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In this paper, we present the first study of the long-term climate-change impact on photovoltaic power potential 
in Nariño, Colombia. In this region, more than half of the territory does not have a constant electricity supply, 
but it has great potential for solutions with renewable energy sources. Based on the Coordinated Regional 
Downscaling Experiment (CORDEX), we assess the change in photovoltaic power potential towards the end 
of this century, considering two climate change scenarios, one optimistic and the other pessimistic. Our results 
suggest that changes in photovoltaic power potential, by the end of the century, will have a maximum decrease 
of around 2.49% in the central zone of Nariño, with some non-affected areas, and a maximum increase of 2.52%
on the southeastern side with respect to the pessimistic climate change scenario.
1. Introduction

Colombia is a country in South America in which around 52% of the 
territory belongs to the non-interconnected zone, involving 1, 798 ru-
ral communities [1]. Only 79% of them have electricity between 1 and 
6 hours per day, 17% have more than 6 hours of daily electricity sup-
ply, and the remaining 4% have no electricity supply service. From the 
total number of isolated communities in this situation, 33% are in Nar-
iño (1◦16′59′′ North, 77◦22′1′′ West), a region in South-west Colombia, 
corresponding to a half of the communities in this region. This issue 
makes it the region with the highest percentage of non-interconnected 
rural communities in Colombia [2], with a noticeable requirement of 
alternative energy solutions. An important characteristic of this region 
is its complex topography, which ranges from mountainous to maritime 
zones, as depicted in Fig. 1,1 where mountains reach approximately 
5, 770 meters above sea level. Installation of power lines is difficult due 
to wilderness areas, lack of roads, and deficient infrastructure [3, 4]. 
To address this problem, Nariño’s Sustainable Rural Energization Plan 
(PERS-Nariño) [5] proposed the implementation of several renewable 
energy projects around the zone involving photovoltaic (PV) solutions. 

* Corresponding author.
E-mail address: lf.giraldo404@uniandes.edu.co (L.F. Giraldo).

1 Fig. 1 used Narino Topographic by Dr Brains (https://commons .wikimedia .org /wiki /File :Narino _Topographic _2 .png ?uselang =en) and Narino in Colombia (main-

land) by TUBS (https://commons .wikimedia .org /wiki /File :Narino _in _Colombia _(mainland ).svg), which are licensed under CC BY-SA 3.0 (https://creativecommons .
org /licenses /by -sa /3 .0 /deed .en). The second figure was put on top of the first one and an elevation scale was added.

However, even though it is well known that climate change can affect 
PV solutions in the medium and long term [6, 7], there are no reported 
studies analyzing climate change in Nariño and its effect on the per-
formance of PV generation systems. This situation limits the impact of 
such renewable energy projects, which are key for social development 
in Nariño.

The contribution of this work is the evaluation of the climate change 
impact on the PV energy production in Nariño. As it has been done 
to understand the impact of climate change on PV power production 
in regions of Europe [8, 9], China [10], and Africa [11, 12], we used 
climate models to study how solar irradiance, temperature, and wind 
speed changes will affect the solar PV potential towards the end of the 
century. These widely studied models predict climate changes around 
the world using several weather variables including different scenarios 
for greenhouse gas emissions at different levels of resolution [8, 10, 11, 
13, 14].

In particular, we used data from the Coordinated Regional Down-
scaling Experiment CORDEX [15], which have been widely used to 
study climate change projections at a local scale [16, 17, 18] and to 
assess the impact of climate on the PV power potential [8, 10, 19, 20]. 
https://doi.org/10.1016/j.heliyon.2022.e11122
Received 31 March 2022; Received in revised form 6 July 2022; Accepted 12 Octob

2405-8440/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access 
er 2022

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

https://doi.org/10.1016/j.heliyon.2022.e11122
http://www.ScienceDirect.com/
http://www.cell.com/heliyon
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2022.e11122&domain=pdf
mailto:lf.giraldo404@uniandes.edu.co
https://commons.wikimedia.org/wiki/File:Narino_Topographic_2.png?uselang=en
https://commons.wikimedia.org/wiki/File:Narino_in_Colombia_(mainland).svg
https://creativecommons.org/licenses/by-sa/3.0/deed.en
https://creativecommons.org/licenses/by-sa/3.0/deed.en
https://doi.org/10.1016/j.heliyon.2022.e11122
http://creativecommons.org/licenses/by/4.0/


G. Narvaez, L.F. Giraldo, M. Bressan et al. Heliyon 8 (2022) e11122
Fig. 1. Nariño state is located in southwestern Colombia, bordering Ecuador and 
the Pacific Ocean. There are three physiographic regions: the Pacific region in 
the northwest, characterized by high temperatures, abundant rainfall, and lush 
vegetation; the Andean region, formed by the Andes mountain range, which 
is the most populated region; and the Amazonian slope in the south, which is 
covered by rainforests, with steep and little usable terrains.

We have determined the regions of Nariño with the largest solar PV po-
tential, and the mostly affected regions by climate change. This study 
may become a reference for future implementation of photovoltaic sys-
tems in the region, achieving a sustainable solution in the medium and 
long term.

This paper is organized as follows. Section 2 presents the proposed 
methodology, and data collection process. Then, results are presented 
in Section 3, followed by a discussion and conclusions in Sections 4 and 
5. Finally, an appendix section describes the mathematical formulation 
of the PV power potential and discussion on the data validation process.

2. Materials and Methods

The impact of climate change on PV generation in Nariño is ana-
lyzed by comparing the difference between the PV power potential in 
a reference period (1970-1999) with the estimated PV power potential 
at the end of the century (2070-2099), following a formulation simi-
lar to the one presented in [8, 10, 14]. Fig. 2 illustrates the applied 
methodology. The first step included collecting data from projections of 
surface-downwelling shortwave radiation (RSDS), surface air tempera-
ture (TAS), and surface wind speed (WS). Then, we applied a formu-
lation to estimate the PV power potential in the reference period and 
under the two climate change scenarios. Finally, we calculated the rel-
ative change of the PV power potential for each climate scenario with 
respect to the reference period.

The CORDEX-Coordinated Output for Regional Evaluations (CORE) 
provides high-resolution regional climate model (RCM) projections with 
greater detail and accurate representation of localized events [15]. In 
CORDEX-CORE, two RCMs were used to downscale four global climate 
models (GCMs) under two climate scenarios. Table 1 shows the GCM 
and RCM models available for South America [21].

Different studies have demonstrated the accuracy of CORDEX-CORE 
models in providing consistent and high-resolution regional climate 
2

Table 1. Overview of the analyzed CORDEX-CORE experiments. Each experi-
ment has one historical and two scenarios (RCP2.6 and RCP8.5), spanning the 
periods 1970-2005 and 2070-2099 respectively. The horizontal resolution of all 
simulations is 0.22º in both latitude and longitude.

Forcing GCM run RCM

GERICS-REMO2015 ICTP-RegCM4-7
MOHC-HadGEM2-ES ✓ ✓

MPI-M-MPI-ESM-LR ✓

MPI-M-MPI-ESM-MR ✓

NCC-NorESM1-M ✓ ✓

change projections [22, 23]. These models have also been used to as-
sess the impact of climate change on renewable energies [24]. These 
climate change models are based on representative concentration path-
ways (RCPs) estimating different greenhouse gas emission scenarios. 
The RCP2.6 scenario represents the case where the increase of global 
mean temperature reaches a maximum of 2◦C by the end of the cen-
tury, which is the best-case scenario. The policies required to achieve 
this goal include large penetration of renewable energy sources, drastic 
reduction of fossil fuels, and international collaboration. On the other 
hand, the RCP8.5 represents the worst-case scenario, where the increase 
of global mean temperature reaches a maximum of 4◦C by the end of 
the century. This scenario assumes, in the long term, a continuous ris-
ing of greenhouse gas emissions, low penetration of renewable energy 
sources, intensive use of coal, and high population growth.

The changes in the PV power potential were calculated consider-
ing changes in the solar irradiance, air temperature, and wind speed 
towards the end of the century (2070-2099) with respect to the refer-
ence period (1970-1999). We considered a 30-years period because it is 
a long enough projection to scale the lifetime of PV modules [25]. For 
each climate scenario (RCP2.6, RCP8.5, and historical), we computed 
the mean of the six climate change models as proposed in [8].

It is worth noting that climate models depend on physical param-
eterization schemes. Table 2 summarizes the key physical parameteri-
zation schemes used in the regional models used in this paper. To deal 
with the uncertainty caused by different parameterization schemes, it 
is recommended to work with the biggest possible ensemble of climate 
models. In this paper, we used all the climate models available for the 
study region. These models cover just two climate scenarios: RCP2.6, 
and RCP8.5 [56]. With these models, we evaluated the possible change 
in the photovoltaic power potential according to these extreme climate 
change scenarios.

3. Results

The maps presented in this paper were constructed using Tableau. 
This software uses Mercator projection for map construction. The spa-
tial resolution of the database is 25 km in both latitude and longitude. 
Therefore, each pixel on a map represents a 25 x 25 km area.

3.1. Change in solar irradiance and its influence on PV power potential

Figs. 3(a) and 3(b) show the solar irradiance changes in the refer-
ence period (1970-1999) compared to the end of the century (2070-
2099) and its effects on the PV power potential for the whole Nariño 
territory, according to the RCP2.6 scenario. There is a general lessening 
in solar irradiance, especially in the Pacific region, with a decrease of 
up to 17 W∕m2. Few areas do not show significant differences, and the 
Andean region shows irradiance increase with values up to 22 W∕m2. 
These solar irradiance variations do not have a considerable impact on 
PV power potential, causing maximum decreases of 1.5% in the north-
west, and even increase up to 2% is observed in the central zone of 
Nariño.

The effects of the RCP8.5 scenario on the PV power potential for the 
whole Nariño territory are shown in Figs. 3(c) and 3(d). In this case, 
the solar irradiance presents a maximum decrease of up to 28 W∕m2, 
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Fig. 2. The proposed study involves estimating PV power potential (𝑃𝑉𝑝𝑜𝑡) at the end of the century (2070-2099) from two climate changes models (RCP8.5 and 
RCP2.6) and comparing them to the PV power potential in the reference period (1970-1999).

Table 2. Physical parameterization schemes of the RCP models.

Physical parameterization schemes Reference
GERICS-REMO2015 Soil processes heat transfer [26]

Vertical diffusion and surface fluxes [27]

Radiation [28, 29]

Stratiform clouds [30, 31]

Cumulus convection [32, 33]

Fractional surface cover [34]

Freezing and thawing of soil water [34]

Monthly variation of vegetation parameters [35]

Snow-free land surface albedo [35]

ICTP-RegCM4-7 Radiation [36, 37]

Land surface [38, 39]

Planetary boundary layer [40, 41]

Convective precipitation [42, 43, 44, 45]

Large-scale precipitation [46]

Cloud microphysics [47, 48, 49]

Ocean flux [50]

Prognostic sea surface skin temperature [51]

Pressure gradient [52]

Lake model [53]

Aerosols and dust [54, 55]
whereas the maximum increase is 26 W∕m2. Similar to the RCP2.6 sce-
nario, the Pacific region shows a general lessening in solar irradiance, 
whereas the Andean region presents an overall increase. These varia-
tions in solar irradiance according to the RCP8.5 scenario have a slightly 
larger impact on the PV potential, causing maximum diminutions of 
2.5% and an increase of up to 2.5%, respectively in the northwest and 
central zone of Nariño.

3.2. Change in temperature and its influence on PV power potential

Figs. 4(a) and 4(b) show the air temperature change in the end of the 
century (2070-2099) with respect to the reference period (1970-1999) 
and its effects on the PV power potential according to the RCP2.6 sce-
nario. There is a general increase in the air temperature, especially in 
the Andean region, with a maximum of 2 ◦C. The northwestern side 
of Nariño shows an increase of approximately 1 ◦C, and the minimum 
increase in the whole territory is approximately 0.6 ◦C. These changes 
can affect the PV power potential with a 0.25% decrease in PV cell per-
formance in warmer locations. However, few regions do not show a 
significant impact.

According to the RCP8.5 scenario, the change in air temperature 
and its effects on the PV power potential are shown in Figs. 4(c) and 
4(d), respectively. In this case, the changes are more noticeable, with a 
minimum increase of 2.5 ◦C and a maximum of 5 ◦C. The most affected 
region is the southeast, where the PV power potential could decrease 
up to 0.6%.
3

3.3. Change in wind speed and its influence on PV power potential

The projected changes in wind speed with the RCP2.6 scenario and 
its influence on the PV potential are shown in Figs. 5(a) and 5(b). In 
general, the wind speed remains almost constant, with changes varying 
between −0.2 m∕s to 0.16 m∕s. For the RCP8.5 scenario, the results are 
presented in Figs. 5(c) and 5(d). In this case, changes in wind speed 
vary between −0.5 m∕s to 0.2 m∕s. In both cases, the change in 𝑃𝑉𝑝𝑜𝑡 is 
less than 0.15%.

4. Discussion

4.1. Change in solar irradiance and its influence on PV power potential

According to our results, the variable that will most affect PV po-
tential in Nariño at the end of the century is RSDS, generating a max-
imum decrease of 2.5% and a maximum increase of 2.5% on 𝑃𝑉𝑝𝑜𝑡 in 
the RCP8.5 scenario, and 1.5% and 2% in the RCP2.6 scenario. These 
changes in RSDS will affect the Pacific region, in the northwest of Nar-
iño, with an overall decrease of about 1.6% on 𝑃𝑉𝑝𝑜𝑡. However, this 
reduction can be considered small enough to threaten the future of PV 
solutions in this region. Therefore, we consider that PV systems are fea-
sible solutions as electric power sources for the Pacific region, mainly 
because this territory, which belongs to the non-interconnected zone, 
has lush vegetation that makes its integration into the interconnected 
system difficult.

On the other hand, for the Andean region, located at the center and 
southeast Nariño, changes in RSDS are expected to increase the 𝑃𝑉𝑝𝑜𝑡
by an average of 1% for both RC8.5 and RCP2.6 scenarios. This region 
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Fig. 3. Solar irradiance change analysis. The left column shows the change in solar irradiance, in Watts per square meter, towards the end of the century (2070-
2099) with respect to the reference period (1970-1999). The right column represents the respective change in PV power potential in percentage. In particular, (a) 
Changes in RSDS with RCP2.6, (b) 𝑃𝑉𝑝𝑜𝑡 with RCP2.6, (c) RSDS with RCP8.5, and (d) 𝑃𝑉𝑝𝑜𝑡 with RCP8.5.
is the most populated of Nariño, and it is characterized by its mountain-
ous landscape. Although this zone is part of the national interconnected 
system, it has electricity supply problems due to the fact that it is at the 
tail end of the national grid. Also, the power supply depends mainly on 
hydroelectric plants, which are vulnerable to meteorological phenom-
ena such as El Niño and La Niña, which have already caused energy 
rationing [57]. Therefore, it is necessary a transition from hydroelec-
tric plants to other non-conventional renewable energies, especially PV 
systems that have a great potential in this region.

4.2. Change in temperature and its influence on PV power potential

The air temperature is the second variable that most affects PV po-
tential. 𝑃𝑉𝑝𝑜𝑡 will have a maximum decrease of 0.6% and 0.25% for 
RCP8.5 and RCP2.6, respectively. In this case, the Andean region is 
the most affected one, while the Pacific region is the less affected zone. 
Although temperature changes are expected to decrease 𝑃𝑉𝑝𝑜𝑡 in most 
of the Nariño territory, these changes are less than 1%. Therefore, the 
photovoltaic potential for this region is still positive.

Also, it is important to point out that an increase above 4 ◦C in Nar-
iño would be above the upper bound of 2 ◦C in 2050 defined in [58, 
59], which could cause harmful consequences for nature. Note the re-
lationship between the changes in temperature and the physiographic 
regions of Nariño, shown in Fig. 1. The mountainous regions show a 
4

stronger increase in temperature than the one observed in the Pacific 
region.

4.3. Change in wind speed and its influence on PV power potential

Finally, in both climate change scenarios, changes of wind speed are 
too small to significantly affect the PV power potential. Therefore, the 
influence of wind speed on the PV potential can be considered negligible 
for the studied region. These results of the slight impact of wind speed 
on the PV power potential are in accordance with the results presented 
in [8, 11, 12, 14, 60].

5. Conclusion

We have studied the impact of climate change on PV power po-
tential, in the region of Nariño, Colombia, towards the end of the 
century, due to two climate change scenarios based on the CORDEX-
CORE framework, one optimistic and the other pessimistic. We found 
that solar irradiance, temperature, and wind speed changes will cause 
a maximum decrease of around 2.5%, with some unaffected areas, and 
a maximum increase of 2.5% on the PV power potential, with respect 
to the pessimistic climate change scenario. According to the National 
Renewable Energy Laboratory (NREL), photovoltaic solar panels are 
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Fig. 4. Temperature change analysis. The left column shows the change in temperature, in degrees Celsius, towards the end of the century (2070-2099) with 
respect to the reference period (1970-1999). The right column represents the respective change in PV power potential in percentage. In particular, (a) Changes in 
TAS with RCP2.6, (b) 𝑃𝑉𝑝𝑜𝑡 with RCP2.6, (c) TAS with RCP8.5, and (d) 𝑃𝑉𝑝𝑜𝑡 with RCP8.5.
expected to continue increasing their efficiency and lifespan while re-
ducing their cost. Also, local governments are developing policies to 
support the PV system deployment. Such a scenario suggests that a re-
duction of 2.5% in some specific regions of Nariño is not a potential 
threat to the development of PV systems in the region. Therefore, with 
these small expected changes in PV potential, it is unlikely that, by the 
end of the century, the PV sector in Nariño will be significantly affected.

This work laid an important foundation for studying the feasibility 
of implementing renewable energy systems in a Colombian region that 
belongs to the non-interconnected zones.

Abbreviation Definition
CORDEX Coordinated Regional Downscaling Experiment

CORE Coordinated Output for Regional Evaluations

GCM Global climate models

PV Photovoltaic

PVpot Photovoltaic power potential

RCM Regional climate model

RCP Representative concentration pathway

RSDS Surface-downwelling shortwave radiation

TAS Surface air temperature

WS Surface wind speed
5
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Fig. 5. Wind change analysis. The left column shows the change in wind speed, in meters per second, towards the end of the century (2070-2099) with respect 
to the reference period (1970-1999). The right column represents the respective change in PV power potential in percentage. In particular, (a) Changes in WS with 
RCP2.6, (b) 𝑃𝑉𝑝𝑜𝑡 with RCP2.6, (c) WS with RCP8.5, and (d) 𝑃𝑉𝑝𝑜𝑡 with RCP8.5.
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Appendix A

A.1. PV power potential formulation

The PV power potential can be expressed as a dimensionless magni-
tude that accounts for the performance of PV cells related to environ-
mental conditions and its nominal power capacity. Solar radiation and 
air temperature directly affect the performance of PV cells [61]. While 
higher solar radiation implies better PV performance, higher PV-cell 
temperature, which is affected by air temperature, solar radiation, and 
other physical parameters, reduces the potential. For this study, we con-
sider monocrystalline silicon panels, which have better efficiency and 
are widely used in the industry [62]. According to [8], the PV power 
potential 𝑃𝑉𝑝𝑜𝑡 can be expressed as

𝑃𝑉𝑝𝑜𝑡 = 𝑃𝑅
𝑅𝑆𝐷𝑆

, (1)

𝑅𝑆𝐷𝑆𝑆𝑇𝐶

6

where 𝑅𝑆𝐷𝑆𝑆𝑇𝐶 = 1000 W∕m2 with STC for standard test conditions. 
RSDS is the surface-downwelling shortwave radiation, and 𝑃𝑅 is the 
performance ratio, which depends on the PV cells efficiency due to 
changes in their temperature. This ratio is defined as

𝑃𝑅 = 1 + 𝛾(𝑇𝑐𝑒𝑙𝑙 − 𝑇𝑆𝑇𝐶 ), (2)

where 𝛾 = −0.005 ◦C−1 is a constant that depends on physical parameters 
of PV cells [61], and 𝑇𝑆𝑇𝐶 = 25 ◦C. The cell temperature 𝑇𝑐𝑒𝑙𝑙 can be 
described by

𝑇𝑐𝑒𝑙𝑙 = 𝑐1 + 𝑐2𝑇𝐴𝑆 + 𝑐3𝑅𝑆𝐷𝑆 + 𝑐4𝑊𝑆, (3)

with 𝑐1 = 4.3 ◦C, 𝑐2 = 0.943, and 𝑐3 = 0.028 ◦Cm2∕W, 𝑐4 = −1.528 ◦Cs∕m
being constants that depend on physical parameters of the PV cells [61]. 
In this model, 𝑇𝐴𝑆 is the surface air temperature, and 𝑊𝑆 is the sur-
face wind speed. According to (1) and (2), if environmental conditions 
are equal to standard conditions, 𝑃𝑉𝑝𝑜𝑡 = 1 and PV power output reaches 
the nominal value. If 𝑇𝑐𝑒𝑙𝑙 > 25 and/or 𝑅𝑆𝐷𝑆 < 1000, 𝑃𝑉𝑝𝑜𝑡 < 1 and the 
PV power output will be less than the rated power of the module. On 
the other hand, if 𝑇𝑐𝑒𝑙𝑙 < 25 and/or 𝑅𝑆𝐷𝑆 > 1000, the PV panel will 
improve the nominal generation with a 𝑃𝑉𝑝𝑜𝑡𝑡 > 1.

Using Equations (1) - (3) 𝑃𝑉𝑝𝑜𝑡 can be expressed as:

𝑃𝑉𝑝𝑜𝑡 =𝑅𝑆𝐷𝑆(𝑎+ 𝑏𝑅𝑆𝐷𝑆 + 𝑐𝑇𝐴𝑆 + 𝑑𝑊 𝑆), (4)
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Fig. 6. Boxplot of the solar irradiance by the climate change models and the 
NREL database. The six first boxplots represent the climate models in the same 
order as in Table 2, the last boxplot represents the NREL database.

where

𝑎 =
1 + 𝛾(𝑐1 − 𝑇𝑆𝑇𝐶 )

𝑅𝑆𝐷𝑆𝑆𝑇𝐶

,

𝑏 =
𝛾𝑐3

𝑅𝑆𝐷𝑆𝑆𝑇𝐶

,

𝑐 =
𝛾𝑐2

𝑅𝑆𝐷𝑆𝑆𝑇𝐶

,

𝑑 =
𝛾𝑐4

𝑅𝑆𝐷𝑆𝑆𝑇𝐶

.

From Equation (4), changes in 𝑃𝑉𝑝𝑜𝑡, denoted as Δ𝑃𝑉𝑝𝑜𝑡, can be cal-
culated as:

Δ𝑃𝑉𝑝𝑜𝑡 =Δ𝑅𝑆𝐷𝑆 (𝑎+ 𝑏Δ𝑅𝑆𝐷𝑆 + 2𝑏𝑅𝑆𝐷𝑆 + 𝑐𝑇𝐴𝑆 + 𝑑𝑊 𝑆)

+ 𝑐𝑅𝑆𝐷𝑆 ⋅Δ𝑇𝐴𝑆

+ 𝑑𝑅𝑆𝐷𝑆 ⋅Δ𝑊𝑆

+ 𝑐Δ𝑅𝑆𝐷𝑆 ⋅Δ𝑇𝐴𝑆

+ 𝑑Δ𝑅𝑆𝐷𝑆 ⋅Δ𝑊𝑆

(5)

From Equation (5), the changes in 𝑃𝑉𝑝𝑜𝑡 due to the individual contri-
butions of Δ𝑅𝑆𝐷𝑆 , Δ𝑇𝐴𝑆, and Δ𝑊𝑆 can be calculated. For example, 
the estimated change in 𝑃𝑉𝑝𝑜𝑡 due to changes in 𝑇𝐴𝑆 is given by taking 
Δ𝑅𝑆𝐷𝑆 =Δ𝑊𝑆 = 0 and keeping the remaining variables (𝑅𝑆𝐷𝑆, 𝑊𝑆) 
constant at their annual mean for the reference period (1970-1999). 
This methodology is the same as that presented in [8, 14]. Observe that 
it is not possible to fully isolate the contribution of each variable due to 
the cross-products in the last two terms of Equation (5).

A.2. Data validation

The simulation of clouds in climate models is challenging. As it is 
done in [63] and [64], one approach to verify the bias in cloudiness in 
the region is to verify the accuracy of the climate models with respect 
to local measurements. However, there are just a few meteorological 
stations in the region that are widely spread. Therefore, we used satel-
lite information from the National Solar Radiation Database (NREL) and 
compared both databases. We verified the ability of the climate models 
to represent solar irradiance. As depicted in Fig. 6, the boxplot shows 
how statistically the models differ. The first six boxplots correspond 
to the climate models, whereas the last one represents the NREL data. 
On average, the six climate change models present a radiation value of 
233 W∕m2, while the NREL data show an average of 268 W∕m2 for the 
7

region. In general, the climate models tend to show lower solar radia-
tion. However, this is still a good approximation of the behavior of solar 
radiation in Nariño.
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[45] K.A. Emanuel, M. Živković-Rothman, Development and evaluation of a convection 
scheme for use in climate models, J. Atmos. Sci. 56 (11) (1999) 1766–1782.

[46] A. Seth, F. Giorgi, The effects of domain choice on summer precipitation simulation 
and sensitivity in a regional climate model, J. Climate 11 (10) (1998) 2698–2712.

[47] M. Tiedtke, Representation of clouds in large-scale models, Mon. Weather Rev. 
121 (11) (1993) 3040–3061.

[48] A.M. Tompkins, K. Gierens, G. Rädel, Ice supersaturation in the ecmwf integrated 
forecast system, in: A Journal of the Atmospheric Sciences, Applied Meteorology 
and Physical Oceanography, Q. J. R. Meteorol. Soc. 133 (622) (2007) 53–63.

[49] R. Nogherotto, A.M. Tompkins, G. Giuliani, E. Coppola, F. Giorgi, Numerical frame-
work and performance of the new multiple-phase cloud microphysics scheme in 
regcm4. 5: precipitation, cloud microphysics, and cloud radiative effects, Geosci. 
Model Dev. 9 (7) (2016) 2533–2547.

[50] X. Zeng, M. Zhao, R.E. Dickinson, Intercomparison of bulk aerodynamic algorithms 
for the computation of sea surface fluxes using toga coare and tao data, J. Climate 
11 (10) (1998) 2628–2644.

[51] X. Zeng, A. Beljaars, A prognostic scheme of sea surface skin temperature for mod-
eling and data assimilation, Geophys. Res. Lett. 32 (14) (2005).

[52] N. Elguindi, X. Bi, F. Giorgi, B. Nagarajan, J. Pal, F. Solmon, S. Rauscher, A. Zakey, 
T. O’Brien, R. Nogherotto, G. Giuliani, Regional Climate Model Regcm: Reference 
Manual Version 4.7, Abdus Salam ICTP, Trieste, 2017.

[53] E.E. Small, L.C. Sloan, S. Hostetler, F. Giorgi, Simulating the water balance of 
the Aral sea with a coupled regional climate-lake model, J. Geophys. Res., Atmos. 
104 (D6) (1999) 6583–6602.

[54] B. Laurent, B. Marticorena, G. Bergametti, J. Léon, N. Mahowald, Modeling min-
eral dust emissions from the Sahara desert using new surface properties and soil 
database, J. Geophys. Res., Atmos. 113 (D14) (2008).

[55] S.C. Alfaro, L. Gomes, Modeling mineral aerosol production by wind erosion: emis-
sion intensities and aerosol size distributions in source areas, J. Geophys. Res., 
Atmos. 106 (D16) (2001) 18075–18084.

[56] F. Giorgi, E. Coppola, C. Teichmann, D. Jacob, Editorial for the Cordex-Core Exper-
iment I Special Issue, 2021.

[57] G. Carvajal-Romo, M. Valderrama-Mendoza, D. Rodríguez-Urrego, L. Rodríguez-
Urrego, Assessment of solar and wind energy potential in la Guajira, Colombia: cur-
rent status, and future prospects, Sustain. Energy Tech. Assess. 36 (2019) 100531.

[58] G.P. Peters, R.M. Andrew, T. Boden, J.G. Canadell, P. Ciais, C. Le Quéré, G. Marland, 
M.R. Raupach, C. Wilson, The challenge to keep global warming below 2 ◦C, Nat. 
Clim. Change 3 (1) (1 2013).

[59] C. Huntingford, J.A. Lowe, L.K. Gohar, N.H. Bowerman, M.R. Allen, S.C. Raper, 
S.M. Smith, The link between a global 2 c warming threshold and emissions in years 
2020, 2050 and beyond, Environ. Res. Lett. 7 (1) (2012) 014039.

[60] I.L. Carreño, M.T. Craig, M. Rossol, M. Ashfaq, F. Batibeniz, S.E. Haupt, C. Draxl, 
B.-M. Hodge, C. Brancucci, Potential impacts of climate change on wind and solar 
electricity generation in Texas, Clim. Change 163 (2) (2020) 745–766.

[61] R. Chenni, M. Makhlouf, T. Kerbache, A. Bouzid, A detailed modeling method for 
photovoltaic cells, Energy 32 (9) (2007) 1724–1730.

[62] P.G.V. Sampaio, M.O.A. González, Photovoltaic solar energy: conceptual framework, 
Renew. Sustain. Energy Rev. 74 (2017) 590–601.

[63] E. Coppola, F. Raffaele, F. Giorgi, G. Giuliani, G. Xuejie, J.M. Ciarlo, T.R. Sines, J.A. 
Torres-Alavez, S. Das, F. di Sante, et al., Climate hazard indices projections based 
on cordex-core, cmip5 and cmip6 ensemble, Clim. Dyn. 57 (5) (2021) 1293–1383.

[64] M.S. Reboita, M. Reale, R.P. da Rocha, F. Giorgi, G. Giuliani, E. Coppola, R.B.L. 
Nino, M. Llopart, J.A. Torres, T. Cavazos, Future changes in the wintertime cyclonic 
activity over the cordex-core southern hemisphere domains in a multi-model ap-
proach, Clim. Dyn. 57 (5) (2021) 1533–1549.
8

http://refhub.elsevier.com/S2405-8440(22)02410-0/bib228F30ABFCEA51A325B7BACE95BD9CD0s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib228F30ABFCEA51A325B7BACE95BD9CD0s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib228F30ABFCEA51A325B7BACE95BD9CD0s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib228F30ABFCEA51A325B7BACE95BD9CD0s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib0EEFF5C1F94D43D08F694CCF980EFE41s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib0EEFF5C1F94D43D08F694CCF980EFE41s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib326598C9C83990394DFC25F8BC82E6A2s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib326598C9C83990394DFC25F8BC82E6A2s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibB75B5B48B1EA571EF965BC4BBD7F8288s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibB75B5B48B1EA571EF965BC4BBD7F8288s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibE647E81E2CE55FD77717193EA4845DE5s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibE647E81E2CE55FD77717193EA4845DE5s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibE647E81E2CE55FD77717193EA4845DE5s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib36A598A54628C8E55A33F69FCA2CC207s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib36A598A54628C8E55A33F69FCA2CC207s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib4D7536C6E0462B0951959D4FE0F670BAs1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib4D7536C6E0462B0951959D4FE0F670BAs1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib44BB32A7B6158457EF7DAA5B87967FBCs1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib44BB32A7B6158457EF7DAA5B87967FBCs1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib44BB32A7B6158457EF7DAA5B87967FBCs1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib44BB32A7B6158457EF7DAA5B87967FBCs1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibAB808D65613872BD42E193CB84570A81s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibAB808D65613872BD42E193CB84570A81s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib6B21DA25C7F1F44012EF30356ED03FFFs1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib6B21DA25C7F1F44012EF30356ED03FFFs1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib6B21DA25C7F1F44012EF30356ED03FFFs1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib3A88C619D72BFE95CC52258CD8AB06ADs1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib3A88C619D72BFE95CC52258CD8AB06ADs1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib3A88C619D72BFE95CC52258CD8AB06ADs1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib4A3FDE76740F8C0418713614B92A700As1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib4A3FDE76740F8C0418713614B92A700As1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib4A3FDE76740F8C0418713614B92A700As1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib8B02DAAEE64CC9473183955EBA80A533s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib8B02DAAEE64CC9473183955EBA80A533s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib8B02DAAEE64CC9473183955EBA80A533s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib9B861A4E97B856EDCAB8BF61D933289Bs1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib9B861A4E97B856EDCAB8BF61D933289Bs1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibDCA6D0A88A3D0DE1C31E9D3E63F7C937s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibDCA6D0A88A3D0DE1C31E9D3E63F7C937s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibDCA6D0A88A3D0DE1C31E9D3E63F7C937s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibDCA6D0A88A3D0DE1C31E9D3E63F7C937s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib5445BAFF6BC4005C2EC3B142007F5FFFs1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib5445BAFF6BC4005C2EC3B142007F5FFFs1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib5445BAFF6BC4005C2EC3B142007F5FFFs1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib3A3256866CC593C32897617B1E174210s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib3A3256866CC593C32897617B1E174210s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibA3AE25AE45770E90B855EBF87A2D8AAAs1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibA3AE25AE45770E90B855EBF87A2D8AAAs1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibA3AE25AE45770E90B855EBF87A2D8AAAs1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibFF0981A298B1FF68AD59D610A86C9F97s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibFF0981A298B1FF68AD59D610A86C9F97s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibE492DF12EC19189D5CD1F224C07B2650s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibE492DF12EC19189D5CD1F224C07B2650s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibE492DF12EC19189D5CD1F224C07B2650s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibE492DF12EC19189D5CD1F224C07B2650s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib610D1AFBD5B3372E13932A1F84E6F6B5s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib610D1AFBD5B3372E13932A1F84E6F6B5s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib5A7A1FD1911A09E38501A9A698284638s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib5A7A1FD1911A09E38501A9A698284638s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib5CDB0B101DD63D6E2A62E357CA0E1A65s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib5CDB0B101DD63D6E2A62E357CA0E1A65s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib7628E115E0CE42D859FC5C0CB0B99644s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib7628E115E0CE42D859FC5C0CB0B99644s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib3582F970CE35BD73226256FA85C06907s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib3582F970CE35BD73226256FA85C06907s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib3582F970CE35BD73226256FA85C06907s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibB6430276806F36E1DFBC70D8B9EAD1F8s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibB6430276806F36E1DFBC70D8B9EAD1F8s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibB6430276806F36E1DFBC70D8B9EAD1F8s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibB6430276806F36E1DFBC70D8B9EAD1F8s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibE1490DF8FDDF3FB1DF6CEB6330E51BA2s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibE1490DF8FDDF3FB1DF6CEB6330E51BA2s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibE1490DF8FDDF3FB1DF6CEB6330E51BA2s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib3DC32AA33A42C41FFE5943E77575D5A1s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib3DC32AA33A42C41FFE5943E77575D5A1s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib21F65E2A5B04489F76B35E48E6A07790s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib21F65E2A5B04489F76B35E48E6A07790s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib21F65E2A5B04489F76B35E48E6A07790s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib18C71463F91B8409ACF6140F9664E018s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib18C71463F91B8409ACF6140F9664E018s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib18C71463F91B8409ACF6140F9664E018s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibFC65FAF36C0CF53C2A78A95D832A1C00s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibFC65FAF36C0CF53C2A78A95D832A1C00s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibFC65FAF36C0CF53C2A78A95D832A1C00s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib52B448BD51336AB4988519F3721D87CAs1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib52B448BD51336AB4988519F3721D87CAs1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib52B448BD51336AB4988519F3721D87CAs1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibB8826E1A936779D15ACAF2A2906C3226s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibB8826E1A936779D15ACAF2A2906C3226s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib7B9177E2A329B56C148D0F6EF14C5D4Cs1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib7B9177E2A329B56C148D0F6EF14C5D4Cs1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib7B9177E2A329B56C148D0F6EF14C5D4Cs1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib0987C3712932057C4728C854D401326Ds1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib0987C3712932057C4728C854D401326Ds1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib0987C3712932057C4728C854D401326Ds1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibD8FFF6A22477228BD7A114138B49E3EAs1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibD8FFF6A22477228BD7A114138B49E3EAs1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibD8FFF6A22477228BD7A114138B49E3EAs1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib3F89725AA19C7CBDE7FAA318B9838C63s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib3F89725AA19C7CBDE7FAA318B9838C63s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bib3F89725AA19C7CBDE7FAA318B9838C63s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibA4DBB0732ED95966FCDBEBC7FD6BC24Bs1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibA4DBB0732ED95966FCDBEBC7FD6BC24Bs1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibE9AED7FA4B8E7AB1CAC81A581EF5CA88s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibE9AED7FA4B8E7AB1CAC81A581EF5CA88s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibEC14D8A72465C41B9031BAFB3230FA38s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibEC14D8A72465C41B9031BAFB3230FA38s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibEC14D8A72465C41B9031BAFB3230FA38s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibA96A864959B19C8A5ECB29658DDA8697s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibA96A864959B19C8A5ECB29658DDA8697s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibA96A864959B19C8A5ECB29658DDA8697s1
http://refhub.elsevier.com/S2405-8440(22)02410-0/bibA96A864959B19C8A5ECB29658DDA8697s1

	The impact of climate change on photovoltaic power potential in Southwestern Colombia
	1 Introduction
	2 Materials and Methods
	3 Results
	3.1 Change in solar irradiance and its influence on PV power potential
	3.2 Change in temperature and its influence on PV power potential
	3.3 Change in wind speed and its influence on PV power potential

	4 Discussion
	4.1 Change in solar irradiance and its influence on PV power potential
	4.2 Change in temperature and its influence on PV power potential
	4.3 Change in wind speed and its influence on PV power potential

	5 Conclusion
	Declarations
	Author contribution statement
	Funding statement
	Data availability statement
	Declaration of interests statement
	Additional information

	References


