6 �0.44 1590
a-Si a-Si/mc-Si 12 �0.33 1380

Fig. 3. PV plant used in this study, located at San Joaquin campus of Pontificia Uni-
versidad Cat�olica de Chile, Santiago, Chile.
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156 days. Fig. 5.a shows that both places (San Joaquín and Beauchef)
have a similar annual mean of AOD within this time range, with an
annual mean between 0.12 and 0.14. The validation betweenMAIAC
and AERONET, shown in Fig. 5b, is in agreement with the results
presented by Martins et al. [36] for other urban cities over South
America, with a relatively good coefficient of determination of 0.54.
The dispersion shown in this figure is likely due to the problems
that satellite aerosols retrievals have with urban covers [5,18].
Scatter plot in Fig. 5.c shows the AOD between San Joaquín and
Beauchef using MAIAC, where a small difference less than 10% is
found between both places. This allows us to compare surface solar
irradiance and aerosol properties between both places.
3.3. Solar irradiance model

The SMARTS2 model [37] was used to obtain the clear sky solar
irradiance in Santiago due to its versatility and availability of the



Fig. 4. Detection of cloud sky periods using the model proposed by Reno and Hansen [33] on a) January 23rd, b) January 24th and January 25th of 2014.

Fig. 5. a) Annual mean AOD obtained with MAIAC in Santiago using the AQUA product. b) difference between AERONET and the MAIAC product, the solid line represent a ratio 1:1
and the dashed ones represents the expected error (EE) of the model, defined as ± (0.05 þ 0.15,AOD). c) the difference between Beauchef and San Joaquín using the MAIAC product.
The solid line represents a ratio 1:1.
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data required as input. The model calculates the clear sky spectrum
based on parametrizations for the transmittance and scattering of
several atmospheric variables, such as aerosols, traces gases, Ray-
leigh scattering, water vapor and ozone [38]. To obtain the spectral
irradiance, first, SMARTS2 calculate the spectral direct beam (Ebn;l)
as:

Ebn;l ¼ Io;l,Ta;l,Tw;l,Tn;l,Tg;l,TO3 ;l,TR;l; (1)

where Io;l is the extraterrestrial spectral irradiance and T is the
transmittance at each wavelength for aerosols (Tal), water vapor
(Tw;l), trace gases (Tg;l), nitrogen dioxide (Tn;l), ozone (TO3;l) and
Rayleigh scattering (TR;l). Then, the spectral diffuse horizontal
irradiance is calculated as the sum of the diffuse irradiance due to
Rayleigh scattering (EdR;l), aerosols (Eda;l) and backscattering
(Edb;l). This is:
Ed;l ¼ EdR;l þ Eda;l þ Edb;l: (2)

Finally, the global horizontal is calculated using Ebn;l, Ed;l and
the solar zenith angle qz:

Eg;l ¼ Ebn;l , cosðqzÞ þ Ed;l: (3)

Afterward, SMARTS2 calculates the spectral irradiance for each
component between 280 nm and 4000 nm, with a resolution of
0.5 nm between 280 and 400 nm, 1 nm between 400 and 1700 nm
and 5 nm between 1700 and 4000 nm. A detailed explanation of
each transmittance parametrization can be found in Refs. [37,38].

The model requires different inputs to calculate the spectral
solar irradiance. To obtain an accurate transmittance due to aero-
sols we used the data from AERONET, such as AOD at 500 nm single
scattering albedo and the asymmetry factor. We also used different
atmospheric measurements such as water vapor, ozone and
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concentration of gases to obtain each transmittance due to gases.
A no-AOD case was also created, setting a fixed value for the

AOD of 0.05 throughout the entire period. The value chosen was
obtained from the time series of AOD, being a typical value for clear
sky days in Santiago with no pollution after a rain episode, repre-
sentative of background conditions.

We also calculated the aerosol radiative forcing (ARF) to quan-
tify the difference between the solar irradiance in normal condi-
tions and the one estimated for the no-AOD case. The ARF is
calculated as:

ARF ¼ð1�aÞ,DFBOA; (4)

whereDFBOA is the difference between the irradiancemeasured and
the irradiance calculated with no-AOD.

To validate the model, the MBD (mean bias difference), the
RMSD (root mean square deviation) and the MAD (mean absolute
difference) defined by Gueymard [39] were used:

MBD¼ð100 =OmÞ
hXN
i¼1

ðpi � oiÞ
i
; (5)

RMSD ¼ ð100=OmÞ
�XN

i¼1

ðpi � oiÞ2
N

�1=2
; (6)

MAD¼ð100 =OmÞ
hXN
i¼1

jpi � oij
i
; (7)

where Om is the mean of the observations and oi and pi are the
observation and the modelled data at the time i.

Finally, in order to obtain a background baseline in which no
aerosols are considered, we corrected the values obtained with
SMARTS2 using a bias correction technique. Since SMARTS2 tends
to overestimate the surface radiation over Santiago on clear skies
for the range of observed AOD (MBD of 2.2%, 0.5% and 7.8% for the
GHI, DNI and DHI respectively), leaving the model uncorrected
would therefore overestimate the effect of aerosols on the surface
solar irradiance. For this study, the use of SMARTS2 is solely to
create this baseline representative of a no-AOD case and not to
attempt to create a realistic simulation of the solar irradiance in the
presence of aerosols. Several methods exist to correct models using
linear and no-linear methodologies based on measurements [40].
For this study, we corrected SMARTS2 using an additive mean bias
correction [41e43], using the MBD calculated from the modelled
data and the observations, and adding it to the modelled dataset in
the no-AOD case.

3.4. PV power output model

First, the tilted global irradiance (GPOA) was calculated to eval-
uate the effect of aerosols on the power production with different
PV technologies using the Kluchermodel [44]. To calculateGPOA, the
surface reflectance was set to 0.3 (aged concrete) and the tilt angle
was set to 32+. Then, the power output for the different technolo-
gies was calculated using the model described by NREL [45]:

PPV ¼ PSTC

�
GPOA

GSTC

��
1� d

100

�
Tcell�avg � Tcell

��
; (8)

where PPV is the panel power output, PSTC is the power in standard
test conditions, GPOA is the tilted global irradiance, GSTC is the
reference irradiance, d is the temperature coefficient for the power
and Tcell�avg-Tcell is the average cell temperature minus the cell
temperature. To calculate Tcell we used the expressions obtained by
Kratochvil et al. [46]:

Tcell ¼ Tm þ GPOA

GSTC
,DTcnd; (9)

Tm¼GPOA , expðaPV þ bPV ,WSÞ þ Ta; (10)

where Tm is the module-back surface temperature, DTcnd is the
conduction temperature drop, Ta is the ambient temperature,WS is
the wind speed, and aPV and bPV are empirical heat transfer co-
efficients specific for each solar module technology.

We obtained the heat transfer coefficients (aPV and bPV ) and the
conduction temperature drop from Kratochvil et al. [46]. For the m-
Si (a-Si) the coefficients correspond to �3.47 (�3.58), �0.0594
(�0.113) and 3 (3) for the aPV , bPV and DTcnd respectively.

For both PV systems (m-Si and a-Si) the losses were estimated to
10%, which account for losses due to degradation (obtained from
Urrejola et al. [25]) and the inverter efficiency, which was obtained
from the manufacturer. The mismatch factor (MM) was estimated
using themodel proposed by Caballero et al. [47], which account for
spectral losses by aerosols, air mass and water vapor using the
following expression:

MM¼ f ðAODÞPV þ f ðAMÞPV þ f ðwÞPV ; (11)

where f ðAODÞPV , f ðAMÞPV , f ðwÞPV are empirical equation for each
PV technology. In Caballero et al. [47] the extended equations and
empirical values can be found in detail.

Then, the PV power output in a hypothetical case of no-AODwas
calculated with Eq. (8), using the modelled solar irradiance for the
no-AOD case. The PV power output calculated in both cases (cur-
rent conditions and no-AOD) was then corrected using the mean
bias difference between the measurements and the PV power
output calculated in normal conditions, adding the bias to the PV
power output in both cases. Finally, the energy output for each time
step was calculated using the PV power output and the timestep
(Dt) as:

EPV ¼ PPV,Dt: (12)

3.5. CPV power output model

The power output of a concentrated photovoltaic module was
simulated using the model described by Fern�andez et al. [48]:

PCPV ¼ PSTC
DNISTC

DNI,ð1� dðTcell � Tcell�stcÞÞ

,ð1� εðAM � AMuÞÞ,
�
1� f

�
AOD550 � AOD550;u

		
;

(13)

where DNISTC is the reference direct normal irradiance (1000W/
m2), Tcell and Tcell�stc are the cell and the STC cell temperatures
respectively, d is the temperature coefficient for the power, ε is the
atmospheric mass coefficient for STC conditions, AM and AMu are
the atmospheric mass and the atmospheric mass threshold (the
limit where the power is affected by the atmospheric mass), f is the
aerosol optical depth coefficient for STC conditions and AOD550,u is
the threshold of the AOD in 550 nm. To obtain the AOD in 550 nm
the AOD in 500 nm and 380 nmwere used with the approximation
proposed by Shettle and Fenn [49]:

AOD550 ¼0:2758,AOD380 þ 0:35,AOD500; (14)
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where AOD380 and AOD500 are the aerosol optical depth at 380 and
500 nm.

To calculate Tcell, Fern�andez et al. [48] propose the following
expression:

Tcell ¼ Ta þ aCPV,DNI þ bCPV,WS; (15)

The coefficients used in this work correspond to the ones used
by Fernandez et al. (Tables 1 and 2 in Ref. [48]). Then, the CPV
power output in a hypothetical case with no-AOD was calculated
using the direct normal irradiance obtained with no-AOD. Finally,
the power and energy output calculated in normal condition in
Santiago were compared with the no-AOD case.
4. Results and discussions

4.1. Aerosol effects on solar irradiance

The scatter plot in Fig. 6 shows the difference between the
irradiance measured and the irradiance obtained with the cor-
rected SMARTS2 model. The model for the global component ex-
plains almost all the variance (R2¼ 0.99), with a RMSD of 2.5% and a
MAD of 1.9%. The goodness of fit obtained is similar to the ones
obtained by the models proposed by Xia [50] and Xia [51]. The
RMSD (MAD) for the direct and diffuse component is higher than
the one for the global component, with a RMSD of 3.6% (2.7%) and
12% (9.2%) respectively. The R2 obtained for the direct and diffuse
component is 0.97 and 0.87 respectively. The MBD used to correct
the model correspond to 2.2%, 0.5% and 7.8% for the GHI, DNI and
DHI respectively. The RMSD and MAD obtained without the bias
correction can also be found in Fig. 6.

TheMAD and RMSD obtained are expected andwithin the range
compared to other clear sky solar irradiance models [52]. The dif-
ferences between the measurements and the model may be caused
by the parametrizations used in SMARTS2 to calculate the scat-
tering produced by aerosols and the attenuation of the direct beam
component [53].

Fig. 7 shows the annual hourly mean irradiance for the GHI, DNI,
DHI and direct horizontal component in clear sky conditions. From
this figure, it is clear that the model used to calculate the clear sky
irradiance follows closely the solar irradiance measured at any time
of the day in Santiago with the current atmospheric conditions.

There is a difference between the case with aerosols and the no-
AOD one, more noticeable for the direct and diffuse components
rather than the global component. This is consistent with other
studies [50,54,55] and is partly due to the partitioning of direct and
diffuse irradiance caused by aerosols. Since GHI is the sum of the
direct and diffuse horizontal components, the overall reduction of
GHI would be mostly associated with the absorption produced by
aerosols, as the reduction due to the scattering on the direct hori-
zontal component is compensated by the increase of DHI [11].

Furthermore, the differences between the measurements and
the no-AOD case are not symmetric around noon and present more
extreme values during the morning rather than the evening. These
Table 2
Difference between the measurements and the no-AOD case for the GHI, DNI and
DHI solar irradiance components.

Season GHI DNI DHI

Summer (DJF) �1.4% �11.4% 36.3%
Autumn (MMA) �5.3% �17.2% 37.4%
Winter (JJA) �6.0% �16.3% 31.2%
Spring (SON) �3.7% �13.4% 34.3%

Annual ¡3.5% ¡14.1% 35.4%
critical episodes might reduce the GHI and the DNI in more than
20% compared to the same hour but with no aerosols. The overall
higher reduction in the morning may be explained by the larger
concentration of air pollutants, the larger ventilation in the evening
[56], the air mass increase and lower height of the boundary layer at
this period [16].

The difference between the seasonal measured irradiance and
the irradiance calculated assuming no-AOD is shown in Table 2.

The differences between the measurements and the no-AOD
case are greater in autumn for the DNI and DHI components, and
can be explained by the larger AOD and the intensification of the
attenuation produced by the increase of the solar zenith angle in
autumn [57]. The effect of aerosols is larger on the direct and diffuse
component (�14.1% and 35.4%) compared to the global component
(�3.5%).

One case of interest is winter, where the GHI difference reaches
its maximum at the time that the DHI difference reaches its mini-
mum. One reason for this could be that the single scattering albedo
reaches a minimum in winter (See Fig. 2). A lower SSA in winter is
associated with an increase of the extinction due to absorption and
a reduction of the fraction of solar irradiance scattered by aerosols
[54,55]. The increase of absorptionmay be caused by the increase of
both wood-burning [17] and aerosols such as black carbon at
autumn-winter in Santiago [58].

The results obtained indicate that aerosols present in Santiago
tend to disperse more solar irradiance than they absorb, which is a
main characteristic of fine particles and dust [13,50]. This is
consistent with a recent study by Barraza et al. [30] which found
that motor vehicles and industrial sources were the main sources
for fine particulate matter in Santiago.

Taking into account the surface reflectance (a) in Santiago [59],
it is possible to calculate the aerosol radiative forcing (ARF) for clear
skies using Eq. (4). This is shown in Table 3 together with other
studies found in the literature. The ARF in Santiago is consistent
with locations with similar annual mean AOD, where the differ-
ences between themmay be explained by the type and the aerosols
composition. Thus, aerosol composition may be an important var-
iable over urban environments that should be incorporated in
future studies. The results found are in good agreement with ARF
on continental background zones shown by García et al. [60] using
AERONET data, with values in autumn/winter between �12W/m2

and -29W/m2.

4.2. Aerosol effects on conventional PV modules

From the previous section, we can see that aerosols produce a
significant effect on the different solar irradiance components in
Santiago. This change on solar irradiance produced by aerosols can
also be translated to a change in the power output for the different
solar modules technologies.

As in the previous section, the model used to calculate the PV
power output was corrected using the MBD between the observa-
tions and the model, which correspond to 1.3% and 4.5% for the m-
Si and a-Si respectively. Once again, the bias correction was used to
obtain good estimates of the PV power output.

The scatter plots in Fig. 8 shows the difference between the
measured and calculated PV power output using the PV model
proposed. The R2 is 0.98 on both cases and theMAD is 5.5% and 5.7%
for the m-Si and a-Si respectively. The difference between the PV
power output measured and calculated can be traced to three
sources: 1) the heat transfer model used to calculate the cell tem-
perature in the different PV technologies which can generate a
difference on the solar cell temperature, and hence, on the power
output; 2) the solar irradiance model used to calculate the tilted
global irradiance, which can overestimate the diffuse component;



Fig. 6. Scatter plot of a) GHI, b) DNI and c) DHI between the measurements and the irradiance obtained with the SMARTS2 model. The solid black lines represent a 1:1 ratio and the
shaded areas represent a confidence interval of 95%. The values in parenthesis correspond to the goodness of fit of the model without the bias correction.

Fig. 7. Annual hourly solar irradiance (left axis) of the measurements, the solar irradiance obtained with the SMARTS model and the no-AOD case for the a) Global horizontal
irradiance (GHI), b) the direct normal irradiance (DNI) c) the Direct horizontal irradiance (DNI , cos qz) and d) the diffuse horizontal irradiance (DHI). The boxplot (right axis) shows
the difference between the measurements and the no-AOD case.
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and 3) the effect of soiling which is still present in the
measurements.

With the previous results, the power output measured and the
calculated with the PV model in normal conditions were compared
with the case created with no-AOD. This is shown in Fig. 9, where
we can see the difference between the three cases for the 2 types of
PV silicon modules. The difference between the power output
measured and the power output estimated in a no-AOD case is
more significant in the morning than in the evening, which is
consistent with the effect of aerosols on the solar irradiance at the
same hours (See Fig. 7).

Fig. 10 shows the boxplot for 1) the monthly difference between
the measurements and the no-AOD case; and 2) the hourly MM. As
the difference between the measurements and the no-AOD case
shows, there is a similar pattern to the effect of aerosols on the solar
irradiance, with higher differences between April and September.



Table 3
Annual mean AOD and ARF in Santiago and other locations found in the literature.

Location Reference AOD mean ARF [W/m2]

Santiago, Chile In this study 0.20 �26
S~ao Paulo, Brazil Yamasoe et al [61] 0.18 �20
Valencia, Spain Esteve et al [62] 0.19 �17
Karashi, Pakistan Bibi et al [63] 0.28 �37
Tainan, Taiwan Chou et al [64] 0.73 �39
Xianghe, China Xia et al [11] 0.82 �33
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Looking at the monthly MM for both technologies, is clear that the
a-Si technology presents a higher spectral mismatch compared to
the m-Si; and hence, the higher difference appreciated in the a-Si.
This higher MM may be caused by the spectral response of the a-Si
technology, located near the visible range of the solar spectrum,
which is sensible to atmospheric mass changes and the effect of
Fig. 8. PV power output measured and calculated with the PV model for a) m-Si and b) a-
confidence interval of 95%. The values in parenthesis correspond to the goodness of fit wit

Fig. 9. Annual hourly PV power output measured (left axis), obtained with the PV model and
shows the hourly difference between the measurements and the no-AOD case (right axis).
aerosols. The impact of aerosols on the production of a-Si modules
has been explained by different studies that show the PV modules
sensitivity to changes in AOD [65,66].

After analyzing the PV power output, we calculated the energy
output for the different PV technologies using Eq. (12). We found
differences of �2.7%, �10.4%, �11.2% and �8.3% for the m-Si tech-
nology and differences of �3.9%, �9.9%, �11.7% and �10.5% for the
a-Si technology in summer, autumn, winter and spring respectively.
We also found an annual difference of�7.2% and�8.7% for the m-Si
and a-Si respectively. The maximum decrease in winter can be
attributed to changes of aerosols types, the increase of atmospheric
mass, the larger concentration of air pollutants and the low height
of the boundary layer. Moreover, the a-Si technology presents a
slightly higher loss in comparison with the m-Si modules.

We note that the effect of aerosols on the PV energy output is
larger than the effect on the global horizontal irradiance. One
explanation could be soiling, which decreases the PV power output
Si modules. The black line represents a 1:1 ratio and the shaded area correspond to a
hout the model corrected by bias.

estimated without AOD through the year for a) m-Si and b) a-Si modules. The boxplot



Fig. 10. At the top, the boxplot for the hourly difference between the power output measured and the no-AOD case for the a) m-Si and the b) a-Si modules. At the bottom, the hourly
MM estimated for the c) m-Si and the d) a-Si technology.
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measured compared to the modelled, especially when the PV
modules were not cleaned for several days. Moreover, soiling is not
modelled and it is expected to be lower in the no-AOD case
compared to reality, as fewer particles would be deposited on the
solar modules, increasing the PV energy output.

Although the effect of soiling is present, it is correct to say that
the effect of aerosols (and only aerosols) on PV power output is
quite similar to the one obtained for the GHI as a first-order
approximation, which is not far from the results previously found
in this study for the effect of aerosols on the solar irradiance.
Fig. 11. Monthly boxplot, based on daily means, for the difference between the power
output calculated with the current conditions and the one obtained with no-AOD for
the CPV technology throughout the year.
4.3. Aerosol effects on CPV modules

A similar analysis can be done for the CPV technology. Fig. 11
shows the difference between the power output obtained with
the current conditions and the one obtained with no-AOD using Eq.
(13). The seasonal variation shown in this Figure can be explained
by: 1) the dependence of the CPV technology on the DNI and the
effect of aerosols on the distribution of DNI and DHI [67] ; 2) the
scattering/absorption produced by aerosols in certain wavelengths.

The higher differences found in April could be related to days in
2016 with high AOD values (over 0.4), which impacted heavily on
the PV power output on those days.

In general, aerosols have a higher influence in wavelengths near
the visible spectrum than in the near-infrared, and thus, AOD has a
higher effect on the top sub cell of a multi junction solar cell, which
has a spectral response near the visible spectrum [68].
To obtain the difference between the energy output in normal

condition and the energy output in the no-AOD case, we calculated
the energy output using Eq. (12). The annual difference for this
technology is �16.4%, with seasonal differences
of �15.8%, �19.2%, �16.9% and �14.4% for summer, autumn, winter
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and spring respectively. Themaximumdecrease found in autumn is
much higher than the difference found for conventional silicon
modules. The difference between the effect of aerosols on the CPV
and the conventional technologies may be caused by the stronger
effect of aerosols on the direct irradiance component. Power output
losses caused by aerosols found by Chan et al. [69], obtained with
measurements and a custom model in locations with similar at-
mospheric conditions (annual mean AOD between 0.15 and 0.25
and w near 1.2 cm), were close to �16%, quite similar to the result
obtained in this study.

Although the obtained effect of aerosols on the CPV energy
output is important, we cannot validate these results with in-situ
measurements as we did with the conventional solar modules,
due to the unavailability of this technology in the time period of the
study.
5. Conclusions

This study presented the effect of aerosols on the solar irradi-
ance and PV power output for different technologies in Santiago,
using the SMARTS2 model, AERONET data and other atmospheric
measurements.

Using SMARTS2, the estimated annual differences between the
actual condition in Santiago and the no-AOD case in clear sky days
are �3.5%, �14.1% and þ35.4% for the GHI, DNI and DHI
respectively.

The results obtained with the SMARTS2model were also used to
calculate the PV power output for two technologies (m-Si and a-Si)
and estimated the effect of aerosols on the PV power and energy
output in Santiago. The results show a difference in the energy
output between the actual conditions and the no-AOD case
of �7.2% and �8.7% for the m-Si and a-Si respectively, with a
maximum decrease in the winter season between �11.2%
and �11.7%. We note that the difference found in the PV power
output between the current conditions and the no-AOD case in-
cludes the effect of soiling, as the PV modules were not cleaned
daily. However, as a first order approximation, the effect of aerosols
on the PV power output should be closely related to the global
horizontal irradiance losses due to aerosols. The mismatch factor
estimated shows that aerosols could have a larger impact on the a-
Si module compared to the m-Si module. A new study in which the
solar panels are cleaned regularly is required to effectively filter out
the effect of soiling.

Although there are some studies where the effect of aerosols on
the PV energy output is larger (eg. Refs. [14,24]), the results pre-
sented here showa significant effect that cannot be neglected in the
design of photovoltaic plants or for the development of solar
forecasting tools.

The solar irradiance model was also used to estimate the effect
of aerosols on the energy output of a CPV system. The annual dif-
ference between the actual condition and the no-AOD case
is �16.4%, showing that this technology is the most sensitive to
aerosols.

Future studies could focus on: the effect of aerosols in the solar
spectrum and the PV spectral response in Santiago to get a proper
estimation on the power output for the different PV technologies;
the spatial distribution and type of aerosols in Santiago, to obtain a
proper estimation that is representative of the whole city [70]; and
the economic negative externalities of air pollution due to the
decrease in surface solar irradiance for Santiago, which could
improve the estimation and economic projections of different solar
energy projects in Santiago as well as promote policies that could
reduce the fine particulate matter.
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Nomenclature

a Surface reflectance [dimensionless]
b Tilt angle [+ ]
DFBOA Difference between the irradiance measured and the

estimated without aerosols [W/m2]
DTcnd Conduction temperature drop [+C]
d Temperature coefficient for the power [1=+ C.]
ε Atmospheric mass coefficient for STC condition¼ 0.041

[dimensionless]
qz Solar zenith angle [+]
f Aerosol optical depth coefficient for STC

condition¼ 0.32 [dimensionless]
AM Atmospheric mass [dimensionless]
AMu Atmospheric mass threshold¼ 2.1
AOD Aerosol optical depth [dimensionless]
AOD550;u Threshold of the AOD at 550 nm¼ 0.25
AOD550 AOD at 550 nm [dimensionless]
ARF Aerosol radiative forcing [W/m2]
CPV Concentrating photovoltaic
DHI Diffuse normal irradiance [W/m2]
DNI Direct normal irradiance [W/m2]
DNISTC Direct normal irradiance at standart test condition,

1000W/m2

Ebn;l Spectral direct beam irradiance [W/m,2 nm]
Ed;l Spectral diffuse horizontal irradiance [W/m,2 nm]
Eg;l Spectral global horizontal irradiance [W/m,2 nm]
EPV PV energy output [kWh]
GPOA Global tilted irradiance [W/m2]
GSTC Direct normal irradiance at standart test condition,

1000W/m2

GSTC Global irradiance at standart test condition, 1000W/m2

GHI Global horizontal irradiance [W/m2]
Io;l Extraterrestrial solar irradiance [W/m,2 nm]
ISC Solar constant, 1360W/m2

ma Aerosol optical mass [dimensionless]
MM Mismatch factor [dimensionless]
PCPV PV Power output [W]
PPV PV Power output [W]
PSTC Power output at standart test conditions [W]
PV Photovoltaic
SSA Single scattering albedo [dimensionless]
Tm Module-back surface temperature [+C]
Ta;l Spectral transmitance due to aerosols [dimensionless]
Ta Ambient temperature [+C]
Tcell�avg Average photovoltaic cell temperature [+C]
Tcell�stc Photovoltaic cell temperature at standart test

condition¼ 25+C
Tcell Photovoltaic cell temperature [+C]
Tg;l Spectral transmitance due to nitrogen dioxide

[dimensionless]
Tn;l Spectral transmitance due to trace gases

[dimensionless]
TO3 ;l Spectral transmitance due to ozone [dimensionless]
TR;l Spectral transmitance due to Rayleight scattering

[dimensionless]
Tw;l Spectral transmitance due to water vapor

[dimensionless]
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w Water vapor [cm]
WS Wind speed [m/s]
MAD Mean absolute difference
MBD Mean bias difference
RMSD Root mean square deviation
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