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This work presents a novel analysis of the potential impact of atmospheric attenuation in the performance of
solar tower plants for future climate change scenarios (2030-2060). Atmospheric attenuation has been estimated
from aerosol optical depth information in CMIP6 climatic models for several scenarios (optimistic and pessimistic
in terms of mitigation actions taken). Atmospheric attenuation data derived from CMIP6 models was evaluated
using the extensive and reliable experimental database at PSA (Plataforma Solar de Almeria). Detailed modeling

of a solar tower plant is also performed for the conditions at PSA showing a decrease in annual power production
less than 2 % for 2030-2060 period. A global impact of atmospheric attenuation is analyzed in relative terms and
global maps of future attenuation shows the specific regions more adversely affected in the optimistic and
pessimistic future scenarios. According to impact of atmospheric attenuation in solar field efficiency, these re-
sults may help in the future planning of deployment for solar tower plants.

1. Introduction

At the COP28 climate change conference, over one hundred coun-
tries agreed to work towards tripling the capacity of renewable gener-
ation by 2030. This is in line with the net zero emissions 2050 scenario
of the International Energy Agency (IEA). Solar energy is uniquely
positioned to support the global energy transition and climate change
goals, as well as to foster job creation and economic growth in the
context of the Green Deal [1] and COP28 [2] goals. Over ten million
people were directly and indirectly employed in the renewable energy
industry [3]. In addition, the solar sector is today preparing the new
ecosystem for green fuels and hydrogen production, solving one of the
main drawbacks of energy storage and transportation [4]. Within the
industrial sector of solar energy technologies, we can distinguish two
main families: thermal concentrated solar power (CSP) and photovoltaic
(PV). Although CSP is more efficient in terms of energy savings and has
reliable and more efficient energy storage systems, PV energy produc-
tion is currently more attractive, in financing terms, than CSP. This fact
leads energy investors to lean more towards PV. However, the energy
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sector is highly competitive. In the search for new, more efficient and
cost-effective solutions, new plant concepts are emerging. One example
is hybrid CSP and PV plants, which take advantage of the best of both
technologies.

Nevertheless, within the different technologies for solar energy sys-
tems, CSP with thermal storage ensures high dispatchability of the en-
ergy generated offering several advantages over other renewable energy
systems. In addition, efficiency optimization of CSP is crucial in order to
increase its competitiveness. Higher concentration ratio, enhanced
receiver designs, thermal energy storage, better tracking systems and
hybridization with other renewables are key aspects to the feasibility of
CSP. In particular, solar tower plants with thermal storage based on
molten salts allow to increase the efficiency because of the higher
working temperature. Consequently, recent solar tower projects
commissioned in 2018 and 2019 in China, Morocco and South Africa are
large plants (over 100 MWe) with large thermal storage systems [5].

Solar tower plants are one of the CSP technologies, also known as
central receiver technology. They have a very large solar field consisting
of thousands of heliostats which track the Sun position and reflect the
incident radiation to the receiver placed at the upper part of the tower.
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Abbreviations:

ACCESS: Australian Community Climate and Earth System
Simulator

BOM: Bureau of Meteorology

CMCC: Euro-Mediterranean Center on Climate Change

CMIP:  Coupled Model Intercomparison Project

CSIRO: Commonwealth Scientific and Industrial Research
Organization

CSP: Concentrated Solar Power

EC-Earth: Earth system model for the Coupled Model

GCM: Global Climate Models

IEA: International Energy Agency

MIROC: Model for Interdisciplinary Research on Climate
MPL: Max Planck Institute

MRI: Meteorological Research Institute

PSA: Plataforma Solar de Almeria

PV: Photovoltaic

RCP: Representative Concentration Pathways

SAM: System Advisor Model

SSP: Shared Socio-economic Pathways
TMY: Typical Meteorological Year
TSEY: Typical Solar Extinction Year
WCRP:  World Climate Research Programme
Notation/Symbols

i Extinction Coefficient (km ™)
AOD Aerosol Optical Depth

AT Attenuation

f Correction factor

P Significance level, p-value

S Slant range (km)

Units

m meter

MW MegaWatt

GWh GigaWatt hour

MWe Megawatt electric

w Watts

km kilometer

Table 1
Characteristics of CMIP6 models.

No Model Name Centre/Country Resolution (°Lat x °Lon)

1 ACCESS-CM2 CSIRO-BOM, Australia 1.25 x 1.875

2 CMCC-CM2- CMCGC, Italy 0.942 x 1.25
SR5

3 CMCC-ESM2 CMCGC, Italy 0.942 x 1.25

4 EC-Earth3 EC-Earth-Consortium, 0.72 x 0.72

Europe

5 MIROC-ES2L MIROC, Japan 2.8 x 2.8

6 MIROC6 MIROC, Japan 1.4 x 1.4

7 MPI-ESM1-2- MPI-M, Germany 0.935 x 0.938
HR

8 MPI-ESM1-2-LR MPI-M, Germany 1.865 x 1.875

9 MRI-ESM2-0 MRI, Japan 1.121 x 1.125

Energy efficiency in solar tower plants is influenced by the atmospheric
attenuation taking place in the optical path between the heliostat and
the receiver. The heliostat-receiver optical path may be as large as 1 km,
or even larger in high power capacity plants. Among all the optical losses
affecting to the image of the solar flux on the receiver, atmospheric
attenuation due to the scattering of the reflected irradiance with the
aerosol particles in the atmospheric boundary layer might be the process
that contributes the most to the energy loss of the plant. Extensive
studies on modeling and characterizing the atmospheric attenuation
induced losses have been reported in the literature [6-15]. However, the
number of works on measuring this phenomenon is still scarce [16-20],
limiting thus the broadening of model validation [21,22].

Due to their dependency on the meterological parameters, any
changes in the current climate can change their energy generation ca-
pacity. Several studies have projected changes in the future atmospheric
conditions due to climate change, that might affect the system perfor-
mance in the future years [23]. The impact of future climate projections
on renewable energy systems performance has been recently analyzed in
several works [23-25]. Analysis of long-term climate projections in
Australia indicated a decline in Photovoltaic (PV) performance due to
reduced insolation and increased temperatures [26,27]. On the other
hand, impact of climate change on potential for distributed PV in Brazil
studied in Brazil concluded the robustness of PV systems [28]. Never-
theless, detailed analysis of the impact of future climate scenarios on
CSP, and particularly on large solar tower plants is still pending. A
substantial increase in the aerosol load in the atmosphere, would

negatively affect the optical performance of solar systems. In particular,
the increase of aerosols contribute to decrease the optical efficiency of
the solar field of heliostat in solar towers due mainly to the increase of
the atmospheric attenuation. Some recent works confirmed the increase
in the intensity of airborne particles in the Mediterranean countries due
to African dust transportation towards western Mediterranean basin
[29].

For exploring future climate conditions under different scenarios the
Couple Model Intercomparison Project (CMIP) can provide state-of-the-
art simulations using multiple global climate models (GCM). These
models employ different greenhouse gas emission scenarios to simulate
past, present, and future climate conditions. The sixth phase (CMIP6) is
the latest generation of future climate projections with improvements in
physical parameterizations [30].

The main novelty of this work consists of the first analysis, to our
knowledge, of future changes in the atmospheric attenuation associated
with different climate change scenarios, and their impact on solar tower
plant performance. For this purpose, data of aerosol optical depth (AOD)
from CMIP6 models are used as input to compute atmospheric attenu-
ation worldwide on a monthly basis for different future scenarios for the
period 2030-2060. In addition, detailed analysis is performed for a
reference plant using the meteorological and solar radiation input for a
site in south-east Spain, where long term measurements of attenuation
have been monitored since 2017. The confidence in the worldwide
quantitative results of this study is challenging due to the scarcity of
experimental reliable information on atmospheric attenuation world-
wide, and thus we have used the most reliable experimental database on
atmospheric attenuation to assess the modeling results in one specific
site. The relative analysis performed offers relevant information on ex-
pected changes in atmospheric attenuation and consequently in the
optical efficiency of the solar field that is of high interest for the solar
tower plant locations and future performance.

2. Climate model projections from future scenarios in CMIPI6
models for atmospheric attenuation

This study uses CMIP6 model data (https://esgf-node.llnl.gov/search
/cmip6/) to analyze the impact of climate change on solar tower plants
[31]. The World Climate Research Programme’s (WCRP) CMIP6 simu-
lations are the most recent global model climate projections represent-
ing the earth’s past and the future climate under different scenarios. The
recent generation CMIP6 models have higher resolutions, improved


https://esgf-node.llnl.gov/search/cmip6/
https://esgf-node.llnl.gov/search/cmip6/

J. Polo et al. R ble and Sustainable Energy Reviews 207 (2025) 114997

MODEL ACCESS-CM2

Historcal 19802010 ss0126 20302060 Ssr2es 20302080 ssesss 20302060

MODEL CMCC-CM2-SR5

Historcal 19802010 ssr126 20302060 ssrass 20302060 sseses 2030 2060
ﬁ_
Atencation (4 k

MODEL CMCC-ESM2

Historical 19802010 ssp2ss 20302060 ssrses 20302060

W om o om % Lol e Eo £

MODEL EC-Earth3

T
Atenuaton (%)

Historcal 19802010

MODEL MIROC6

Historcal 19802010 ssv285 20302060

Historical 19802010

| )
Atenuaton (%)

Historcal 19802010

| —c—
Atenuaton ()

MODEL MPI-ESM1-2-LR

Historcal 19802010 557126 20302060 ssv245 2030 2060

MODEL MRI-ESM2

istorcal 1980.2010 Ss7265 20302060

Fig. 1. Atmospheric attenuation maps for the nine CMIP6 models used in this study. The columns show the mean atmospheric attenuation for the historical and
future period under SSP126, SSP245 and SSP585 scenarios, respectiveley.
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Fig. 2. Mean attenuation and standard deviation maps for future scenarios from all models together.

representation of physics and more information incorporated in the
scenario-design, along with several improvements in the aerosol repre-
sentation in the models. Several models under CMIP6 have interactive
aerosols schemes to include a more sophisticated description of aerosols
direct and/or indirect effects. The future climate is simulated for a
wide-range of future scenarios and are available in a standardized
format as part of the Scenario Model Intercomparison Project (Scenar-
ioMIP) [32,33]. Each scenario in ScenarioMIP is designed to study the
climate response to different natural and anthropogenic forcings based
on different shared socio-economic pathways (SSP) and representative
concentration pathways (RCP).

In this study we focus on historical projections along with three
future climate scenarios — SSP126 (green growth path), SSP245 (mid-
way path) and SSP585 (fossil fueled development). These scenarios are
described below [34].

e SSP126 scenario: an optimistic scenario with low challenges to both
mitigation and adaptation. An additional radiative forcing of 2.6 W
m~2 by the year 2100 is assumed here, considering that climate
protection measures will be taken.

e SSP245 scenario: intermediate scenario corresponding to medium
challenges to mitigation and adaptation. This is a medium pathway
of future greenhouse gas emissions with an additional radiative
forcing of 4.5 W m 2.

e SSP585 scenario: pessimistic scenario with high challenges to miti-
gation and low challenges to adaptation. Additional radiative forcing
of 8.5 W m~2 is considered in this scenario.

We analyze two periods of interest — historical period (1980-2010)
and future period (2030-2060). In this study, we use nine CMIP6 models
that have time-varying future aerosols for all the scenarios and time
periods of interest (Table 1). All the analysis has been performed using
monthly aerosol optical depth (AOD) data. We have re-gridded all the
models to a common resolution of 0.5° x 0.5° to compare them, using a
bilinear interpolation technique.

Each gridded AOD dataset was used to compute the 50th percentile
of AOD along each pixel in both historical and future scenarios for each
CMIP6 model. This value was used as input to a model to compute

atmospheric attenuation at 1 km of slant range that employs AOD as
turbidity input. The model used was developed by Polo et al. from
multiple radiative transfer calculations, and it was validated at PSA
(Plataforma Solar de Almeria), in south-east Spain [9,10].

Polo’s model computes the atmospheric attenuation, in percentage,
from the slant range and AOD by the following expression,

AT(%)=f[aS®+bS* +cS+d] @

Where S is the heliostat-receiver optical path expressed in km, and the
polynomial coefficients a,b,c and d are determined from the AOD values

by,

a=3.13A0D® —1.96 AOD? + 1.60 AOD — 0.133
b= —-14.74 AOD® + 2.49 AOD? — 11.85 AOD + 0.544
c = 28.32A0D® — 7.57 AOD? + 48.74 AOD + 0.371
d=-2.61 A0D® +3.70 AOD? — 2.64 AOD + 0.179

(2)

Finally, the correction factor f is defined also as a function of the AOD
by,
fe { 2.874 ¢ 209400 _ 74457114740 AQD < 0.05

2.358 ¢ 7094400 4 (9 8360141490 AQOD > 0.05 3

Physically speaking, atmospheric attenuation follows an exponential
law with the extinction coefficient at the boundary layer () [35],

AT(%) =100 (1—e /%) C))

However, for practical and historical reasons, atmospheric attenua-
tion data have been frequently fitted to a third order polynomial [6].
Consequently most of the models for estimating the solar flux distribu-
tion at the receiver such as DELSOL [36] and MIRVAL [37], for opti-
mizing the heliostat field such as SolarPILOT [38] and SolTrace [39],
and for plant performance analysis such as SAM (System Advisor Model)
model the atmospheric attenuation using the coefficients of a third order
polynomial as input [40]. Therefore, the modeling procedures advise to
develop atmospheric attenuation models in a polynomial form to make
easier the implementation in modeling tools, and that was the main
reason to express the Polo’s model in polynomial form.
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Table 2
50th percentile of the historical and future scenarios atmospheric attenuation in
CMIP6 models at PSA site.

CMIP6 Model Historical (%) SSP126 (%) SSP245 (%) SSP585 (%)
ACCESS-CM2 11.2 9.4 9.9 9.9
CMCC-CM2-SR5 9.3 8.7 9.0 9.1
CMCC-ESM2 9.2 8.7 9.0 9.2
EC-Earth3 10.4 8.8 9.0 9.0
MIROC6 9.4 8.2 8.5 8.7
MIROC-ES2L 8.3 5.7 6.2 6.5
MPI-ESM1-2-HR ~ 11.2 9.5 9.6 9.7
MPI-ESM1-2-LR 11.3 9.5 9.7 9.8
MRI-ESM2 11.1 9.6 9.9 9.9
Table 3

Polynomial coefficients corresponding to monthly attenuation mean values
measured at PSA.

Month Polynomial
Jan AT = 0.00002 S — 0.00148 S% + 0.05493 S+ 0.00003
Feb AT = 0.00004 S® — 0.00229 S% + 0.06883 S + 0.00006
Mar AT = 0.00004 S® — 0.00229 S% + 0.06883 S + 0.00006
Apr AT = 0.00006 S® — 0.00327 S% + 0.08266 S + 0.00012
May AT = 0.00006 S® — 0.00327 S? + 0.08266 S + 0.00012
Jun AT = 0.00010 S® — 0.00448 S? + 0.09738 S + 0.00022
Jul AT = 0.00014 S® — 0.00574 S% + 0.11100 S+ 0.00035
Aug AT = 0.00025 S® — 0.00884 S% + 0.13971 S+ 0.00080
Sep AT = 0.00010 S® — 0.00448 S% + 0.09738 S + 0.00022
Oct AT = 0.00004 S® — 0.00229 S% + 0.06883 S + 0.00006
Nov AT = 0.00002 S — 0.00148 S* + 0.05493 S+ 0.00003
Dec AT = 0.00002 S® — 0.00148 S% + 0.05493 S+ 0.00003
70 A
£
O 60+
o
-
g
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@
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w
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Fig. 4. Monthly generation of reference solar tower plant at PSA for the
experimental measurements of atmospheric attenuation.

In this study, the statistical significance of the future change results is
examined at each grid point using Student’s t-test at 5 % significance
level (p < 0.05). The results are denoted using the convention adapted
from Tebaldi et al. to identify the regions with statistically significant
change [41]. Following this convention, we represent the results as areas
with significant agreement, insignificant agreement, and significant
disagreement.

e Grid points showing substantial concurrence among the models are
highlighted using color and stippling. These grid points represent
locations where at least half of the models are significant, with at
least 70 % of those members concurring on the direction of change.
These regions have higher confidence in future change.

Renewable and Sustainable Energy Reviews 207 (2025) 114997

e The areas with insignificant agreement between the models are
denoted in color. At these grid points, less than 50 % of the models
are significant, leading to low confidence in future changes.

e The areas represented in white are the regions with significant
disagreement between the models. At these grid points at least half of
the ensemble members show a significant change, and <70 % of
those members agree on the direction of change. These regions have
limited confidence in future change due to significant model
disparity.

3. Results
3.1. Global atmospheric attenuation

To assess the atmospheric attenuation worldwide, we estimated the
mean and standard deviation of the attenuation for the historical
(1980-2010) and future (2030-2060) period under various climate
change scenarios. Fig. 1 shows the maps of the 50th percentile of the
atmospheric attenuation for 1 km of heliostat-receiver optical path
computed for each CMPI6 model using the attenuation model described
above. High similarity in the spatial distribution of the atmospheric
attenuation can be found in the historical results of all the models.
Higher atmospheric attenuation is generally found in Sahara, Arabian
Peninsula, India, China and south-east Asia. Very high values predicted
by some models are observed. Thus, CMCC family models for the Persian
Gulf area predict attenuation levels over 30 %. MIROC-ES2L predict also
over 30 % of atmospheric attenuation in Sudan and Chad area. Finally,
south China exhibits very high atmospheric attenuation in the MRI-
ESM2 predictions. This is mainly due to the historical forcing, model
behavior in the individual models.

The relative difference between the 50th percentile of 30 years
(2030-2060) of future monthly attenuation for each scenario and the
50th percentile of the historical attenuation can be seen in Fig. 1. Sig-
nificant increase in the atmospheric attenuation for some part of the
world can be observed in all the models under different future scenarios.
Among all the models, MIROC family predicts the highest increase of
atmospheric attenuation, particularly in Africa and Asia continents.

Fig. 2 shows the maps of the mean of the 50th percentile attenuation
of all models for the future scenarios and the standard deviation. Highest
attenuation values are distributed along Africa, Arabian Peninsula, India
and China regions, with slightly increasing values predicted from the
optimistic scenario to the most pessimistic one. On analyzing the future
changes in mean attenuation, we observe significant increases in most
parts of the world under all the scenarios. Even though the spatial
pattern for the changes in attenuation remain consistent in the future,
we can see a significant increase in the values under SSP585 than the
other two lower emission scenarios. In addition, the standard deviation
maps show also that the higher deviation from the mean is observed
generally in the Sun Belt region.

3.2. Analysis of the results for PSA site

One of the main problems in dealing with atmospheric attenuation
and its impact in solar tower plants is the scarcity and difficulties of
finding reliable measurements. However, atmospheric attenuation
values have been monitored, from June 2017 to July 2023, at Solar
Platform of Almeria (PSA). PSA is the largest experimental facility for
CSP systems, located in Tabernas (Almeria) in the southeast Spain. The
experimental system consists of two very high resolution cameras that
take simultaneous continuous images of a Lambertian target of 2 x 2 m.
The position and calibration of the two cameras and the statistical post-
processing of the pixels allow the determination of the atmospheric
attenuation at 742 m with an absolute error of +2 %, which is the dis-
tance between the two cameras. The extinction coefficient is also
determined from the imagery allowing thus to extrapolate the atmo-
spheric attenuation to other optical paths. Specific details of this
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Fig. 5. Annual gross energy estimation of a reference solar tower plant for 2030-2060 in CMIP6 models and monthly attenuation.

experimental system and description of the database can be found in
previous works [17,18,22,42]. Therefore, PSA likely offers the longest
and highest accurate experimental database on atmospheric attenua-
tion. Detailed statistical analysis of the whole experimental data at PSA

has been recently performed making possible the construction of a sta-
tistical representative year of extinction named as Typical Solar
Extinction Year (TSEY) [43].

Fig. 3 shows the model mean monthly box and whisker plots for the
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Fig. 6. Box and Whisker plots for the relative difference in gross energy generated by a solar tower plant for future scenarios (2030-2060) when compared with the

generation estimated for the PSA using the experimental attenuation values.

historical period along with individual models used in this study for PSA
location. A seasonal pattern can be easily visible in the plots, with higher
values during summer.

In addition, the monthly measurements of the atmospheric attenu-
ation at PSA at 742 m is also shown as box and whisker plot in the
bottom of the figure to illustrate the complete experimental database
available. Atmospheric attenuation measurements at 742 m vary be-
tween 3 and 5% in winter to 8-10 % during summer. The models show a
similar seasonal trend like the observations which gives us confidence in
the results related to future climate scenarios. Quantitative comparison
should be taken with care since the experimental attenuation values
correspond to an optical path of 742 m and the estimated attenuation
values are for 1 km of heliostat-receiver distance. The expected atten-
uation values at PSA for 1 km of optical path can be roughly estimated
by adding around 2 % of attenuation to the measuring values at 742 m in
the AOD prevailing conditions of the site.

Table 2 presents the 50th percentile of the monthly atmospheric

attenuation computed from the historical data and for future scenarios
of the CMIP6 models for the PSA site. All the CMPI6 models predicted
similar attenuation values for future scenarios, excepting MIROC-ES2L
which estimate lower attenuation for all the scenarios. These values
are consistent with previous studies showing a reduction of aerosols in
most part of Europe for CMIP6 climate projections [44]. In all the
models SSP585 scenario (the most pessimistic one) resulted in slightly
higher attenuation than SSP126 (the most optimistic one). The mean
monthly attenuation value from PSA measurements was 5.8 % at 742 m,
and could be estimated approximately to around 8 % at 1 km, which is
closer to the predictions of most CMIP6 models. Besides, the
intra-annual profile of the monthly atmospheric attenuation in
MIROC-ES2L resulted in great agreement with the experimental mea-
surements at PSA.
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Fig. 7. Generation of a solar tower plant at PSA with the ensemble of all
CMIP6 models.

3.3. Impact on a solar tower reference plant

Modeling of a reference plant based on Crescent Dunes has been
performed to analyze the potential impact of future scenarios on plant
energy production using the PSA site information. Crescent Dunes plant,
placed in the state of Nevada (EEUU), is a molten salt solar tower of 110
MW with a solar field of 10000 heliostats surrounding a 195 m height
tower. The thermal storage capacity is of 10 h. For the meteorological
input to model the plant performance a typical meteorological year
(TMY) obtained from Meteonorm for PSA coordinates was used. The
plant modeling was perform with PySAM library. PySAM is a python
package which makes calls to SAM (System Advisor Model) simulation
Core [45]. PySAM is very versatile and a much better tool to be used for
the scope of this work than SAM user interface, since the input param-
eters of the plant can be changed dynamically in a loop.

The first step in modelling the reference plant generation consisted of
using the TMY as meteorological input and the different attenuation
polynomial coefficients for each month corresponding to the mean
attenuation values measured at PSA. This procedure can be done
straightforwardly in PySAM by input dynamically the corresponding
coefficients month by month in a loop. Table 3 lists the twelve different
polynomials used in modelling the reference plant at PSA. The total
gross annual generation for TMY at PSA resulted from SAM modeling
was 582 GWh. The monthly generation is shown in Fig. 4. The results of
the annual and monthly gross energy of the plant for the attenuation
experimental measurements can be considered as a snapshot of the
current potential generation of a solar tower plant like Crescent Dunes at
PSA site. Moreover, these estimations can be used to perform relative
comparisons with the results of modeling future scenarios with CMIP6
models.

Therefore, the next step for analyzing the impact of future scenarios
of atmospheric attenuation in solar tower power generation consisted in
modeling the reference plant with the different monthly polynomials
corresponding to the monthly attenuation values derived from the
2030-2060 predictions by CMIP6 models for each scenario. Conse-
quently, for each model and scenario 30 years of hourly generation were
modeled using in every month the corresponding attenuation predicted
by the model. Monthly attenuation values and the corresponding co-
efficients of the third order polynomial were estimated with the Polo
et al. model described in section 2. Fig. 5 shows the annual gross energy
predicted for every scenario and model for the period 2030-2060 along
with the corresponding monthly attenuation. In all models SSP126
scenario resulted generally to higher energy generation. Considering the
estimated generation of 582 GWh as a reference of the today’s potential
generation of a reference solar tower plant at PSA site, all the models
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excepting CMCC family and MIROC6 estimated lower generation than
the reference. The SSP585 scenario predict lower energy than the opti-
mistic SSP126. This is due to higher atmospherics aerosols represented
in SSP585, which affects the net generation capacity. Models E-Earth3
and MPI family produces constant predictions of the annual power
generated since they model the aerosol load in a rather steady-state
pattern with very low variation year by year.

Fig. 6 shows the box and whisker plots of the relative difference
between the monthly gross energy predicted for every model and sce-
nario and the monthly gross energy estimated as a reference of the
current climatic situation at PSA (i.e. the corresponding values of Fig. 4).
The predicted generation in future scenarios resulted in a maximum
reduction of 4-5% of monthly energy generation. It can be remarked the
general increase of energy predicted by MIROC6 model, as opposed to
the other model predictions. On the other hand, there was no seasonal
particular pattern in the relative differences in any model. In CMCC
family and in ACCESS model the pessimistic scenarios had larger de-
viations in the monthly predictions than the optimistic (the interquartile
distance is larger). In EC-Earth3 model and MPI family the predictions
were very steady through the years.

Fig. 7 shows the annual generation of the reference solar tower plant
at the PSA site for future scenarios using the mean monthly attenuation
values for all the models tested in this work along with the current
generation modeled with the experimental data (582 GWh). In addition
Fig. 7 also shows the relative difference in annual generation between
the optimistic (SSP126) and the most pessimistic (SSP585) scenarios.
The gross energy generation with the ensemble of CMIP6 models pre-
sented a nearly steady evolution along the 30 years with a global
reduction in about 5-7 GWh depending on the scenario. SSP126 sce-
nario showed a lower energy reduction in all the future period
(compared to the other two more pessimistic scenarios). However, the
difference between the most pessimistic and the most optimistic sce-
nario exhibited a slight increasing reduction trend along the years
indicating the negative impact of the most pessimistic predictions in the
long term.

3.4. Worldwide estimated impact

Fig. 8 shows the relative increase of the monthly mean of atmo-
spheric attenuation worldwide according to the ensemble of all models
for two scenarios (the most optimistic SSP126 and the most pessimistic
SSP585). The difference is estimated with respect the historical esti-
mation of all the models. The independent samples t-test was used to
evaluate the statistical significance of the differences between historical
and future attenuation, rejecting the null hypothesis for p-value <0.05.
In addition, the maps shows the sites of solar tower plants of at least 50
MW of capacity (https://solarpaces.nrel.gov/by-technology/power-to
wer). Highest increase of atmospheric attenuation was in the range of
20 % for the optimistic scenario (SSP126) and over 40 % in the case of
the pessimistic (SSP585). The greatest increase of attenuation was
concentrated in Africa and India areas. According to these models and
their predictions, the current locations of solar tower plants do not show
such significant increment of the expected atmospheric attenuation in
the future years.

4. Conclusions

CSP based on central receiver technology with molten salt thermal
storage is very promising in energy dispatchability with higher effi-
ciency in the thermal thermodynamic cycles compared to other solar
technologies. The solar field efficiency in these type of plants has many
challenges, with several optical aspects that depend on the components
quality, operational management and meteorological conditions.
Among all of them, the attenuation processes of the reflected solar ra-
diation from the heliostats affected by the turbidity load in the optical
path towards the receiver can have a significant negative impact in the
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Fig. 8. Estimated impact of atmospheric attenuation for optimistic and pessimistic scenarios (2030-2060) of CMIP6 models. The white dots represent the location of
current solar tower plants of at least 50 MW of capacity. Black dashed areas denote statistical significance according to t-test (p-value <0.05).

plant performance. The atmospheric attenuation effect depends on the
airborne particle density in the atmospheric boundary layer (the lowest
layer of atmosphere close to ground). Therefore the different current and
future climatic conditions act as a highly conditioning actor for the solar
towers deployment.

Climate change predictions for the future years may result in very
adverse conditions for this kind of technology, depending on the miti-
gation actions to prevent the increase of atmospheric aerosols associated
with emissions from human activity. Modeling aerosols for future sce-
narios in climate models offers a good input data for studying future
scenarios for solar tower plants.

In this work, AOD data on a monthly basis from nine CMIP6 models
is used as input information to analyze the impact of different future
scenarios for 2030-2060 in the atmospheric attenuation worldwide.
Atmospheric attenuation is computed from AOD data for nine CMIP6
models with three scenarios covering both optimistic and pessimistic
assumptions in terms of mitigation actions of climate change. The con-
fidence of the results are limited by the scarcity of the experimental
information on atmospheric attenuation. Reliable experimental

10

database on attenuation was acquired at PSA (Almeria, Spain) since
2017, by a very high-resolution system of cameras. Therefore, the large
and accurate experimental database at PSA is used here to evaluate
statistically the atmospheric attenuation estimated from the CMIP6
models, and detail modeling of a reference solar tower plant based on
Crescent Dunes plant was done for the PSA conditions using the future
projections of CMIP6 models.

The results of this study indicate that Africa and India regions
showed an increase of the atmospheric attenuation up to 40 % for the
pessimistic scenario and around 20 % for the optimistic case for the
period 2030-2060. On the contrary, Europe and North America showed
a reduction in the predicted future attenuation in all the scenarios.
Therefore, not significant changes are observed in the models pre-
dictions for the current locations of most solar tower plants. The annual
gross energy output for a reference solar tower plant, at PSA site,
applying the CMIP6 attenuation data for PSA site could drop less than 2
% due to atmospheric attenuation processes.
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