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ARTICLE INFO ABSTRACT

Keywords: The Atacama desert is a region with exceptional conditions for solar power production. However, despite its
Photovoltaic power under climate change relevance, the impact of climate change on this resource in this region has barely been studied. Here, we use
Atacefma regional climate models to explore how climate change will affect the photovoltaic solar power resource per
Irradiance square meter (PV,,,) in Atacama.

Temperature

Models project average reductions in PV,,, of 1.5% and 1.7% under an RCP8.5 scenario, respectively,
for 2021-2040 and 2041-2060. Under RCP2.6 and the same periods, reductions range between 1.2% and
0.5%. Also, we study the contribution to future changes in PV,,, of the downwelling shortwave radiation, air
temperature and wind velocity. We find that the contribution from changes in wind velocity is negligible.
Future changes of downwelling shortwave radiation, under the RCP8.5 scenario, cause up to 87% of the
decrease of PV,, for 2021-2040 and 84% for 2041-2060. Rising temperatures due to climate change are
responsible for drops in PV,,, ranging between 13%-19% under RCP2.6 and 14%-16% under RCP8.5.

We conclude that climate change has the potential to impact the PV, in the Atacama region while
retaining exceptional conditions for solar power production.

Climate models
Climate scenarios

es

1. Introduction

According to the Paris Agreement, urgent action is needed to limit
global warming to 1.5 °C [1]. Notwithstanding, in 2021 global CO,
emissions from the burning of fossil fuels and industrial processes
increased to reach their highest annual level with 36.3 Gt/year [2].
On the other hand, renewable energies have seen an increase in in-
stalled capacity by 110% during the last ten years in a path to reduce
emissions, being wind and solar power the ones with a more significant
boost. Worldwide, between 2012 and 2021, total solar photovoltaic
power installed capacity increased by 819% (746,641 MW) [3], and by
2050 is expected to grow 996% (7,772 GW) and to rise 8,519 GW [4].

In Chile, the total solar power installed capacity has increased by
456% (3,892 MW) in the period 2015-2021, and currently, solar energy
represents 25% (4,468 MW) of the total renewable installed capacity.
Of this, photovoltaic power (PV) represents 97% of the total solar
power capacity installed (4,360 MW) [5], and it is expected to cover
30% of the energy supply in Chile in 2030 [6]. In the north-central part
of the country is located the Atacama Desert. With an area of 105,000
km?, it covers most of the Antofagasta region and the northern part of
the Atacama region [7]. It is one of the driest places in the world and
one of the few where annual irradiance exceeds 2,500 kWh/m? [8]. On
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account of these characteristics, Atacama has exceptional conditions
for producing solar power, and effectively, the solar power installed
capacity in this region represents 92.9% of the total installed capacity
in Chile (4,150 MW) [9]. The potential of Atacama for solar energy
production has made it called “the solar El Dorado” [10].

Therefore, the rapid growth of solar power over the last few years
in this region, coupled with its future development in the country [11],
calls for complete knowledge of the changes induced by climate change
in the region and their impacts, which can pose challenges for the
generation of solar power and energy security [12]. This is important
both from the point of view of country-level planning and for climate
services [13]. Also, better information can provide benefits in the
form of improved exploitation of the solar resource. However, such an
assessment with a regional focus and studying the different climatic
variables that affect it has not been performed to date. This is despite
the fact that in the scientific literature there are many studies on
solar energy production focused on this region. Some have analysed
the solar spectrum in the Atacama Desert [14,15], which is essential
for the development of solar technologies, and others searched the
locations with the greatest potential for solar energy and the least
impact on the environment [16,17]. Some studies for the region have
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Fig. 1. Area of study. The Atacama Desert.

focused on the use of hybrid models which combine concentrated solar
power and photovoltaic systems with thermal energy storage [18-20].
Secondary applications and impacts have also been researched, such
as technologies to produce solar hydrogen [21,22] or analyze the soil
composition to define cleaning strategies for solar panels [23]. Other
works have analysed the impact of climate change on meteorologi-
cal variables that are someway related to PV production. They have
concluded that for different periods of the 21st century, the length of
heat waves, the number of extremely warm days, and the intensity of
storms will increase, and annual precipitation will decrease [24,25].
The few works providing information on the impacts of climate change
on solar power are not specific for the region, and they show that, by
the end of this century, PV output is expected to be between 2% and
4% less than compared to 1980-1999 [26] and that changes in the
surface-downwelling shortwave radiation (RSDS, 0.2-0.4 pm) are the
main cause of the variability in solar power in the Atacama Desert [27].
Other works focused on this region only analysed irradiance [14,15].

However, photovoltaic energy generation relies on not only RSDS
[28], but also other variables, such as surface air temperature (TAS)
and surface wind velocity (sfcWind). In this vein, the existing litera-
ture is insufficient to provide useful meteorological and climatological
information for PV generation in the Atacama region. For example,
TAS affects the panel efficiency and sfcWind causes variations in the
temperature of the solar panels [29]. Knowing how these variables will
be affected by climate change in the future and how they combine
with RSDS is essential to avoid efficiency losses in energy genera-
tion [30,31]. Moreover, the exposition to very high temperatures could
cause an increase in the degradation of PV panels [32]. Therefore,
knowing better the changes in these variables helps to implement
adaptation actions to reduce the impact of climate change on solar
power generation and determine the profitability of future plants in
the region of study.

Hence, this work aims to analyse the impact of climate change on
the main variables for PV generation (RSDS, TAS, and sfcWind) for
the region of the Atacama Desert and how they drive changes in PV
power generation. To do this, we use a set of regional climate models
(RCMs) and theory on PV production [33]. Factors such as the impact of
aerosols and dust that could deposit on solar panels are not evaluated,
as they are not resolved by climate change models, are beyond the
scope of this work, and need other types of analysis [34].

The remainder of the paper is organised as follows: First, we de-
scribe the data we used and the methodology, including the computa-
tion of solar power production; Next, we present our results showing

the future model projections of the main variables, and then, we apply
theory to compute the changes on solar power production. Last, we
analyse the results and present the conclusions.

2. Data and methodology
2.1. Region of study

The region of study is the Atacama Desert (see Fig. 1), an arid region
in northern Chile that is 1,000 to 1,100 km long from north to south.
The Atacama Desert is on the west slope of the central Andes between
15 °S and 30 °S at elevations between sea level and 3500 m above sea
level [35]. The coast range covers around 1,500 m in elevation, with
individual peaks reaching 2,000 m. In the interior, a raised depression
extends north and south and forms the high Tamarugal Plain at an
elevation of more than 900 m. Along the northeastern extends the
Atacama Plateau, which reaches 4,000 m [7].

2.2. Data

TAS, RSDS and 10-m u (the zonal component of velocity) and v
(the meridional component of velocity) components of sfcWind were
obtained from the Coordinated Regional Climate Downscaling Exper-
iment (CORDEX) simulations, the program sponsored by the World
Climate Research Program (WCRP) to develop an improved framework
for generating regional-scale climate projections for impact assessment
and adaptation studies worldwide [36]. The CORDEX simulations are
selected with the highest possible spatial resolution (0.22° x 0.22°) for
the South America region (SAM) under the RCP8.5 and RCP2.6 sce-
narios. The RCP8.5 is a Representative Concentration Pathway (RCP)
that consists in a greenhouse gas concentration trajectory that delivers
global warming at an average of 8.5 W/m> across the planet, and
RCP2.6 refers to 2.6 W/m2 [37]. We selected RCP2.6 and RCP8.5
scenarios because, for the variables analysed in this work, they are the
only available in the CORDEX SAM region with the necessary spatial
resolution.

Data from simulations was retrieved from CORDEX repositories as
monthly mean files [38] and used to analyse the PV variability both
for the near (2021-2040) and mid-term (2041-2060) future periods.
These future periods are the most relevant for stakeholders (as per
consultation with energy sector developers in the region) in the re-
newable energy sector. Historical simulations (1980-2015) were also
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Table 1
GCMs (Global Climate Models) forcing REM02015 and
label used here to refer to the different coupled models
[39].
Label GCM RCM
M1  MOCH- HadGEM2-ES [40]
M2 MPI-M-MPI-ESM-LR [41]
M3 NCC-NorESM1-M [42]

REMO2015[39]

considered for comparison purposes. Only three RCMs from CORDEX
met the conditions of data availability (scenarios, region and horizontal
resolution) requested (see Table 1).

HadGEM2 is a model developed by the Met Office Hadley Centre.
The model includes the components of the carbon cycle, but it excludes
the nitrogen cycle. HadGEM2 is a stable model which represents a
realistic state of the climate, vegetation, and ocean biology. As a short-
coming, it presents some areas where there is a large over-prediction of
dust emissions [40]. MPI-ESM is developed by the Max Planck Institute
for Meteorology. It is a coupled climate model that includes dynamic
vegetation and an interactive carbon cycle. The model response to in-
creasing concentrations of atmospheric CO, is within the mid-range of
estimates of other comprehensive GCMs and is amplified by cloud pro-
cesses. Aerosol radiative interactions play a relatively minor role [41].
NorESM1 is based on the Community Climate System Model version
4 (CCSM4) operated at the USA National Center for Atmospheric Re-
search. As issues to consider for this study, NorESM1 underestimates
cloudiness and, over the continents, the global mean near-surface air
temperatures [42]. Regarding REMO, it does not present issues relevant
to this work; also, it has been proved that it is able to simulate the mean
annual climatic features in all domains quite reasonably [43]. These
three RCMs have already been used in previous climatic analyses to
research extreme precipitation and temperatures in the region studied
here [44-46].

To evaluate the reliability of the CORDEX simulations, we compared
them to the ERAS reanalysis [47]. ERAS is the fifth-generation atmo-
spheric reanalysis produced by the European Centre for Medium-Range
Weather Forecasts (ECMWF), covering the period from January 1950
to the present and many studies have evaluated its performance [48-
56]. Its spatial resolution consists of a 30 km grid. The ERAS variables
used to evaluate the outputs from CORDEX models were surface solar
radiation downwards, 2 m temperature, and 10 m u and v wind
components.

2.3. Methodology

2.3.1. Skill of CORDEX simulations

To select the CORDEX model that best reproduces the historical
TAS, RSDS, and 10 m sfcWind components, we computed the nor-
malised root mean square error (RMSEy) (see relation 1) for each
variable and model [33]. Fig. 2 shows the results in percentage.

RMSE

- 100 1
) (€Y

RMSEy =

2.3.2. Solar photovoltaic resource calculation

The solar photovoltaic power resource (PV,,,) represents the value
of solar energy available, taking into account the RSDS and the vari-
ations in the efficiency of the photovoltaic cell caused by changes in
temperature.

PV, is calculated from RSDS (see Eq. (2)) [33] and takes into
account the correction related to the efficiency of PV solar cells, which
decreases as their temperature increases [57].
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Fig. 2. RMSE (%) calculated for RSDS (a,b,c), TAS (d,e,f) and scfWind (gh,i)
comparing ERA5 to CORDEX simulations. M1, M2 and M3 are the CORDEX models
(see Eq. (1)).

Where PV, is the power generation potential, RSDSgyc = 1,000
W m~2 is the RSDS in standard test conditions, and Py is the perfor-
mance ratio formulated to account for the influence of temperature into
the PV cells efficiency, according to the following relation:

Pr=1+7[Teenn(® — Tsrcl 3)

where Tgre = 25 °C is the temperature in standard test conditions
and y = —0.005 °C~! is the efficiency temperature coefficient given in
the literature [58]. T,,; is the temperature of the PV cell calculated
considering the effects of TAS, RSDS and scfWind (Eq. (4)) [58,59].

T,

c

ol =C€1 FTAS(t) + ;3 RSDS(1) + cysc fWind(t) (€))

with ¢; = 4.3 °C, ¢, = 0.943, ¢;=0.028 °C m?> W' and ¢, = —1.528
°C sm~!
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Grouping the relations (2), (3) and (4) the expression of PV,
becomes:

ot

PV pot = oleSDS+012RSDS2 +a3RSDS -TAS +a4RSDS - scfWind
a; =1.1035-107%, 0y = =1.4- 107,03 = —4.715 - 1076, oy = 7.64 - 107°
)

The values of a;, @), a3 and a; have been established in the litera-
ture [58].
PV,,, is averaged annually for each grid point for each model using
a common grid with the same spatial resolution (0.22° x 0.22°). Then,
the multi-model mean is computed.

Also, we analysed how the changes in TAS and scfWind induced
changes in PV power generation. To do it we computed APV, (see Eq.

()X
APY,

res

= APV pot - RSDSgrc (6)

BeingAPV pot : APV pot
= ARSDS(a; + 2y RSDS + 22, RSDS + 03T AS + a, VW S)+
a3 RSDS - ATAS + auRSDS - AVW S

+ a3ARSDS - ATAS + a,ARSDS - AVW S @

With this relation, we can attribute changes in PV,,, to changes in
TAS, taking ARSDS = 0 and AVWS = 0. In the same way, taking ATAS
= 0 and 4ARSDS = 0 enables us to attribute changes in PV, to changes
in scfWind.

To obtain the data results and the plots, we used a Python code [60].
This code is included as supplementary electronic material and is avail-

able via Zenodo [61] to comply with scientific reproducibility [62].
3. Results and discussion

3.1. Capability of CORDEX simulations to reproduce RSDS, TAS and
sfcWind

Fig. 2 shows the results of the RMSE for the different variables
from CORDEX simulations involved in PV production. The RMSE for
RSDS shows variations between 1%-10% for almost the entire region
of study, with the highest values in the mountainous areas and the
minimum in the centre of the region and near the coast. TAS shows
variations between 1%-5%, finding the highest values in the south and
the minimum in the north and centre. That said, for most of the regions,
variations are not higher than 3%. For scfWind, RMSE ranges between
30%-200%, being, in fact, greater than 100% for most of the region.

The values of RMSE for scfWind showed the poor capability of
CORDEX simulations to reproduce this variable. We guess that it can
be due to the complex orography of the region studied, a strip of land
between sea and mountains. Other studies found locations with com-
plex orography where the CORDEX models were not able to accurately
represent the wind due to its limited resolution [63,64].

Issues with scfWind are negligible in this case, as the impact of this
variable on PV, is less than 1%.

res

3.2. Historical mean values

The results of the mean PV, calculated with CORDEX simulations
for the historical period (1980-2015) show values between 190 W/m?
and 336 W/m?, with almost the entire region above 280 W/m?2, and the
higher values in the mountainous areas of the south-east (see Fig. 3).
The mean values of RSDS show values between 191 W/m? and 303
W/m?. The lowest values of RSDS are in the north and in the south
east of the region (see supplementary material). The results of the mean
values for the same period for TAS show values between —15 °C and
23 °C, with the lowest values of TAS in the mountainous areas of the
east and the highest in the centre and coastal areas. scfWind shows
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Fig. 3. Values of PV,,, (W/m?) for the historical period (1980-2015). The image shows
a multimodel mean (M1, M2 and M3).

values between 1 m/s and 9 m/s, with the highest in the south east
(see supplementary material).

In order to assess the accuracy of the models when representing
PV,,,, we calculated the root square mean error (RSME) for it (by
comparing the CORDEX simulations to ERA5 data), finding that the
maximum PV, RSME values are less than 1% for the whole region
(see supplementary material).

3.3. Projected changes in RSDS and TAS

Future changes in RSDS and TAS are evaluated for the near future
(2021-2040) and the mid-term (2041-2060) with respect to the histor-
ical period (1980-2015) for RCP2.6 and RCP8.5 scenarios. RSDS (see
Fig. 4), in the west area of the Atacama Desert, shows decreases for
both periods and both scenarios, more accentuated for the mid-term
future for the RCP8.5, with a reduction of 7.5 W/m?2 for the south
and north of the Atacama Desert. For the RCP2.6, the west area of
the Atacama desert shows decreases between 4 W/m?2 and 6 W/m?2.
In the east area, RSDS shows an increase, especially for the near future
in both, that could reach 5 W/m? for the RCP8.5 and 2.6 W/m? for
RCP2.6. The central area, for 2041-2060, shows a decrease between
1 W/m? and 4 W/m? for RCP8.5 and between 0.5 W/m? and 2 W/m?
for the RCP2.6.

The projections of TAS show an increase in its values, especially in
the southeast. For RCP2.6, for the near future, the temperature shows
an increase greater than for the mid-term future that could reach 1.2
°C and 1 °C, respectively.

The results for the RCP8.5 for the mid-term future show an increase
in temperature that could reach 4.5 °C. For the near future, the pro-
jections in TAS show an increase between 0.5 °C and 2.5 °C (see
Fig. 5).

3.4. Changes in PV,

Given the complex orography of the region studied, surrounded by
the coast, and being a plateau at high altitude, the output from the
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models is prone to show singularities, for example, when the model grid
takes a small part of land that could be considered as sea. This results in
outliers in the data from the simulations. To avoid their impact on the
interpretation of the results of PV,,,, we considered only those values
that lie in the 2¢ interval, being o, the standard deviation. Here ¢ = 4.27
W/m?.

For the RCP2.6 scenario, the results of the PV,,, projections show
a slight increase in the northeast of the region with changes between
0.5% and 1% and a decrease in the south of the Atacama desert for
the mid-term future. For the near future, the average reduction for the
region is 1.23%, and for the mid-term future is 0.52% (see Fig. 6(a,b)).

The PV,,, projections for the RCP8.5 show a reduction for the
two periods analysed in this work. For the near future, the average
reduction for the region is 1.53%; meanwhile, for the mid-term future,
we found a decrease up to 4% in the south of the region, and the
average value is 1.72% (see Fig. 6(c,d)).

Splitting the analysis by contributing factors, for RCP2.6, the con-
tribution of changes in TAS to change of APV,,, shows values between
0%-30% over most of the area of study for the two periods analysed
(see Fig. 7 (a,b)) with average values for all the region of 12.91% for the
near future and 19.52% for the mid-term (see Table 2 for the average
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Fig. 5. Changes projected for TAS, for RCP2.6 (a,b) and for RCP8.5(c,d) compared to
1980-2015. The image shows the multimodel mean.

values). In the figure, some points reach values near 90%; however,
they should be interpreted with caution, as they are near the mountain
areas, which are prone to outliers. For the RCP8.5, the changes in PV,
due to TAS changes range between 0% and 30% over most of the area
for the two periods analysed (see Fig. 7 (c,d)), with average values of
13.62% for the near future and 15.75% for the mid-term ( Table 2).
We note that the values shown here are positive because they are the
percentual part of changes in PV, due to changes in TAS.

The contribution of changes in scfWind to the changes of APV,
for the RCP2.6 and RCP8.5 scenarios show values of PV,,, between
—3.3% and 3.3% for the near future. For the mid-term future, this
contribution ranges between —3.48% and 3.37% (see Fig. 8). For the
RCP2.6 scenario, the average contribution is 0.3% for the near future
and —0.27% for the mid-term. For RCP8.5, the values are —0.34% for
the near future and 0.16% for the mid-term (see Table 2).

The contribution of change in RSDS to the changes of 4PV,,, that
this variable is responsible for, will be the remaining part that is not
attributable to the other two (TAs and sfcWind). Therefore, taking the
mean values for the whole region of study, for the RCP2.6, the decrease
of RSDS is responsible for 87% and 81% of the total reduction of
PV,,, for 2021-2040 and 2041-2060, respectively. For the RCP8.5, the
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Table 2

APV, (%) and the contribution of changes(%) in TAS, scfWind and RSDS to the changes
for RCP2.6 and RCP8.5 scenarios and for the near future and mid-term periods.

of APV,

res

RCP2.6

RCP8.5

(2021-2040)

(2041-2060)

(2021-2040)

(2041-2060)

APV, (%) 1.23 0.52 1.53 1.72
Contribution of 12.91 19.52 13.62 15.75
changes in TAS to

4PV, (%)

Contribution of 0.3 —-0.27 —-0.34 0.16
changes in scfWind

to APV, (%)

Contribution of 86.79 81 86.72 84.08

changes in RSDS to
4PV, (%)

decrease of RSDS is responsible for 87% and 84% of the total reduction
of PV,,, for 2021-2040 and 2041-2060, respectively (Table 2).

Unfortunately, the lack of scientific literature on the study of solar
photovoltaic power generation and the variables which caused its
variability for the region of study on an annual scale precludes the
comparison of these results.
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Fig. 7. Contribution of change in TAS to the changes of 4PV, ; (%) for the near future
(a,c) and mid-term future (b,d) under the RCP2.6 (a,b) and RCP8.5 (c,d) compared
to 1980-2015. The plot shows the multimodel mean. Given the complex orography in
high mountain areas, the model shows outliers. Because of it, in the plots, the results
for some points of mountainous areas are not shown.

In order to present the results in an integrated way, we show
the uncertainty by means of showing the standard deviation of the
model’s mean PV,,,. To do this, we calculate the annual mean PV,
for each model for the whole area of study, and then we calculate
the multimodel mean. Then, we compute the corresponding standard
deviation. The black line represents the annual mean, and the shadow
area is the interval of the standard deviation 9. The results show that
the standard deviation (¢) values range between +5 W/m? and +8
W/m?.

For future works, other variables impacting the power generation of
solar panels could be taken into account. For example, previous studies
have shown that soiling of solar panels decreases power generation in
the Atacama desert [65,66]; however, differences in decreases are big
depending on the region, ranging from almost negligible in the highest
altitudes and southern part of the desert, where we find the largest
changes in PV,,, due to the wind, to up to 39% in the northern coastal
part [67]. In this way, it can be speculated if future changes in wind
regimes could change the distribution of aerosol loads.

Also, an improvement to this work would need an advancement in
the capability of models to reproduce the representation of winds in



S. Bayo-Besteiro et al.

2021-2040

a

28°S

68°W

W T0°W

W

2041-2060

18°S

26°S

30°S |

3.5

2.9

2.3

1.7

1.1

2021-2040 ¢

16°S 16°S

~_

-1.9
20°s 20°s |

-2.5

-3.1
-3.5

22°S |

28°S

Fig. 8. Contribution of change in scfWind to the changes of APV, (%) for the
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compared to 1980-2015. The plot shows the multimodel mean. Given the complex
orography in high mountain areas, the model shows outliers. Because of it, in the
plots, the results for some points of mountainous areas are not shown.
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Fig. 9. Annual value of PV, obtained with the models from Eq. (1). The black line is

the mean annual value of the three models, and the shadow area shows the standard
deviation around the mean (o).

mountainous regions. Furthermore, we could only use three CORDEX
models for these variables and this region. These issues reveal that
increasing the data and studies for the region studied is urgent, mainly
because of its relevance for energy production.

4. Conclusions

This study analysed future variations in the solar photovoltaic
power resource in the Atacama Desert during the period 2021-2060
by means of an ensemble of three RCMs from the CORDEX project for
two pathway emissions scenarios, RCP2.6 and RCP8.5. The accuracy
of these simulations was validated by comparing simulated RSDS, TAS
and sfcWinds with the values obtained from ERA5 for 1980-2015. Our
main findings can be summarised as follows:

» RSDS and TAS data from CORDEX are in good agreement with
those from ERA5; however, we conclude that the models are not
able to represent the values of scfWind correctly.

+ A decrease in RSDS in the west and central area of the Atacama
Desert was observed in both 2021-2040 and 2041-2060 for the
two scenarios analysed, especially for the mid-term in the RCP8.5.
In the east area, RSDS shows an increase, especially for the near
future in the RCP8.5. For RCP2.6 and mid-term, the RSDS shows a
decrease along all of the Atacama desert except in the east, where
an increase is observed.

» The projected changes in TAS show an increase for the two
periods and two scenarios and cause a decrease in the projected
PVVES'

» We obtain an average reduction of 1.23% in PVres under the

RCP2.6 for the near future and 0.52% for the mid-term. Under

the RCP8.5, the reduction is even higher, with values of 1.53%

for the near future and 0.77% for the mid-term.

The changes in RSDS are the main cause of the variability in PV,,:

for the RCP2.6 between 87%-81%, and for the RCP8.5 87%-—

84% (in both for the mid-term and near future, respectively). The

increase of TAS is responsible for changes between 13%-19% for

the RCP2.6 and 14%-16% for the RCP8.5 (again for the mid-

term and near future, respectively). That said, the contribution of

the changes in TAS to the reduction in PV,,, changes depending

on the scenario and period. The changes in scfWind caused a

negligible impact on PV, in both scenarios.

Finally, with the goal of more accurate evaluations of the solar

resource in this region in the future, it would be desirable to have

a more comprehensive set of simulations, with more models with

the output variables and spatial resolution necessary available

for the region. We recall that from the CORDEX models, only
three had the data necessary for our requirements in this study.

In this way, with a larger number of models contributing to the

multimodel mean, bias in the final results could be smaller. This is

something that CORDEX contributors could consider in the future.
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