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Abstract

This study addresses the influence of clouds and aerosols on solar radiation and energy
over Greece from September 2004 to August 2024. By leveraging Earth Observation data
and radiative transfer models, the largest to date time series was constructed, in order
to investigate the fluctuations in global horizontal irradiance, its rate of change, and the
natural and anthropogenic factors that drive them. By incorporating simulation tools
and appropriate calibration, the solar potential per region and the rate of change of the
produced photovoltaic energy for 1 kWp were also quantified, highlighting the climatic
effects on the production of solar energy. Additionally, two energy planning scenarios
were explored: the first regarding the energy adequacy that each region can achieve, if a
surface equal to 1% of its total area is covered with photovoltaics; and the latter estimating
the necessary area covered with photovoltaics to fully meet each region’s energy demand.
Finally, to ensure a solid and holistic approach, the research converted energy data into
economic gains and avoided CO, emissions. The study is innovative, particularly for
the Greek standards, in terms of the volume and type of information it provides. It is
able to offer stakeholders and decision and policymakers, both in Greece and worldwide
thanks to the use of open access data, invaluable insights regarding the impact of climate
change on photovoltaic energy production, the optimization of photovoltaic installations
and investments and the resulting financial and environmental benefits from proper and
methodical energy planning.

Keywords: solar irradiation; climatic trends; clouds and aerosols; photovoltaics; energy
planning; green transition; climate change; impacts; Eastern Mediterranean

1. Introduction

Climate change is a multidimensional process that bears a substantial influence on
a variety of atmospheric parameters interacting with sunlight. These interactions are
critical to the efficiency and feasibility of solar energy generation, particularly photovoltaics
(PV). One of the key meteorological characteristics impacted by climate change is global
horizontal irradiance (GHI), which is regulated by cloud cover, aerosol concentration,
and atmospheric water vapor levels. These variations can either increase or decrease
the quantity of solar radiation reaching the Earth’s surface, influencing the PV systems’
energy generation. For example, higher cloud cover can reflect more sunlight back into
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space, lowering the amount of energy accessible to solar systems. The phenomena of
global dimming and brightening (GDB) highlight the complicated link between climate
change and greenhouse gases (GHGs). During periods of global dimming, higher aerosol
concentrations from anthropogenic activities diminish GHI, whereas global brightening
phases, marked by cleaner atmospheres, raise GHI [1]. These oscillations have a direct
impact on PV energy generation. Fluctuations in aerosol concentrations have a considerable
influence on global horizontal irradiance (GHI) levels, which in turn affect solar energy
output [2]. Additionally, changes in cloud cover and aerosol optical depth can cause
significant fluctuations in GHI, leading to reductions in solar power output [3]. Moreover, it
has been concluded that a mitigation scenario might enhance photovoltaic (PV) potential by
around 5% due to lower cloud cover and higher clear-sky radiation [4]. In contrast, scenarios
with a stronger reliance on fossil fuels may experience a drop in clear-sky radiation—
though this may be offset by decreases in cloud cover, resulting in an overall gain in
all-sky radiation. Understanding these processes is increasingly important for maximizing
renewable energy resources and ensuring sustainable energy production as the global
climate changes.

Geo-observation technology advancements have transformed our capacity to track
and evaluate atmospheric factors over lengthy periods of time. Satellite-based remote sens-
ing, ground-based observational networks, and modern climate models all provide large
datasets that allow for extensive investigation of atmospheric factors such as GHI, cloud
cover, and aerosol concentration. These technologies enable continuous monitoring of these
parameters, allowing for a more complete knowledge of their temporal and geographical
fluctuations. For example, monitoring aerosol optical depth and its influence on GHI has
relied heavily on satellite data from equipment such as MODIS (Moderate Resolution
Imaging Spectroradiometer). Long-term datasets generated from these geo-observation
techniques are particularly valuable for assessing the effects of climate change on PV en-
ergy generation, as researchers analyze historical and projected data to identify trends that
inform the design and optimization of PV systems [5]. These strategies empower scientists
to analyze patterns and make precise forecasts regarding future PV system performance.

Following 921 MW of new installations in the first half of 2024, the Greek solar power
sector installed 337 MW in July, the country’s best month ever. With the new power plants,
Greece’s total renewable energy system (RES) installed capacity increased to 13.47 GW,
with solar power accounting for 7.57 GW. Overall, Greece deployed 2.6 GW of solar in
2024, bringing its cumulative installed PV capacity to 9.6 GW by the end of December [6].
It should be mentioned that the latest draft of Greece’s National Energy and Climate Plan
(NECP) anticipates 13.5 GW of photovoltaics by 2030 [7,8]. Located in the Mediterranean
area, the country experiences climate fluctuation caused by both natural and manmade
sources. The region receives significant sun irradiation, making it an excellent site for PV
energy generation. However, climate change presents a threat to this potential. According
to studies, Greece has undergone both global dimming and brightening periods, which
impact the constancy of solar energy [9,10]. Increased temperatures and precipitation
patterns have an impact on cloud cover and aerosol concentrations, which in turn affect
solar radiation levels. Climate change is expected to have an impact on Greece’s PV
potential, with GHI changes causing differences in PV output. Some scenarios predict that
PV output might rise, emphasizing the significance of adaptive solutions for maximizing
solar energy generation in the face of changing meteorological circumstances [11].

Modern geophysical technologies are widely employed in Greece to monitor atmo-
spheric characteristics. GHI, cloud cover, and aerosol concentrations are tracked using
satellite data, ground observations, and climate models. The National Observatory of
Athens uses all of this to track changes in solar radiation and other atmospheric factors.
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Satellite-based data, for example, are used to construct precise solar radiation maps, which
are critical for appraising Greece’s solar energy potential in various places. These efforts are
aided by worldwide cooperation and data-sharing initiatives, which improve the precision
and reliability of climate assessments. These tools give useful data for improving PV system
performance and planning future deployments.

To summarize, Greece’s solar energy business is growing, owing to high solar insola-
tion and significant government assistance, and the country is well on its way to becoming
a solar energy leader in the EU. The purpose of this ground-breaking study is to eventu-
ally contribute to and assist substantially in decision- and policy-making by providing
invaluable insights about climate and PV power generation nationwide.

In today’s era of big data and rapid computation, simulation methodologies must
keep pace with ever-increasing demands for resolution and speed. While conventional
frameworks—such as widely used tools like libRadtran—often struggle with extensive
computation times and unwieldy data volumes, our approach leverages the innovative fast
radiative transfer model (FRTM) [12] to dramatically reduce processing durations from
months to mere minutes while efficiently managing massive simulation datasets. However,
the true breakthrough of our study is not solely this computational acceleration. We have
assembled and exploited the largest continuous satellite-based database for Greece, span-
ning a full 20-year period; to our knowledge, this is the first fully observational dataset of
its kind for the region. Unlike previous studies that primarily rely on hypothetical models,
our work is grounded in extensive, observational data. This unprecedented compilation
enables us to construct a robust regional climatology and capture long-term trends in global
horizontal irradiance driven by both natural variability and anthropogenic influences. This
unique dataset not only offers unprecedented insights into natural fluctuations and regional
variability in solar radiation but also enables a more reliable assessment of the climatic
impacts on solar energy production. Furthermore, by translating our findings into tangi-
ble societal benefits—quantifying solar potential, economic gains, CO, emission savings,
and refined energy planning benchmarks—our research bridges the gap between environ-
mental science and policy-making and between advanced environmental simulations and
pragmatic energy planning. In doing so, it provides stakeholders and decision-makers
with actionable insights to optimize photovoltaic installations, information that can guide
investments in PV technology and foster sustainable energy strategies, thereby advancing
both geospatial modeling and environmentally informed policy-making.

Following this introduction, Section 2 outlines our methodology by detailing the
data sources, the fast radiative transfer model (FRTM), and our approach to metadata
processing and visualization. Section 3 presents our results through three interrelated
subsections. In Section 3.1, we introduce the most up-to-date PV power potential map of
Greece. Section 3.2 then delves into the 20-year evolution of global horizontal irradiance
(GHI) across Greek regions, revealing monthly trends and spatial distributions that capture
the dynamic nature of solar irradiance. Section 3.3 connects these solar resource insights to
observed PV production fluctuations by examining annual trends, economic implications
(monetary equivalents), and environmental impacts. In Section 4, we discuss these findings
in the context of existing literature, highlighting the methodological novelties and the
study’s broader implications, while the concluding remarks are provided in Section 5.
Moreover, Appendix A supplements our findings by offering a detailed estimation of per-1
kWp metrics. Here, Table A1 summarizes the 20-year average solar resource metrics (PV
output, GHI in both W/m? and kWh/m?, and annual energy errors under clear-sky and
all-sky conditions), and Table A2 presents the corresponding 20-year average revenue
and CO; emissions-related uncertainty metrics—thereby reinforcing the robustness of our
overall assessment. Finally, Appendix B offers further description and explanation on
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the multi-layer radiative transfer in cloud atmospheres, while Appendix C deals with the
limitations and refinement of the PVGIS calibration utilized.

2. Materials and Methods
2.1. Data Sources

Earth Observation data of spatial resolution of 3 km and temporal resolution of 15 min
were exploited in order to quantify the climatological levels of the solar energy potential and
atmospheric parameter effects. Although the sensor’s nominal resolution is 3 km, analyses
of MSG-SEVIRI imagery over Greece have shown that the effective spatial resolution
demonstrates an average representative resolution of roughly 4.5 km—due to variations in
the off-nadir viewing geometry [13,14]. Satellite data provide extensive spatial coverage,
making them ideal for assessing solar potential across large areas, including remote and
inaccessible regions. Moreover, satellites offer consistent and regular observations, which
are crucial for long-term monitoring and analysis, while frequent satellite passes allow for
high temporal resolution, effectively capturing temporal changes in solar irradiance.

The Copernicus Atmosphere Monitoring Service (CAMS) [15-17] was also employed,
with a total aerosol optical depth (AOD) of 550 nm, to examine the aerosol influence on
solar energy generation. CAMS is based on the reanalysis technique and its aerosol type
categorization identifier, known as Monitoring Atmospheric Composition and Climate
(MACC) [18]. In terms of cloud influence on solar energy, Meteosat Second Generation
(MSG) data were employed, expediting the development of real-time image processing
tools. Using such Earth Observation methods, insights about a variety of meteorological
variables can be obtained in near-real time. The cloud optical characteristics were acquired
using the Satellite Application Facility for Supporting Nowcasting (SAFNWC) and very
short-range forecasting, which is distributed by EUMETSAT and extensively utilized, such
as in cloud microphysics algorithms [19], including the cloud optical thickness (COT)
parameter [20], cloud phase (CPH), and cloud type (CT) [21,22]. Each of these features
is understood separately to assist in forecasting. COT is a satellite-based product that is
created in near-real time and does not require any subsequent processing. COT primarily
explains the impact of cloud attenuation on solar energy reaching the Earth’s surface.
Therefore, COT is primarily used to predict cloudiness and quantify the effect of cloud
cover on GHI hitting the ground level.

Therefore, for the purposes of this study, the input data for the Nowcasting SAF
software (NWC/GEO v2021 and NWC/PPS v2021) consisted of two main components
designed to ensure consistency and homogeneity—even though the SAF system is pri-
marily developed for nowcasting rather than the generation of long-term climate data
records. First, all the 15-min cloud microphysics images provided by the SAFNWC were
used. These images furnish critical parameters such as cloud optical thickness, cloud type,
and cloud phase. The high temporal resolution (15-min intervals) guarantees a regular and
continuous dataset. Although the SAF system is not explicitly designed for climate record
generation, this consistent collection of cloud properties is well suited for climatological
studies aiming at trend estimation of cloud effects on solar irradiation. The homogeneous
nature of these images parallels the quality and consistency expected from datasets like
the SEVIRI Fundamental Climate Data Record, ensuring that our input remains reliable
over long-term analyses. Second, to quantify the aerosol effect on solar irradiation, the
CAMS AOD data were utilized. In this product, MODIS observations are internally as-
similated, which significantly improves the consistency and accuracy between the model
outputs and actual observations. This assimilation process has been validated in previ-
ous studies [23-26], confirming that the CAMS AOD product is robust for applications in
both operational and climatological contexts. Thus, by explicitly using a homogeneous,
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high-temporal-resolution dataset for cloud microphysics together with the carefully as-
similated CAMS AOD product, our approach directly addressed any possible concerns
regarding the input data’s suitability for climate trend analysis. The methodological rigor
in selecting and evaluating these data sources ensured that any trend estimations derived
from our study would be based on consistent and reliable measurements.

Moreover, following a request submitted to the Strategic Governance and Data Sec-
tor of the Business Analytics and Data Directorate of HEDNO S.A. (Hellenic Electricity
Distribution Network Operator S.A., Athens, Greece) [27], we received annual energy
consumption data for each region, covering the last 5 years.

2.2. Fast Radiative Transfer Model (FRTM)

The fast radiative transfer model (FRTM) [12] used for the purposes of this climatolog-
ical study is a sophisticated tool designed for the rapid and accurate calculation of solar
radiation at the Earth’s surface. It is based on the libRadtran software package (version
2.0.6) and is the first of its kind that supports 3 layers of clouds for massive simulations [12].
The input parameters under clear-sky conditions include solar zenith angle, aerosol optical
depth, and single-scattering albedo, along with other parameters like columnar water
vapor and ozone. Under cloud-sky conditions, aerosol optical properties are replaced by
cloud microphysics in terms of cloud type, phase, and optical thickness, since the effect
of aerosols is negligible compared to thick clouds. Key features of the FRTM include high
accuracy, speed, and versatility. The outputs from the FRTM trained with the LUT that
enabled the multi-layer cloud effect are referred to as SOLEA 3D [12].

The model employs advanced algorithms to ensure precise calculations of solar ra-
diation, considering various atmospheric parameters such as aerosols, water vapor, and
ozone. Designed for operational use, the FRTM is optimized for fast computations, making
it suitable for real-time applications. Additionally, the model can be applied to differ-
ent geographical regions and time scales, providing flexibility for various solar energy
forecasting needs.

To adapt the FRTM for climatological applications, particularly for long-term analysis
of GHI over Greece, the following adjustments were implemented. The FRTM was config-
ured to process data over a 20-year period, allowing for the analysis of long-term trends
and patterns in GHI. The model was tailored to focus on different regions within Greece,
providing detailed spatial resolution to capture regional variations in GHI. Historical cli-
matological data from satellite observations were integrated into the model to enhance
its accuracy and relevance for long-term studies. By implementing these adaptations,
the FRTM was effectively transformed into a powerful tool for long-term climatological
analysis, providing valuable insights into the relationship between solar radiation and PV
production in Greece. The FRTM simulations [12], as compared to ground-truth measure-
ments from the Baseline Solar Radiation Network (BSRIN) stations, introduce a relative
root square error (RMSE) of 37 W/m? in clear sky condition sites (e.g., Tamanrasset in
southern Algeria) and 59 W/m? in cloudy condition sites (e.g., Cabauw in the Netherlands)
for the instantaneous (15-min) simulations. To this end, the aforementioned uncertainty
introduced by the FRTM to the climatological solar energy potential is of the order of 2
and 5% on an annual basis under clear- and all-sky conditions, respectively. For more
in-depth information, please refer to Appendix A, which provides a detailed breakdown of
all relevant statistics and the variation in real-time simulations compared against BSRN
ground stations for different seasons and sky conditions.

Modified and appropriately adapted for climatological study, the SOLEA 3D compo-
nent of [12]—now essentially a climatological and hindcasting algorithm via a multi-layer
cloud displacement reconstruction approach; annotated as “Kosmopoulos et al., (2024)” in
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Figure 1. System architecture flowchart of the modified methodology of [12], appropriately adapted
for the current climatological study.

By integrating rapid radiative transfer calculations (via FRTM) with an advanced multi-
layer cloud displacement reconstruction approach, the method overcomes the limitations
of simpler historical reconstruction techniques. This coupled approach not only increases
the accuracy of solar irradiance assessments but also makes the computational process
viable for operational use in solar energy management settings. This synergy is especially
important in practical scenarios where both speed and accuracy are essential—for example,
in analyzing the historical performance of solar photovoltaic systems, where past variations
in irradiance can have significant operational impacts.

The flowchart in Figure 1 presents the methodological framework for assessing solar
radiation dynamics through advanced cloud microphysics data processing and radiative
transfer simulations. The workflow begins with cloud-related input parameters—cloud
optical thickness (COT), cloud phase (CPH), and cloud type (CT)—which are derived
from MSG cloud microphysics data. These parameters are subsequently refined through a
cloud layer separation module, yielding ice cloud optical thickness (ICOT), water cloud
optical thickness (WCOT), and mixed-phase COT classifications. Following that, all the
extracted information is aggregated and, in the end, generates climatological COT image
maps. Afterwards, all this information is incorporated into the libRadtran radiative transfer
look-up tables (LUTs) and the libRadtran radiative transfer model, both executed via
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Amazon Web Services High Performance Computing (AWS HPC) to construct the fast
radiative transfer model (FRTM). Additionally, CAMS aerosol optical density data are
integrated into the FRTM to enhance the radiative computations. The hindcast solar
radiation map outputs resulting from the FRTM are then applied to multiple analytical
domains. These include climatological energy simulation analysis, socio-economic impact
performance analysis, environmental impact performance analysis, and sensitivity analysis,
offering insights into atmospheric radiative interactions and their broader implications.
This structured approach provides a robust framework for investigating cloud-radiation
interactions, contributing to improved climate modeling, energy resource assessments, and
environmental impact evaluations.

The FRTM is designed to simulate, very rapidly, how solar radiation was affected
by clouds. Radiative transfer calculations are typically computationally expensive, but
the FRTM streamlines this process so that it can efficiently convert historical cloud optical
properties into surface radiative flux reconstructions. This is a key requirement for real-
time or near-real-time climatological assessment of solar irradiance. Traditional methods
usually track clouds in a two-dimensional (horizontal) sense. In contrast, the multi-layer
(or three-dimensional) approach captures the vertical structure of the clouds as well. By
reconstructing the movement of several cloud layers, this technique provides a more
nuanced and realistic estimate of past cloud cover evolution. In operational developments,
this historical reconstruction method is sometimes branded or implemented as part of the
SOLEA suite (for example, SOLEA 3D), which taps into advanced computer vision and
cloud microphysics to deliver climatological analysis for solar energy management. In the
proposed system, the SOLEA 3D component of [12], modified and appropriately adapted
for climatological study and annotated as “Kosmopoulos et al., (2024)” in Figure 1 above,
analyzes how clouds evolved, taking into account both their horizontal movement and
their vertical (multi-layer) structure. These reconstructed cloud fields are then fed into the
FRTM. In other words, the 3D climatological assessments provide the spatial distribution
and optical properties of the clouds over time, while the FRTM quickly computes the
corresponding effects on downwelling solar irradiance. This combination allows the
overall system to generate accurate historical solar energy assessments with high spatial
(5 km grid) and temporal (15-min intervals) resolution.

By incorporating the FRTM into climate models, researchers can improve the accuracy
of simulations related to solar radiation and its impact on climate systems. This includes
studying the effects of aerosols, clouds, and other atmospheric constituents on solar radia-
tion. The FRTM’s ability to provide detailed and accurate GHI data is invaluable for the
planning and management of solar energy systems, including optimizing the placement
and operation of solar panels to maximize energy production.

In conclusion, it is a powerful tool that combines speed, accuracy, and versatility. Its
applications in climatology, particularly for long-term GHI analysis, make it an essential
component of modern atmospheric and environmental research.

2.3. Metadata Processing and Visualization

The GHI data for Greece cover an extended time period from September 2004 to
August 2024, providing a detailed temporal resolution for the analysis. They represent
the country divided into a grid of 151 by 181 pixels, ensuring comprehensive spatial
coverage, and consist of monthly GHI values per pixel. The regions of Greece were
classified approximately into rectangle boundary boxes with dimensions proportional
to their true longitude and latitude limits, in full accordance with the administrative
boundaries of Greece, ensuring that each region was adequately represented. This allowed
for an accurate representation of the regional geographical variations in solar potential.
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The data were processed using MATLAB (R2025a), and the M_Map tool [28] was
incorporated to create detailed maps, illustrating the solar potential across Greece. The data
processing involved several steps. Initially, the raw GHI per pixel, already considering the
effects of clouds and aerosols, was preprocessed to remove potential inconsistencies, ensure
uniformity across the datasets, and normalize the data to a common scale. Subsequently,
the preprocessed data were mapped onto the 151 by 181 pixel grid, ensuring each pixel
represented a specific geographical location within Greece.

One can more directly and easily understand the importance and innovation offered by
the adoption of this methodology, and especially the incorporation of the aforementioned
FRTM, by noting the numerical data regarding the number of simulations and the sizes and
processing time of the resulting files. The massive estimations of solar irradiation provided
by the FTRM are based on a dedicated LUT approach. Briefly, the LUT consists of almost
303 million simulation records, including the quantification of multi-layer cloud presence
and microphysics in conjunction with aerosol optical properties [12]. Running simulations
for the depictions of Greece with a total number of 27,331 pixels each, every 15 min, which
gives 96 quarters of 15 min in a day in total, for each of the 365 days of a single year (35,040
time steps per year), and for the 20 total years for which we had and processed data, this
whole product gave us more than 19.15 billion simulations! Furthermore, regarding the
equivalent volume of this dataset and the necessary storage space, if considered that each
such visualization of Greece is around 150 KB, again with the same reasoning, we ultimately
arrive at 105.12 GB. If we were to use more well-trodden, conventional approaches, such as
libRadtran [29,30], the completion of all this work would require 195 days of continuous
simulation runs. In comparison, with the integration of the FRTM, we managed to reach
the same, desired result in just about 9 min.

Long-term trends in solar potential were identified by analyzing the GHI data over
the 20-year period, helping to understand temporal variations in solar irradiance and
contributing factors. Additionally, the mean value of GHI for each pixel over the entire time
interval was calculated to provide an average solar potential for each geographical location.
The slope or rate of change for each pixel was determined through linear regression on the
monthly GHI values for each pixel, offering valuable insights into trends and changes in
solar potential over time.

The PVGIS online tool [31] was employed to estimate the photovoltaic output [32-40]
in the two opposite, most distant points of Greece: Ormenio in the north and Gavdos in
the south. These point values were used for calibration and testing the validity of the
derived equations in extreme geographical areas to guarantee accuracy for different sun
heights climatologically, by adjusting the initial data based on the maximum and minimum
monthly GHI values. The result is an equation that correlates, specifically for Greece, the
energy produced in kWh by the default solar panel (crystalline silicon, grid-connected,
installed peak PV power of 1 kWp, system losses of 14%, free-standing module, tilted at
the optimized slope) with the GHI values measured in W/m?. This way, it is ensured that
the PV output estimates were accurate and representative of the actual solar potential in
different regions of Greece. The explanation of the conversion of solar radiation into energy
is given in detail in Appendix B with all the relevant necessary equations. In addition,
in [21], a comparison is made of the simulations and the real photovoltaics in the city of
Athens, where the PVGIS method was also used to obtain the solar irradiance for reference.

Finally, PV energy output was converted into annual financial earnings using the
following formula:

P (€) =E (MWh) x c (€/MWh) (1)
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where P is the profit (in Euros, EUR), E is the photovoltaic (PV) generated energy (in
megawatt-hours, MWh), and c is the electricity price (cost) (in Euros per megawatt-hour,
EUR/MWh).

Also, the Greenhouse Gas Equivalencies calculator [41] was utilized to translate the
energy statistics into the equivalent amount of carbon dioxide (CO,) emissions produced.
Using the AVoided Emissions and Generation Tool (AVERT) for the United States” national
weighted average CO, marginal emission rate, it transforms kilowatt-hour savings into
avoided CO, emissions. The equation specified as being utilized to generate the final result
(without accounting for any greenhouse gases other than CO,, and incorporating line
losses) is as follows:

1540.1 Ibs CO,/MWh x 1 metric ton/2204.6 Ibs x 0.001 MWh/kWh = 6.99 x 10~* metric tons CO,/kWh )

The results of the analysis were used to create detailed maps, charts, and tables,
illustrating the spatial and temporal variations in solar potential across Greece. These
visualizations provided a comprehensive view of the solar energy landscape in Greece,
highlighting areas with high and low solar potential, the factors influencing these variations,
and consequential financial and environmental insights. Figure 1 previously and Figure 2
directly below summarize the entire study’s process logic and methodology.

Largest to date time series of GHI data for Greece
Resolution: 3 km and 15 min
Twenty-year period from 09/2004 to 08/2024

Calculation of average GHI per month per year
Estimation of rate of change of GHI per month per year and trends
export

Sufficiently representative and accurate regional analysis of
Greece

Solar energy landscape in Greece: Areas with higher and lower solar potential
Determination of PV production increase / decrease per region over the years

Insights for decision & policy makers:
* Energy adequacy scenarios
* Financial analysis
» CO:2 emissions avoided

Figure 2. Comprehensive overview of research methodology and content flow.

Figure 2 provides an overview of the study’s methodology, facilitating content flow
within the manuscript. The figure is systematically organized into distinct color-coded
sections, each representing a key methodological step in the research process. These
sections sequentially outline dataset characteristics, data processing techniques, validation
procedures, photovoltaic (PV) output assessments, solar resource evaluation, and policy-
relevant applications. By visually structuring the methodological framework, this figure
enhances the coherence of the manuscript, providing a clear roadmap for data interpretation
and analytical progression.
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3. Results
3.1. Solar Resources of Greece: The Most Up-to-Date PV Power Potential Map

Figure 3 compares a map where all 13 regions of Greece are named and distinguished
by different colors [42], with the original solar potential map developed exclusively for the
purposes of the current study.
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Figure 3. Regions of Greece [42] (left), and the most up-to-date PV power potential map of
Greece (right). Optimized tilt refers to the angle at which the solar panels are installed to max-
imize their exposure to sunlight, thereby increasing their efficiency and energy output. The optimal
tilt angle varies depending on the geographical location and the time of year. In Greece, the values
range between 32° and 38°.

More specifically, the latter is a color-coded map, overlaid with a grid of latitude and
longitude lines. It provides a clear reference for the spatial distribution of solar potential,
representing the average solar photovoltaic power production over Greece. The averaging
is essential to smooth out short-term variations due to weather and seasonal changes,
providing a more stable and representative picture of solar potential. This map is crucial
for understanding the spatial distribution of solar energy potential, which is essential for
applications in solar energy harvesting. The highest potential values, around 1570 kWh, are
concentrated in the southern parts of Greece, particularly around the Dodecanese Islands
and Crete, due to the lower latitude and the relatively clear skies in these areas. In the
islands of the North Aegean, in the Cyclades, in Attica, along the areas near and on the
coastline of the Peloponnese, and in Kythira, significantly high values are also observed,
around 1540 to 1560 kWh. The northern parts of Greece, most of Central Greece, the central
Peloponnese, and northern Evia are characterized by lower values, roughly between 1520
and 1540 kWh. Finally, the imprinting of the minimum values along the Pindos mountain
range and in the area around Mount Olympus is particularly evident. This decrease can be
attributed to higher latitudes and possibly more cloud cover and atmospheric particles that
scatter and absorb sunlight.

3.2. GHI Variation

Figure 4 illustrates the average GHI values for each month over the entire 20-year
period, resulting in the characteristic bell-shaped curves that represent the annual GHI
trends for each region of Greece. Figure 5 complements this by presenting 12 maps, each



Atmosphere 2025, 16, 762

11 of 36

GHI (W/m?)

depicting the distribution of GHI across Greece for a specific month, using the same scale
to highlight regional variations in solar potential throughout the year.

350 350
300 — - 300
250 4 - 250
East Mac & Thrace
Central Macedonia
200 Western Macedonia 200
lonian Islands
) ——Epirus i
——Thessaly
150 Western Greece - 150
Central Greece
4 Attica L
Peloponesse
100 4 North Aegean L 1
00 South Aegean 00
Crete
50 I | I | I I I I | I | I 50

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure 4. Twenty-year monthly GHI trends by region in Greece.

The highest GHI values occur in the southeastern Aegean and Crete. On the contrary,
the lowest values are observed in Macedonia and Thrace, in essence, the whole wider area
of northern Greece, while the other regions vary between these levels. Figure 5 below
confirms the seasonal variation in incident solar radiation levels over Greece during a
whole calendar year. The low values during the autumn and winter months succeed the
moderate to high and very high values of the spring and summer months, etc. [43-46].

Several factors cause variations in GHI across different regions and times. GHI is
affected greatly by latitude and altitude. Solar radiation is typically more abundant in
regions closer to the equator and at higher altitudes. GHI is also significantly influenced
by the quantity and kind of cloud cover. Clear skies increase GHI, whereas gloomy skies
diminish it. In addition, aerosols, air pollution, and particulate matter in general in the
atmosphere, such as dust and smog, can scatter and absorb sunlight, lowering GHI. The
angle of the Sun’s beams varies throughout the year owing to the tilt of the Earth’s axis,
impacting the amount of solar energy absorbed as well. Thus, GHI changes with the
seasons, peaking in the summer owing to longer daylight hours and more direct sunshine,
and falling in the winter. Moreover, the physical topography, which includes mountains
and valleys, can generate microclimates that influence local GHI levels.

For example, in Northern Greece, the topography generally includes mountains and
valleys. These geographical features can lead to variations in solar radiation, with higher
altitudes receiving more direct sunlight [47]. In Central Greece, such as in the region of
Thessaly, seasonal changes are pronounced. During summer, the Sun is higher in the sky,
leading to longer daylight hours and higher GHI values. Conversely, in winter, the Sun is
lower, resulting in shorter days and lower GHI values [48]. The Ionian Islands, including
Corfu, often experience increased cloud cover, especially during the winter months. This
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cloudiness significantly impacts GHI by reflecting and absorbing sunlight, leading to
lower GHI values during these periods [49]. Additionally, the Pindos mountain range
significantly influences the climate and, consequently, the GHI and solar potential in the
Ionian Islands and Western Greece. The mountains act as a barrier to the moist westerly
winds from the Ionian Sea, causing high rainfall on the western slopes and creating a rain
shadow effect on the eastern side. This results in lower cloud cover and higher GHI on the
eastern side, enhancing the solar potential in these areas. The Ionian Islands, despite being
on the windward side, still possess good solar energy potential due to their geographical
location and relatively high GHI values. Western Greece, benefiting from the rain shadow
effect, experiences higher GHI and thus has a still favorable solar potential.
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Figure 5. Monthly GHI distribution maps of Greece over a 20-year period.
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The southern regions of Greece, like Crete, are more susceptible to dust storms from
the Sahara Desert. These dust storms can transfer large amounts of dust, reducing GHI by
scattering and absorbing sunlight, particularly in spring and summer [50]. In the Aegean Is-
lands, including the Cyclades, variations in atmospheric conditions (humidity, air pressure)
can influence the amount of solar radiation reaching the ground. High humidity levels
can lead to more scattering of sunlight, reducing GHI [51]. In urban areas like Athens,
emissions from industrial activities, transportation, and heating can increase the concentra-
tion of aerosols and particulate matter in the atmosphere, affecting GHI. Reduced use of
fireplaces and radiators in milder winters can lead to fewer suspended particles, resulting
in higher GHI values [52]. Finally, the Peloponnese region has experienced changes in
climate patterns, such as increased temperatures and altered precipitation patterns. Rising
temperatures can lead to higher evaporation rates, increased cloud formation, and changes
in dust transport patterns, all of which influence solar radiation levels.

The rate of change in GHI refers to the variation in the amount of solar radiation
received per unit area on a horizontal surface over a specific time interval. It is typically
expressed as a derivative or percentage change and can indicate increasing or decreasing
solar energy levels based on changes in atmospheric and environmental conditions. A
positive rate of change suggests an increase in solar energy received, which might be caused
by longer daylight hours, cleaner skies, or the Sun rising higher in the sky. A negative
rate of change, on the other hand, implies that the amount of solar energy received has de-
creased, which might be due to fewer daylight hours, cloudier skies, and particulate-laden
atmosphere, or the Sun being lower in the sky. Table 1 gathers together the rate of change
in GHI for each month per region over the 20-year study period, highlighting variations
across Greece’s regions and providing insights into seasonal trends. Figure 6 complements
Table 1 by presenting 12 maps, each depicting the rate of change of GHI across Greece
for a specific month, using a consistent scale to showcase spatial and seasonal variations
throughout the year. Nevertheless, both reveal similar patterns, offering complementary
insights into temporal and spatial trends.

Table 1. Twenty-year monthly rate of change in GHI by region in Greece.

Rate of Change in GHI (W m~2 month—1) per Greek Region

Region Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
EastMac&Thrc —-0.04 -030 —052 131 -1.04 -126 0.05 024 —-025 —-022 022 0.95
CentrMac -015 —-054 -—-060 144 —-079 —091 0.05 0.08 -038 036 0.27 1.25
WestMac —-0.01 —026 —0.41 164 —067 -—1.03 0.22 0.10 -0.18 —051 0.20 1.39
IonianIslands -0.17 -031 —-026 115 —-058 —056 0.18 0.01 0.16 —-029 026 1.23
Epirus -028 -019 —-036 147 —-114 —-093  0.08 0.15 0.00 —-024 0.26 1.37
Thessaly —-0.04 -023 —0.51 1.69 -057 -117 0.11 —-0.01 -—-026 —056 040 1.20
WestGR —0.04 0.10 —-046 152 —-064 —-110 0.02 —0.01 0.00 —-075 045 1.26
CentrGR 0.24 0.10 —-032 205 —-062 152 013 -005 —-010 —0.63  0.52 1.01
Attica 0.38 0.15 —-0.07 192 —-064 —1.65 0.09 0.05 0.12 —044 057 0.84
Peloponnese 0.12 0.41 -0.21 1.76 -030 -129 -0.01 -0.10 0.30 -0.67  0.50 1.09
NorthAegean 0.26 0.01 -044 18  —093 —-151 —-0.04 0.08 —-0.10 -013 048 0.73

SouthAegean 0.46 0.23 -0.15 1.59 -079 -123 -001 -0.05 —-0.06 —0.25 0.45 0.54
Crete 0.40 0.70 -0.12 1.46 -057 -114 -0.08 —0.14 0.00 —0.38 0.40 0.39
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Figure 6. Monthly rate of change in GHI distribution maps of Greece over a 20-year period.

When investigating the rate of change in GHI in Greece during the last two decades,
numerous factors come into play. In April, the positive rate of change implies that solar
radiation is increasing as days lengthen and the Sun’s angle rises. This can be linked to
a decrease in dust transport from the Sahara over time, resulting in reduced scattering
and absorption of sunlight, and hence an increase in solar energy received on Earth.
Studies have revealed that dust transport from the Sahara may vary greatly, and current
trends suggest that dust activity may decrease due to changes in atmospheric circulation
patterns [53-55]. The negative rate of change in June may be attributed to the Sun reaching
its peak and beginning to decrease, or increased cloud cover. Cloudiness increases with
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time, causing clouds to reflect and absorb more sunlight, resulting in a negative rate of
change in GHI. Rising global temperatures accelerate evaporation, causing more clouds to
develop. This is an obvious sign of climate change, as greater evaporation and precipitation
rates are anticipated. The positive rate of change in December shows that solar radiation
will increase when the Sun rises higher in the sky following the winter solstice. Because of
the warmer temperatures, there has been less use of fireplaces and radiators in the winter,
resulting in less suspended particles in the air. When there are fewer particles to scatter
and absorb sunlight, more solar radiation reaches the ground, resulting in a positive rate
of change in GHI. Particulate matter levels have been demonstrated in studies to have a
considerable influence on solar radiation. In milder winters, less emissions from heating
sources lead to cleaner skies and greater GHI [56-58].

3.3. Fluctuations in PV Production

The conversion of GHI data into PV production reveals significant regional variations
in the rate of change in energy produced by PV systems (RoC-PV) in Greece over the
last 20 years. Since the same module was used in all cases for the theoretical simulation
and under the same conditions, parameters such as degradation of PV systems over time,
improvements in PV technology, or better maintenance practices will be ignored.

Moreover, translating produced energy into monetary value and carbon emissions
avoided may offer a thorough knowledge of solar energy’s impact. Solar energy pro-
duction’s potential revenue can be determined by multiplying the generated energy by
the feed-in tariff (FiT) [38,59]. This metric provides a simplified yet practical indicator of
financial viability, especially beneficial for parties interested in the economic advantages
and financial viability of solar installations. While this calculation offers a useful baseline
and insight into economic potential, actual revenue may vary depending on market dy-
namics and regulatory conditions. Nonetheless, for the purposes of the current study;, this
simplified approach is both adequate and informative. Greece has launched a cross-border
energy auction for wind and solar power facilities, including 200 MW from Bulgaria and
Italy. Members of the EEA Solar PV facilities with a capacity of greater than 1 MW will be
eligible for a EUR 54/MWh tariff ceiling [60]. Converting the generated energy into carbon
emissions avoided can highlight the environmental benefits of solar energy. In our case, we
used the Greenhouse Gas Equivalencies Calculator by the EPA [41]. Solar panels have a
significantly lower carbon footprint compared to fossil fuels. For instance, the life-cycle
emissions of solar panels are around 41 g of CO, equivalent per kWh, substantially lower
than coal or natural gas [61]. Using both metrics provides a holistic view of the benefits of
solar energy. It allows for a presentation of a balanced analysis that appeals to both eco-
nomic and environmental stakeholders. Such a dual approach can strengthen the case for
solar energy adoption by showcasing its financial viability and its contribution to reducing
carbon emissions.

Table 2 summarizes the following data for each region over the 20-year study period:
(1) the yearly rate of change in GHI, expressed in W/m?; (2) the yearly rate of change in
PV production for a 1 kWp system, expressed in kWh; (3) the corresponding monetary
values in euros, calculated based on the feed-in tariff (FiT) per kWh; and (4) the savings
in carbon emissions, expressed in kilograms of CO, equivalent per kWh. The negative
CO; equivalent values in this study indicate a reduction in carbon emissions due to de-
creased PV energy production, which results from a reduction in solar radiation (GHI)
reaching the ground. These values reflect the reduced amount of solar energy available
to replace fossil fuel-generated electricity, leading to fewer carbon emissions being saved
compared to areas and/or periods of higher solar radiation. In other words, when solar
PV output declines due to reduced irradiance, the potential for CO, offset is diminished.
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This reduction, often described as a decrease in avoided emissions, does not mean that
additional CO; is being produced. Instead, it signifies a lowered capacity to displace fossil
fuel-generated electricity with renewable PV energy, thereby reducing the environmental
benefit of avoiding emissions.

Table 2. Annual regional GHI and PV-production trends (rates of change), monetary equivalents,
and carbon savings.

. RoC-GHI RoC-PV Monetary Equivalent .
Region (W m~2 Year—1) (kWh Year—1) (EUR/KWh) CO; Equivalent (kg)
EastMac&Thrc —0.88 —0.96 —0.05 —0.67
CentrMac —0.67 —0.73 —0.04 —0.51
WestMac 0.46 0.51 0.03 0.35
Epirus 0.17 0.18 0.01 0.13
TonianIslands 0.81 0.90 0.05 0.63
Thessaly 0.05 0.06 0.00 0.04
WestGR 0.34 0.37 0.02 0.26
CentrGR 0.80 0.88 0.05 0.62
Attica 1.31 1.44 0.08 1.00
Peloponnese 1.59 1.75 0.09 1.20
NorthAegean 0.27 0.29 0.02 0.21
SouthAegean 0.73 0.80 0.04 0.56
Crete 0.92 1.01 0.05 0.71

Such an analysis highlights the direct relationship between changes in solar radiation
levels and their impact on environmental benefits. This interpretation ties directly to the
study’s investigation of how changes in GHI influence PV production and associated
CO, savings.

East Macedonia and Thrace and Central Macedonia exhibit a negative rate of change
in PV production, indicating a decline in solar energy output over the last 20 years. This
decline is accompanied by a reduction in CO, equivalent emissions and a negative economic
impact. Conversely, Western Macedonia shows a positive one. The Ionian Islands, Central
Greece, and Crete also demonstrate significant positive changes in PV production, CO,
reductions, and economic gains. The Peloponnese and Attica regions exhibit the highest
rates of change in PV production, with substantial CO; equivalent reductions and notable
economic benefits. Epirus, Thessaly, and Western Greece show moderate improvements in
PV production, with corresponding CO, reductions and economic benefits.

The findings suggest that while some regions are experiencing declines in PV produc-
tion, others are making significant strides in solar energy output, leading to environmental
and economic benefits. The data highlight the importance of regional strategies and poli-
cies to enhance PV production and maximize the benefits of solar energy. Regions with
a negative rate of change in PV production are susceptible to increased emissions. The
decline in PV production forces the energy grid to balance the shortfall with fossil fuel-
based energy production. This not only negates the emission savings from PV but also
exacerbates the overall carbon footprint. The forced balancing from fossil fuels can lead
to a net increase in emissions, undermining the environmental benefits achieved in other
regions with positive PV production trends. Enhancement of PV production could be
achieved through the implementation of measures to boost PV production in regions with
negative trends, such as upgrading existing systems, incentivizing new installations, and
improving maintenance practices.

3.4. Energy Planning Scheme

Table 3 presents the average annual consumption of each region from 2019 to 2023, the
extracted trend for consumption in the immediate future based on the last 5 years of data,
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and the energy adequacy in each region that would provide a PV coverage scenario of a
surface equal to 1% of the total area of the entire region [62]. It also displays the potential
monetary benefits in millions of euros and the carbon emission savings in metric tons
per region for the required area that would cover the energy consumption of each region.
Generally, the total possible maximum energy production can be derived given the area
under discussion, the PV production in kWh corresponding to 1 kWp, and the fact that 1
MWp is equivalent to 20,500 m? [34,35].

Table 3. Regional consumption and its trend, energy adequacy percentage for 1% PV coverage,
earnings, and metric megatons of CO, emissions avoided corresponding to the PV-covered area that
meets the energy demand of each region.

5-Year Average Consumption . o112
Region Consumptio%l Trend Energy ({;(:equacy EarnmEg:IsJ;{l\)/hlllon CO; Avoided (Mt)
(TWh) (GWh/Year) ?

EastMacé&Thrc 22 —142 483.3 1195 1.55
CentrMac 7.1 —152.0 200.1 3824 4.95
WestMac 0.8 —22.1 848.2 45.0 0.58

Epirus 1.3 —94 550.7 67.9 0.88

IonianIslands 1.0 +15.6 175.2 54.0 0.70

Thessaly 2.7 —83.3 388.2 147.4 1.91
WestGR 23 —54.1 37.8 123.0 1.59
CentrGR 2.7 —44.0 432.4 147.6 191
Attica 14.6 —296.9 20.0 788.8 10.20
Peloponnese 24 -30.3 50.0 127.4 1.65
NorthAegean 0.6 —14.6 464.5 34.4 0.44
SouthAegean 2.0 +79.1 203.1 109.5 1.42
Crete 2.7 +27.4 235.8 148.7 1.92

In formula form, it can be clearly, precisely, and effectively calculated with the follow-
ing equation that provides the total possible maximum energy production in kWh for a
region based on the PV system coverage and production capacity:

A
Eotal (kWh) _ ( totalZf;overage) X 1py (:5\]\/’;) 3)
re

where Ay is the total available area (in m?); fcoverage is the assumed fraction of area
covered by photovoltaic panels (here, 0.01 or 1%); A is equal to 20,500 m?> MWp~!
(reference area per MWp or land use conversion factor); and 5py is the specific energy
production performance (in kWh kWp 1) (PV yield specific to each region).

Finally, the equation for estimating the energy adequacy for each region, taking
into account the average annual consumption and the total possible maximum energy
production from PV systems, as calculated using Equation (3) above, is

Etotul (kWh)

Energy Adequacy (%) = (Cannual(kVVh)

) x 100 % 4)
where C,pnua) denotes the average annual energy consumption. This equation gives the
energy adequacy as a percentage, indicating how much of the region’s energy consumption
can be met by the PV systems covering 1% of the total area of the region.

Energy consumption in Greece varies by region. Attica, being the most populous
region, has the highest energy consumption due to its residential, commercial, and indus-
trial needs. Central Macedonia also has high energy consumption driven by significant
industrial activities and urban centers like Thessaloniki. Crete’s energy consumption is
influenced by tourism, which peaks during the summer months, increasing the demand
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for electricity. The Peloponnese region has a mix of agricultural and industrial energy
consumption, while Western Greece has moderate energy consumption balanced between
residential and agricultural use. Factors such as higher population density, significant in-
dustrial operations, extreme weather conditions (necessitating higher energy consumption
for heating or cooling), seasonal tourism spikes, and government initiatives promoting re-
newable energy and energy efficiency collectively shape the energy consumption landscape
across different regions in Greece.

Solar energy feasibility varies significantly. With just 1% photovoltaic (PV) coverage,
Western Macedonia could generate eight times its energy demand, making it a renewable
energy leader. East Macedonia and Thrace could produce five times its needs, followed by
Thessaly and Central Greece (four times). Crete, the South Aegean, and Central Macedonia
can exceed twice their demand, indicating strong solar potential. Attica exhibits the lowest
energy adequacy percentage, requiring high PV investments due to its dense consumption.

East Macedonia and Thrace shows significant financial and environmental benefits.
The high emissions savings highlight the region’s potential to contribute substantially to
Greece’s carbon reduction goals. Central Macedonia stands out with the highest potential.
Its considerable energy production potential and emissions savings underscore its critical
role in Greece’s renewable energy strategy, making it a prime candidate for large-scale
investments. Western Macedonia demonstrates moderate benefits from PV investments.
The region’s potential for improvement in energy production efficiency should be explored
to maximize returns. Epirus’ significant environmental benefits indicate strong potential
for solar projects, which can enhance the region’s contribution to national energy goals.
Thessaly presents substantial benefits, too. The region’s high energy production potential
and emissions savings make it a valuable area for investment. Central Greece has financial
returns similar to those of Thessaly. Its potential for renewable energy investments is
significant, highlighting its capability to contribute to national energy and environmental
goals. The Ionian Islands display moderate benefits. The region’s potential for further
optimization should be explored to enhance its energy production efficiency. Western
Greece’s numbers also indicate significant benefits. Focused efforts to improve solar
energy infrastructure are necessary to maximize returns. The Peloponnese exhibits notable
benefits as well. Targeted investments in renewable energy could enhance the region’s
energy production efficiency. Attica enjoys the highest financial returns, reflecting its
high energy consumption and potential for major renewable energy investments. Energy
efficiency measures and renewable energy projects are crucial for Attica to meet its energy
demands sustainably. The North Aegean shows moderate benefits, suggesting that further
optimization should be explored to enhance its energy production efficiency. Contrariwise,
the South Aegean promises strong potential for renewable energy investments. The region’s
capacity to meet its energy demand with renewable sources makes it a promising area for
investment. Finally, Crete evinces ample benefits. Strategic investments in PV systems
could optimize the region’s energy production and contribute to national energy goals.

Figure 7 below is a two-panel graph, consisting of a column bar plot with the energy
production potential per region for 1% of the area of each region on the left; and on the
right, a column bar plot with the percentage of area of each region required to cover 100%
of the energy demand.

Central Macedonia stands out with only 0.5% of its land area required to meet its
energy demand. In contrast, Attica requires the highest percentage, emphasizing the
need for energy efficiency measures and renewable investments. The Ionian Islands show
moderate adequacy, while Western Greece and the Peloponnese require extensive PV
coverage to meet their needs. East Macedonia and Thrace, Thessaly, and Central Greece
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demonstrate strong energy production with minimal land use, solidifying their roles in the
national energy strategy.
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Figure 7. (a) Possible maximum produced energy from PV coverage of a total surface equal to 1% of
the total area of each region; and (b) the minimum percentage of required area that must be covered
with PV in relation to the total area of each region, in order to achieve full coverage of energy needs.

4. Discussion

In light of the preceding, the following Table 4 presents an integrated overview of
the key performance indicators, including the annual average rates of changes in GHI and
PV production, the associated consumption trends, and the energy adequacy metrics. In
particular, it details the energy adequacy percentage for a 1% PV coverage of the total
regional area, the proportion of PV surface coverage required relative to the region’s area
to achieve full energy adequacy, along with the corresponding economic earnings and the
metric megatons of CO, emissions avoided under a full consumption—-demand energy
scheme. This final, cumulative table helps capture both the technical details and the broader
implications for energy schemes, providing a clear understanding of the aforementioned
multidimensional analysis being presented in the whole manuscript.

Table 4. Integrated assessment of PV performance, energy adequacy, and associated economic and
environmental impacts.

1% PV-Covered
RoC-GHI RoC-PV Consumption PV-Covered Area Earnings CO,
Region (Wm—2 (kWh kWp—1 Trend Area E Percentage for (Milli %UR Emissions
Year—1) Year—1) (GWh Year1) A drea nergoy Fully Meeting Hion Avoided (Mt)
equacy (%) D 4
emand (%)

EastMac&Thrc —0.88 —0.96 —14.2 483.3 0.21 119.5 1.55
CentrMac —-0.67 -0.73 —152.0 200.1 0.50 382.4 4.95
WestMac 0.46 0.51 —22.1 848.2 0.12 45.0 0.58

Epirus 0.17 0.18 -94 550.7 0.18 67.9 0.88
IonianIslands 0.81 0.90 +15.6 175.2 0.57 54.0 0.70
Thessaly 0.05 0.06 —83.3 388.2 0.26 147.4 1.91
WestGR 0.34 0.37 —54.1 37.8 2.64 123.0 1.59
CentrGR 0.80 0.88 —44.0 4324 0.23 147.6 191
Attica 1.31 1.44 —296.9 20.0 5.00 788.8 10.20
Peloponnese 1.59 1.75 —30.3 50.0 1.99 1274 1.65
NorthAegean 0.27 0.29 —14.6 464.5 0.21 34.4 0.44
SouthAegean 0.73 0.80 +79.1 203.1 0.49 109.5 1.42
Crete 0.92 1.01 +27.4 235.8 0.42 148.7 1.92

The results of this work are in very good agreement with the recent literature. For

example, ground stations have a total energy potential ranging from 1.5 to 1.9 MWh/m? [63].
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Cloudiness increases prediction inaccuracy by roughly 10%, and aerosols—especially
during intense dust outbreaks—can dramatically reduce solar energy, with losses of up to
80% for concentrated solar power (CSP) systems and 50% for photovoltaic (PV) systems.
Annual global radiation over Athens showed a positive trend between 1992 and 2017, with
an increase of 0.40% per decade under all-sky conditions and 2.38% per decade under clear
skies. In summer, global horizontal irradiance (GHI) increased by 1.85% per decade under
all-sky conditions and 2.10% per decade under clear skies, whereas in winter, there was
a negative trend of —2.46% per decade under all-sky conditions and —1.99% per decade
under clear skies [64]. Furthermore, the influence of solar variability (sunspot cycle) on
GHI levels in Athens from 1953 to 2018 was found to be less dominant than the impact of
anthropogenic air pollution [65]. The ASPIRE Project [66] found that aerosols, such as dust
and soot, significantly reduce solar irradiance by scattering and absorbing sunlight, which
can decrease solar energy availability by up to 20%. Cloud cover also plays a decisive role,
with clear skies providing the highest levels of solar irradiance, while overcast conditions
drastically reduce it. Even partial cloud cover can cause fluctuations, making it challenging
to predict solar power generation accurately.

Of particular interest is the close agreement between the present study and the findings
reported in [67]. More specifically, the latter research is carried out until 2050, using
historical (1971-2000) and prospective (2021-2050) climate data to determine influences
on energy supply and demand, while this one, as already mentioned, deals with the
last 20 years (2004-2024). Therefore, a large and significant overlap is observed in the
middle of the time period. According to the findings of the climate simulations using the
models CCLM4-8-17/CLMcom.ICHEC-EC-EARTH (m1), in all three RCP scenarios, an
increase in power generation is projected in all areas, ranging between 1.5% and 2.5%. The
HIRHAMS5 /DMLICHEC-EC-EARTH (m2) models, on the other hand, predict a loss in PV
power output of between 0.5 and 1.0%, and the other two simulations (m3 and m4) predict
both an increase and a decrease depending on the location and the climatic scenario under
consideration. The expected changes are always less than £0.5%. Correspondingly, in our
current study, we find that the rate of change in the produced PV energy in kWh/kWp
is equal to —1.0 in Eastern Macedonia and Thrace, —0.7 in Central Macedonia, +0.5 in
Western Macedonia, +0.2 in Epirus, +0.9 in the Ionian Islands, +0.1 in Thessaly, +0.4 in
Western Greece, +0.9 in Central Greece, +1.4 in Attica, +1.8 in the Peloponnese, +0.3 in the
North Aegean, +0.8 in the South Aegean, and, finally, +1.0 in Crete. That is, it appears as if
these studies are corroborating each other in a sense.

The striking similarity between the results of our study and the percentage-based
findings of the aforementioned one [67] further reinforces the reliability and significance
of our work. While the latter provides a model-driven percentage perspective on PV
production changes influenced by climate, our analysis not only corroborates these trends
but does so through real-world data, offering tangible results expressed in kWh/kWp
for each Greek region. This approach makes the findings more actionable and directly
applicable for energy planning and policy development. Moreover, this alignment of
results highlights the validity of the model employed while simultaneously showcasing
the robustness of our methodology, which incorporates the largest time series constructed
to date for this purpose. By bridging these complementary perspectives—percentage
trends and absolute quantifications—our work stands out as a comprehensive and practical
resource for understanding and addressing the effects of climatic influences on solar energy
production across Greece. This convergence strengthens the scientific foundation of both
studies while positioning our work as a critical contribution to the field, especially for
stakeholders seeking actionable insights.
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The rate of change in produced PV energy in kWh/kWp varies significantly across
different regions in Greece, with some areas experiencing increases and others decreases.
This variation can be attributed to several factors, including differences in local climate
conditions, solar radiation levels, and the specific characteristics of each region. There
is a possible correlation between the climate simulations and the observed changes in
PV energy production. The models take into account various climatic variables such as
temperature, solar radiation, and cloud cover, which directly impact the efficiency and
output of PV systems. Therefore, the regional differences in PV energy production rates
are likely influenced by these climatic factors as projected by the different models. The
similarity in the numbers suggests that the changes in PV energy production are relatively
small across different regions and scenarios. This indicates that while there are variations,
the overall impact of climate change on PV power generation might not be drastic in
any single region. The changes are mostly within a narrow range, which could imply
that the models are capturing consistent trends in climatic variables affecting solar power
generation. The consistency in the numbers across different regions and models might
also suggest that the factors influencing PV energy production, such as solar radiation
and temperature, are relatively stable or change in a predictable manner across these
regions. This could be useful for planning and optimizing PV installations, as it provides a
more reliable basis for predicting future energy production. The similarity in the numbers
highlights the importance of considering regional climatic conditions and using multiple
models to gain a comprehensive understanding of the potential impacts on PV power
generation. This approach can help in making more informed decisions for sustainable
energy planning.

However, the impact is still rather small at present, but enough to be noticeable
and to motivate further extensive study. In summary, the correlation between climate
simulations and PV energy production highlights the importance of considering regional
climatic conditions when planning and optimizing PV installations. This ensures that the
potential impacts of climate change on solar power generation are adequately addressed
and mitigated, especially since PV installations are among the key technologies adopted by
the Greek Government for achieving the net zero target in 2050.

In addition, another very good agreement between our findings and those reported
in [68] is also observed, where, in the context of solar energy, the satellite-based CLARA-A3
climate data record provides valuable insights into trends across Europe (SARAH data
are better for such climatological studies as compared to CLARA-A3; however, the data
are only open-access available at point-based requests [69]). This study investigates recent
trends in surface incoming solar radiation (SIS) and cloud properties across Europe from
1982 to 2020. The findings also indicate a significant increase in SIS during spring and
early summer, particularly in April and June, matching the pattern shown on our GHI
map (Figure 5). This increase is accompanied by a decrease in daytime cloud fraction and
cloud optical thickness, suggesting that clouds are playing an increasingly important role
in defining favorable and unfavorable climate regimes for solar energy applications. The
general trend of increasing sunlight availability could help boost solar energy applications
in Greece, which has significant potential due to its sunny climate. Nevertheless, such
opportunities will need to be balanced with the increasing frequency of extreme weather,
which could introduce challenges for energy infrastructure resilience.

The issue of climate change-related mortality is also a growing concern for Greece. A
study on heat-related and cold-related mortality across 854 European cities [70] suggests
that, under climate change scenarios, Greece and other Mediterranean countries will face
a substantial increase in heat-related deaths. This referenced research found that while
colder regions of Europe might see a decrease in cold-related mortality, this will be far
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outweighed by the increase in deaths due to extreme heat, especially under high emissions
and limited adaptation scenarios. The projections from the aforementioned referenced
study for the period between 2015 and 2099 estimate a net increase of nearly 50% in
climate-related deaths in Europe. Regional differences suggest a slight net decrease in
death rates in Northern European countries but highlight the high vulnerability of the
Mediterranean region, including Greece, and Eastern Europe. Greece, with its hot summers
and a growing population of elderly people, is particularly at risk. The study emphasizes
that, unless strong mitigation and adaptation measures are implemented, most European
cities, including those in Greece, are expected to experience an increase in temperature-
related mortality burdens. Adaptation measures, such as improved infrastructure, cooling
systems, and better public health response strategies, could help mitigate these risks but
are not sufficient to fully offset the negative effects of unchecked climate change.

The latest research and reports on climate change indicate that Greece, like much of
southern Europe, faces significant risks due to climate impacts, with consequences for
various sectors, including public health, energy, and agriculture. According to the latest
Intergovernmental Panel on Climate Change (IPCC) findings [71], Greece is one of the
regions most vulnerable to climate change. The Mediterranean, where Greece is located, is
identified as a “climate change hotspot” with increasing temperatures, rising sea levels,
and frequent extreme weather events such as heatwaves and forest fires. Specifically,
average annual temperatures in Greece have been rising since the 1960s, with the most
rapid increases occurring in summer and autumn, as we also identify. By 2050, the country
is expected to experience significantly more heatwaves annually, potentially leading to
severe urban heat island effects in cities. The increased frequency of wildfires and droughts,
combined with rising temperatures, will further strain the environment, biodiversity,
and agricultural sectors. Coastal areas in Greece are particularly vulnerable to sea-level
rise, which threatens infrastructure and ecosystems. In terms of agriculture, changes in
precipitation patterns and rising temperatures are expected to impact crop yields, further
compounding the challenges posed by climate change.

In conclusion, Greece faces significant challenges from climate change, including
higher temperatures, more frequent extreme weather events, and health risks related to
heatwaves. While opportunities for solar energy exist, especially with increased solar
radiation, these must be weighed against the vulnerabilities of the region, particularly in
terms of infrastructure, public health, and agriculture. Addressing these challenges will
require robust adaptation and mitigation strategies to safeguard both human health and
the environment.

In 2023, Greece demonstrated a remarkable performance in domestic PV power pro-
duction when assessed relative to national electricity supply, ranking first in Europe in
terms of the percentage of domestic electricity produced by photovoltaics. Specifically, the
contribution of solar PV to meeting Greece’s domestic energy needs exceeded the European
average—registering a figure that was more than double the European norm (8.6%) and
more than three times the global average (5.4%). It is important to emphasize that this rank-
ing is based on the proportion of energy produced domestically via solar PV, rather than
overall installed PV capacity. For context, while Germany leads Europe in total installed
capacity (approximately 88.9 GW as of the end of 2023), the present claim pertains only to
the metric of domestic production efficiency. In parallel with this outstanding performance,
solar PV in Greece is estimated to have averted 5.7 million tons of CO; in 2023—equivalent
to the annual emissions from 4.6 million new internal combustion engine automobiles (each
averaging a 10,000 km annual travel distance) or, alternatively, to the carbon sequestration
potential of planting 147.6 million conifers or 90.1 million deciduous trees and allowing
them to grow over a decade. Furthermore, in 2023 alone, new solar PV projects in Greece



Atmosphere 2025, 16, 762

23 of 36

attracted investments of EUR 1.12 billion (USD 1.19 billion) and supported the creation of
approximately 15,840 full-time equivalent jobs [72,73].

In 2024, Greece continued its momentum in expanding solar energy capacity. The
country added 400 MW of new net-metered PV systems, bringing the cumulative dis-
tributed solar capacity to 850 MW by the year’s end. This growth was driven by both
commercial (300 MW) and residential installations (100 MW), despite the shift from net
metering to net billing. Additionally, large-scale projects such as the Chronus Kozani
Solar PV Park, the largest in Greece and in the Balkans as well, with 140 MW of capacity,
contributed to the country’s overall progress [74,75].

Our findings offer a nuanced understanding of regional variations in PV energy
production and their implications for energy policy and investment. While previous
studies focused on national or global trends, our regional analysis provides specific insights
for targeted interventions and optimizing PV energy production across Greece. This study
also highlights the importance of nowcasting, which provides real-time information on
solar irradiance availability, crucial for managing energy loads and ensuring a stable
power supply. Accurate solar forecasts can help reduce carbon emissions by allowing
electricity network operators to integrate more renewable energy into the power grid. By
providing accurate short-term forecasts, nowcasting can make solar farms more profitable
and efficient. Understanding the correlations between solar energy production, balancing
energy needs, and market dynamics is essential for developing strategies to optimize PV
energy production nationwide.

5. Conclusions

In drawing our investigation to a close, regarding the rate of change in GHI over
Greece in the last 20 years, three months are worth mentioning in particular: April, June,
and December. We could define the rate of change in the rate of change in GHI, or the
second derivative of GHI with respect to time, that signifies the acceleration or deceleration
of changes in solar irradiance. This can provide insights into the dynamics of solar energy
availability, such as predicting solar power fluctuations, understanding rapidly changing
weather conditions, and optimizing solar energy systems for efficiency and resilience. A
trend is observed for an increase in the rate of change in GHI in April as we move from
top to bottom along the North-South axis of Greece. This is probably related to climate
change and rising temperatures that modify the circulation of air masses, resulting in less
dust than usual arriving from North Africa and thus causing less scattering and providing
more available sunlight. In June, over mainland Greece, the rate of change in the GHI
decreases, while over the Aegean Sea, it increases—events that are associated with climate
change and indicate, respectively, the ever-increasing temperatures that cause drought and
increasing evaporation of water masses, the resulting creation of more cloud cover, etc.
Finally, in December, the reverse pattern is observed compared to April, where a tendency
is evident for an increase in the rate of change in GHI as we move from bottom to top along
the North-South axis of Greece. The faster warming rate in northern Greece compared
to the south can be attributed to the geographical difference, as northern Greece is more
inland and less influenced by the moderating effects of the sea, leading to more pronounced
temperature changes. Additionally, climate change impacts, such as reduced frost days
and increased heatwaves, are more intense in northern regions.

Understanding the spatial distribution of solar irradiance and its subsequent impact
on power potential is crucial for various applications. Identifying regions with high solar
irradiance aids in the planning and optimization of solar power plants and PV installations.
This information is also vital for climate modeling, understanding the Earth’s energy bal-
ance, and influencing agricultural productivity. Our study highlights how environmental
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factors and human activities influence the rate of change in GHI in Greece over the last
20 years, reflecting broader trends in climate change and atmospheric conditions. Re-
gions such as East Macedonia and Thrace and Central Macedonia exhibit negative rates
of change, suggesting a decline in PV energy production. Conversely, regions like Attica,
Peloponnese, and Crete show positive rates of change, indicating an increase in PV energy
production, likely due to favorable climatic conditions. Areas like Thessaly and Epirus
show relatively stable conditions for PV energy production with minor fluctuations. These
findings contribute considerably to understanding the regional dynamics of PV production
in Greece and offer actionable insights for policymakers and stakeholders to optimize solar
energy utilization. Positive trends in regions like Attica and Peloponnese could serve as
benchmarks for other areas, while negative trends in regions like East Macedonia and
Thrace warrant further investigation to identify and mitigate underlying causes.

The data suggest a tailored approach to energy policy, considering regional variations
in energy production potential and area requirements. Significant regional variations
in energy production potential and the percentage of each region’s area needed to meet
100% of energy demand are also specifically revealed. These findings are crucial for
informing energy policies and investment decisions. Tailored investments in renewable
energy infrastructure across different regions can optimize financial returns and emission
savings, supporting Greece’s overall energy strategy. For instance, regions with high
energy production potential, low area requirements, high financial returns, and substantial
emission savings, such as Central Macedonia and Thessaly, should be prioritized for
renewable energy investments. The environmental benefits of renewable energy projects
in regions with significant emission savings, such as Central Macedonia and Attica, are
highlighted. However, due to its high consumption, Attica needs targeted energy efficiency
measures to reduce or at least optimize the area required to meet energy demand. Regions
with high potential, like Western Macedonia, East Macedonia and Thrace, and Epirus,
should also be serious candidates for solar energy investments owing to their high energy
adequacy percentages. Regions with notable disparities, such as Western Greece, require
focused efforts to improve energy production efficiency.

With the ambitious forecast of up to 13.9 GW in solar capacity by 2027, Greece is on
track to solidify its position as a renewable energy leader in Europe. By addressing all the re-
gional disparities that this manuscript highlights, Greece can enhance its overall PV energy
production and contribute more effectively to its renewable energy goals. These insights
can guide policymakers in making informed decisions to optimize energy production and
meet regional demands efficiently. Solar energy’s potential as a sustainable and efficient
source is immense. Our findings emphasize solar energy’s feasibility in meeting national
and worldwide energy demands. Optimizing photovoltaic installations and investments
can achieve significant financial and environmental benefits, contributing to the global fight
against climate change.
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Appendix A
Estimation of per-1 kWp Metrics and Sensitivity Analysis

The values reported in the following Tables A1 and A2 represent the 20-year average
annual photovoltaic energy yield per 1 kWp and the derived economic and environmental
metrics on a per-unit basis. For each region, the annual PV output (in kWh/year per 1 kWp)
was computed from calibrated long-term simulation data. To capture the uncertainty in
these estimates, we propagate the relative errors based on the radiative transfer model
(FRTM) comparisons with ground-truth measurements. As already mentioned in the
Methodology Section (2.2), in the clear-sky case, a 2% uncertainty is applied, while for all-
sky conditions, a 5% uncertainty is used. The long-term (20-year) average global horizontal
irradiance values, originally provided in W/m?, are converted into annual irradiation (in
kWh/m?/year) by multiplying by 8.76 (derived from 8760 h per year). Revenue is estimated
by applying the feed-in tariff of EUR 54 per MWh (equivalent to EUR 0.054/kWh) to the
per-1 kWp PV output, and the avoided CO, emissions are calculated using the conversion
factor of 0.0007 metric tons CO, per kWh. This comprehensive procedure propagates the
uncertainty from the instantaneous measurements through to the annual climatological,
economic, and environmental outcomes, ensuring robust error bounds and sensitivity
analyses that underpin our results. These per-unit metrics serve as the basis for subsequent
“scaling-up” analyses and sensitivity studies. Note that all uncertainty figures (A(PVoutput),
A(Revenue), and A(CO,) avoided) are expressed on a per-kWp basis and can be aggregated
as needed for regional evaluations.

Table A1. Twenty-Year Average Solar Resource Metrics per 1 kWp: PV Output (kWh), GHI (W /m?
and kWh/m?), and Annual Energy Errors under Clear-Sky (2%) and All-Sky (5%) Conditions.

Clear Sky Annual All Sky Annual

Region PVoutput (kWh) GHI (W/m?2) GHI (kWh/m?) Error (2%) Error (5%)

(kWh/m?2) (kWh/m?)
EastMac&Thrc 1548.41 200.89 1759.82 35.20 87.99
CentrMac 1544.36 197.21 1727.56 34.55 86.38
WestMac 1532.19 186.15 1630.66 32.61 81.53
Epirus 1541.94 195.01 1708.30 34.17 85.41
Thessaly 1547.51 200.07 1752.63 35.05 87.63
CentrGR 1557.62 209.26 1833.12 36.66 91.66
TonianIslands 1557.07 208.77 1828.79 36.58 91.44
WestGR 1556.79 208.50 1826.50 36.53 91.32
Peloponnese 1561.72 212.99 1865.78 37.32 93.29
Attica 1571.72 222.08 1945.45 38.91 97.27
NorthAegean 1580.20 229.79 2012.94 40.26 100.65
SouthAegean 1596.61 244.71 2143.66 42.87 107.18
Crete 1596.23 244.36 2140.60 42 .81 107.03
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Table A2. Twenty-Year Average Uncertainty Metrics per 1 kWp: A(onutput) (kWh), A(Revenue)
(€/kWh), and A(CO,) (metric tons) under Clear-Sky (2%) and All-Sky (5%) Conditions.

Region APV output) A(PVoutput) A(Revenue) A(Revenue) A(CO,) (2%) A(CO») (5%)
8 (2%) (kWh) (5%) (kWh) (2%) (€/kWh) (5%) (€/kWh) (metric tons) (metric tons)
EastMac&Thrc 30.97 77.42 1.67 4.18 0.022 0.054
CentrMac 30.89 77.22 1.67 417 0.022 0.054
WestMac 30.64 76.61 1.65 4.14 0.021 0.054
Epirus 30.84 77.10 1.67 4.16 0.022 0.054
Thessaly 30.95 77.38 1.67 418 0.022 0.054
CentrGR 31.15 77.88 1.68 421 0.022 0.055
IonianIslands 31.14 77.85 1.68 4.20 0.022 0.054
WestGR 31.14 77.84 1.68 4.20 0.022 0.054
Peloponnese 31.23 78.09 1.69 4.22 0.022 0.055
Attica 31.43 78.59 1.70 424 0.022 0.055
NorthAegean 31.60 79.01 1.71 4.27 0.022 0.055
SouthAegean 31.93 79.83 1.72 431 0.022 0.056
Crete 31.92 79.81 1.72 431 0.022 0.056
Figure A1l presents a comparative analysis of SOLEA 3D and SODA against BSRN
ground station measurements, with errors quantified in terms of mean bias error (MBE)
and root mean square error (RMSE) in W/m? across different seasons and sky conditions.
The results indicate that SOLEA 3D consistently achieves lower error margins, reinforcing
its accuracy in real-time solar radiation modeling.
Station Season SOLEA 3D SODA SOLEA 3D SODA SOLEA 3D SODA
MBE RMSE MBE RMSE MBE RMSE MBE RMSE MBE RMSE MBE RMSE
All-Sky Clear-Sky Cloud-Sky
Wtr —8.06 47.59 -12.30 68.39 -7.78 46.42 -11.73 66.62 -0.29 10.37 -0.57 15.48
Spg -12.48 59.19 -20.31 87.97 -13.13 57.22 -20.64 85.25 0.64 14.98 0.33 21.72
Budapest Smr —6.00 55.60 -15.90 86.61 -7.95 49.75 -17.66 78.33 1.60 21.93 1.76 36.94
Atm -8.79 48.65 -15.16 73.55 -8.99 46.84 -14.79 71.16 0.20 13.01 -0.37 18.56
Ann —-8.83 52.76 -15.92 79.13 -9.46 50.06 -16.20 75.34 0.54 15.07 0.29 23.18
Wtr -2.76 43.84 -9.24 62.62 -0.49 30.61 —-4.34 42.41 -2.27 31.19 -4.90 46.07
Spg -16.07 85.78 -23.49 99.16 -4.54 58.53 -15.67 79.09 -11.53 62.34 -7.82 59.81
Cabauw Smr —3.44 60.78 —-11.08 81.56 -0.69 50.83 -10.51 71.91 -2.76 33.05 -0.56 38.49
Atm -2.49 47.54 -11.38 64.30 -0.14 37.13 -6.74 49.73 -2.34 29.47 —4.64 40.76
Ann -6.19 59.48 -13.79 76.91 -1.47 44.27 -9.31 60.78 -4.72 39.02 —4.48 46.28
Wtr —5.51 47.11 -6.98 57.86 -5.03 45.19 -6.18 54.51 —-0.48 13.20 -0.80 19.39
Spg —20.54 90.40 -19.18 104.96 -19.54 86.95 -19.42 99.25 —-1.00 24.46 0.25 34.15
Cener Smr -20.18 90.78 -19.90 109.37 -18.86 86.39 -19.56 102.40 -1.32 27.57 -0.34 38.41
Atm -19.29 83.35 -22.69 99.34 -17.47 79.05 -20.18 93.04 -1.83 26.13 -2.50 34.83
Ann -16.38 77.91 -17.19 92.88 -15.23 74.39 -16.34 87.30 -1.15 22.84 -0.85 31.70
Wir —6.70 47.44 -9.28 67.12 -6.43 46.37 -8.62 64.59 -0.28 9.93 -0.66 18.24
Spg —24.80 83.44 -42.19 142.96 —-25.24 81.24 -42.19 138.08 0.43 18.83 -0.00 37.04
Payerne Smr -10.26 56.96 -16.07 93.63 -10.56 53.58 -16.48 85.98 0.30 19.13 0.41 37.07
Atm -8.97 49.25 -12.99 73.77 —-8.66 46.74 -12.02 68.03 -0.30 15.38 -0.96 28.53
Ann -12.68 59.27 -20.13 94.37 -12.72 56.98 -19.83 89.17 0.04 15.82 -0.30 30.22
Wtr —24.81 104.67 -33.22 141.32 -24.18 103.58 -32.59 140.11 —-0.64 14.94 —-0.63 18.41
Spg -27.24 101.63 -35.75 138.72 -22.94 92.11 -32.50 127.32 -4.32 42.51 -3.25 55.06
Sonnblick Smr -11.29 72.19 -16.62 98.73 -10.58 65.56 -15.13 88.73 -0.72 29.92 -1.49 43.30
Atm -24.91 102.30 -34.78 141.54 -19.38 89.36 —26.42 121.80 -5.53 49.36 -8.35 72.11
Ann —22.07 95.20 -30.09 130.08 -19.27 87.65 —26.66 119.49 -2.80 34.18 -3.43 47.22
Wir —-2.08 23.53 -2.39 18.81 -1.99 21.69 -2.01 1591 -0.09 9.02 -0.38 10.03
Spg. -9.34 45.59 -5.06 32.28 -8.11 40.93 —4.44 26.38 —-0.64 19.89 -0.62 18.61
Tamanrasset Smr —-8.48 49.77 -7.34 51.33 -6.85 43.25 -6.49 41.12 -1.63 24.41 -0.85 30.72
Atm -2.91 29.14 -5.06 32.28 -2.62 25.54 —-5.08 28.41 —-0.29 13.88 -0.55 17.74
Ann -5.70 37.01 -4.96 33.68 -4.89 32.86 —4.50 27.96 -0.66 16.80 -0.60 19.27

Figure A1. A depiction, adapted with permission from [12], of the variation in real-time simulations
from SOLEA 3D and SODA compared against BSRN ground stations for each season and sky
condition. The simulation MBE and RMSE have been expressed in absolute units (W/m?). The
seasons are abbreviated as Wtr (Winter), Spg (Spring), Smr (Summer), and Ann (Annual).

SOLEA 3D consistently outperforms SODA across all evaluated stations and sky
conditions, with significantly lower MBE and RMSE, making it the more reliable option.
In Budapest, SOLEA 3D demonstrates reduced bias and error, particularly under all-sky
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conditions where its MBE ranges from —12.48 to —6.00 and RMSE from 47.59 to 59.19,
compared to SODA’s higher MBE of —20.31 to —12.30 and RMSE of 68.39 to 87.97. Under
clear-sky, SOLEA 3D maintains an MBE of —13.13 to —7.78 and RMSE of 46.42 to 57.22,
while SODA shows greater inaccuracies, with MBE of —20.64 to —11.73 and RMSE of 66.62
to 85.25. Even under cloud-sky, SOLEA 3D keeps a controlled MBE (—0.29 to 1.60) and
RMSE (10.37 to 21.93), while SODA has MBE values in the range of —0.57 to —1.76, and
significantly higher RMSE (15.48 to 36.94). It is evident that SOLEA 3D outperforms SODA
by reducing bias and error substantially and maintaining lower errors, thus making it
more reliable.

In Cabauw, SOLEA 3D lowers errors under all-sky conditions, with MBE from —16.07
to —2.49 and RMSE from 43.84 to 85.78, whereas SODA exhibits higher MBE (—23.49 to
—9.24) and RMSE (62.62 to 99.16). Under clear-sky, SOLEA 3D significantly reduces bias,
with MBE of —4.54 to —0.14 and RMSE of 30.61 to 58.53, compared to SODA’s MBE (—15.67
to —4.34) and RMSE (42.41 to 79.09). In cloud-sky, SOLEA 3D maintains lower errors (MBE:
—11.53 to —2.27, RMSE: 31.19 to 62.34), while SODA has higher RMSE (38.49 to 59.81).
Again, SOLEA 3D provides noticeably lower errors and significantly reduces bias, and it is
superior in RMSE performance.

For Cener, SOLEA 3D exhibits improved accuracy, particularly under all-sky condi-
tions, with an MBE range of —20.54 to —5.51 and RMSE of 47.11 to 90.40, while SODA
records higher MBE (—22.69 to —6.98) and RMSE (57.86 to 109.37). Under clear-sky, SOLEA
3D keeps MBE at —19.54 to —5.03 and RMSE at 45.19 to 86.95, significantly outperform-
ing SODA (MBE: —20.18 to —6.18, RMSE: 54.51 to 102.40). Under cloud-sky, SOLEA 3D
achieves lower errors (MBE: —1.83 to —0.48, RMSE: 13.20 to 27.57), outperforming SODA
(MBE: —2.50 to 0.25, RMSE: 19.39 to 38.41). SOLEA 3D shows improved accuracy, better
handles clear-sky conditions and has lower errors, proving its reliability.

In Payerne, SOLEA 3D proves its superiority in all-sky conditions, with MBE ranging
from —24.80 to —6.70 and RMSE from 47.44 to 83.44, whereas SODA exhibits significantly
higher MBE (—42.19 to —9.28) and RMSE (67.12 to 142.96). Under clear-sky, SOLEA 3D
maintains lower errors (MBE: —25.24 to —6.43, RMSE: 46.37 to 81.24), compared to SODA
(MBE: —42.19 to —8.62, RMSE: 64.59 to 138.08). Even under cloud-sky, SOLEA 3D offers
lower MBE (—0.30 to 0.43) and RMSE (9.93 to 19.13), outperforming SODA (MBE: —0.96 to
0.41, RMSE: 18.24 to 37.07).

In Sonnblick, SOLEA 3D consistently outperforms SODA across all-sky conditions.
Under all-sky conditions, SOLEA 3D achieves an MBE range of —27.24 to —11.29 and
RMSE from 72.19 to 104.67, whereas SODA records higher errors, with MBE from —16.62
to —35.75 and RMSE from 98.73 to 141.54. In clear-sky conditions, SOLEA 3D maintains
lower bias, with MBE from —24.18 to —15.58 and RMSE from 65.56 to 103.58, while SODA
struggles, with MBE from —32.59 to —15.13 and RMSE from 88.73 to 140.11. Even in
cloud-sky conditions, SOLEA 3D proves superior, with MBE from —5.53 to —0.64 and
RMSE from 14.94 to 49.36, compared to SODA’s higher errors, with MBE from —8.35 to
—0.63 and RMSE from 18.41 to 72.11.

Finally, in Tamanrasset, SOLEA 3D continues to demonstrate its advantage. Under
all-sky conditions, SOLEA 3D achieves an MBE range of —9.34 to —2.08 and RMSE from
23.53 to 49.77, while SODA records errors, with MBE from —7.34 to —2.39 and RMSE from
18.81 to 51.33. In clear-sky conditions, SOLEA 3D maintains bias, with MBE from —8.11
to —1.99 and RMSE from 21.69 to 43.25, whereas SODA demonstrates MBE from —6.49 to
—2.01 and RMSE from 15.91 to 41.12. In cloud-sky conditions, SOLEA 3D exhibits MBE
from —1.63 to —0.09 and RMSE from 9.02 to 24.41, compared to SODA’s errors, with MBE
from —0.85 to —0.38 and RMSE from 10.03 to 30.72.
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Summarizing all of the above across all the mentioned stations, SOLEA 3D consistently
maintains lower RMSE values and mitigates bias better than SODA, proving its robustness
in various atmospheric conditions and reinforcing its performance superiority.

To further contextualize this comparison, as demonstrated in a recent relevant val-
idation study [76], satellite-based datasets such as SARAH-3 provide key performance
metrics for solar radiation estimates, including bias, mean absolute deviation (MAD),
RMSE, and anomaly correlation for surface incoming shortwave (SIS), surface incoming
direct (SID), and direct normal irradiance (DNI) across multiple timescales at monthly
and daily resolutions. These values serve as a benchmark for evaluating the reliability
of satellite-derived solar radiation estimates. Notably, SARAH-3 exhibits strong anomaly
correlation values (ranging from 0.89 to 0.96), demonstrating its consistency in capturing
solar radiation variations. More specifically, SIS shows a small positive bias, with both
monthly and daily bias values around +2.0 W/m?. The mean absolute difference (MAD) is
5.2 W/m? (monthly) and 10.8 W/m? (daily), while RMSE values increase from 7.0 W/m? to
15.9 W/m? as the resolution shifts from monthly to daily. The anomaly correlation remains
consistently high at approximately 0.95. SID, representing indirect irradiance, displays
lower deviations, with bias values at 0.5 W/m? for both monthly and daily resolutions.
The MAD values are 7.9 W/m? (monthly) and 16.1 W/m? (daily), with RMSE ranging from
11.3 W/m? (monthly) to 24.1 W/m? (daily). Anomaly correlation values hover around
0.92, indicating strong agreement with measurements. Finally, DNI shows a slight negative
bias, with —1.6 W/m? for monthly resolution and —0.2 W/ m? for daily resolution. The
MAD values increase from 16.9 W/m? (monthly) to 31.1 W/m? (daily), while RMSE values
rise from 22.3 W/m? to 43.22 W/m?. Despite the variations, anomaly correlation values
remain robust at around 0.91, demonstrating strong alignment with station observations.
These findings highlight the consistency of SARAH-3 estimations with ground-based mea-
surements, with slightly increased deviations at daily resolutions. However, SARAH-3
relies on conventional satellite retrieval methods that do not explicitly account for cloud
stratification effects. By juxtaposing these findings with SOLEA 3D’s performance, this
analysis underscores the robustness of the proposed method in enhancing accuracy across
diverse atmospheric conditions. Concerning the accuracy statistics between the SARAH-3
and SOLEA-3D hindcast datasets, the levels and ranges of errors as compared to BSRN
stations are not directly comparable, since in [76], the error metrics were averaged into
monthly and daily basis with a time step of 30-min intervals, while in [12] into seasonal
and annual basis at 15-min intervals. Additionally, in [12], a classification between sky con-
ditions was performed, highlighting the improvement under cloudy conditions, and hence,
a more analytical comparative analysis is going to be performed in the near future in a
study under all geostationary satellite coverage and various retrieval /simulation methods.

The SARAH-3 dataset, including its validation metrics, is accessible via the CM SAF
Web User Interface [69], ensuring transparency and reproducibility in solar radiation assess-
ments. However, the primary motivation behind utilizing SOLEA 3D instead of SARAH-3
lies in its ability to incorporate multi-layer cloud stratification, a crucial factor in climate
studies. Unlike traditional satellite-derived methods like SARAH-3, which often rely on
broad radiative transfer approximations, SOLEA 3D accounts for the vertical distribution of
clouds, which plays a dominant role in radiative transfer processes and improved accuracy,
especially under cloudy conditions. It explicitly integrates cloud layering effects, refining
solar radiation estimates under complex cloudy conditions. This distinction is particularly
relevant for climate research, where cloud formations play a dominant role in radiative
transfer processes. By explicitly integrating cloud stratification effects, SOLEA 3D enhances
accuracy in scenarios where conventional satellite-derived datasets may exhibit limitations
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and pushes the boundaries of climate research, offering refined accuracy in scenarios where
cloud formations significantly impact solar radiation variability.

In this study, we employed the fast radiative transfer model (FRTM) rather than
relying solely on existing climate data records (e.g., CM SAF SARAH) because FRTM’s
physics-based approach provides operational flexibility and an ideal temporal resolution
framework that is particularly well suited for the analysis of 15-min irradiance values.
While CM SAF SARAH has been specifically designed for climate applications and shows
strong validation performance (e.g., against BSRN), its retrieval algorithms are developed
with long-term climate trend analyses in mind. In contrast, FRTM enables us to seamlessly
integrate detailed radiative transfer physics to capture short-term variability and to directly
compare performance metrics with measurement-based assessments. For example, as
demonstrated in [77], Thomas et al. (2016) [78] validated the latest version of HelioClim-3
(v5) against BSRN and reported relative RMSE (rRMSE) values of 14.1-37.2% for 15-min
averages. These figures are directly comparable to the FRTM-derived results in [77], which
yielded rRMSE values in the range of 12-35.7%—with individual station comparisons
(Lerwick (LER), Toravere (TOR), Cabauw (CAB), Camborne (CAM), Carpentras (CAR),
and Tamanrasset (TAM)) showing striking consistency between the two approaches. In
particular, for the LER, TOR, CAB, CAM, CAR, and TAM stations, [78] found rRMSE values
of 37.2,33,29.4,25.9,16.3, and 15.8%, while from the [77] model performance evaluation
results, we observed 35.7, 35.6, 29.9, 30.3, 20.2, and 12.2% for the same stations. The results
clearly show that the [77] method has a measurable advantage. While [78] reported a
15-min rRMSE range of 14.1-37.2% for HelioClim-3 (v5), the [77] multi-regression function
(MREF) technique (developed as an analytical methodology using the aforementioned FRTM
outputs) evaluation achieved a slightly tighter range of 12-35.7%. More specifically, for in-
stance, at the LER station, the error drops from 37.2% to 35.7%, and even more notably at the
TAM station, from 15.8% down to 12.2%. These improvements at key stations demonstrate
that, overall [77], and the employed FRTM take the edge in terms of performance. Thus,
although the SARAH dataset is an excellent tool for climate applications, its specific design
constraints and the approximations required for long-term trend analysis were carefully
considered. In our application context, FRTM provided both the temporal granularity
and the robust performance necessary to effectively capture and evaluate high-frequency
radiative transfer phenomena.

While this study establishes the reliability of SOLEA 3D in regional comparisons, fu-
ture research will conduct a comprehensive validation across full Earth disk coverage, inte-
grating observations from Meteosat, Himawari, and GOES satellites. This next phase will fa-
cilitate direct performance comparisons between SOLEA 3D, SARAH-3, and BSRN stations
at global scales, further strengthening its applicability in diverse atmospheric conditions.

Appendix B
Appendix B.1. Multi-Layer Radiative Transfer in Cloud Atmospheres

Radiative transfer in a multi-layer cloud system [12] is governed by a fundamental
equation that describes the propagation of radiation through atmospheric layers. This equa-
tion accounts for processes such as absorption, scattering, and emission, which influence
the distribution of radiation within each layer.

Appendix B.2. Multi-Layer Radiative Transfer Equation

The radiative transfer equation for a multi-layer cloud atmosphere is given by

ar T, ; - A ,
% =—1(r,p) + % /71 P, )1 (o, 1Yy + B (1) (A1)
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where:

. I)(Li) (7, i) represents the specific intensity at optical depth 7 in layer i.

e  w;jis the single scattering albedo, defining the fraction of light scattered rather than
absorbed in layer i.

e P(u, ') is the scattering phase function that characterizes the angular redistribution
of radiation in layer i.

. Bg\i) (7) is the Planck function that describes thermal emission from layer i.

Each term in this equation captures a crucial physical interaction. The first term
represents the attenuation due to absorption and outscattering. The second term integrates
the incoming scattered radiation from all directions, weighted by the scattering phase
function. The final term represents the thermal emission of the medium.

Appendix B.3. Cloud Layer Classifications and Explanations

Cloud layers are categorized into high, medium, and low clouds based on altitude,
composition, and their effects on radiative transfer. High clouds (i = 1), such as cirrus,
cirrostratus, and cirrocumulus, exist above approximately 6 km. These clouds are primarily
composed of ice crystals, which efficiently scatter shortwave radiation. Due to their
relatively low optical depth, they appear thin and allow most incoming solar radiation to
pass through while trapping outgoing infrared radiation. This contributes significantly to
the greenhouse effect, warming the lower atmosphere. Their primary impact on radiative
transfer occurs in the longwave spectrum, altering Earth’s thermal balance.

Medium clouds (i = 2), such as altostratus and altocumulus, are found between
approximately 2-6 km. These clouds contain both water droplets and ice crystals, leading
to mixed scattering behaviors. Their optical depth is moderate, allowing them to affect both
shortwave and longwave radiation. They are frequently associated with frontal systems and
moderate precipitation. Their influence on radiative transfer is balanced between shortwave
reflection and longwave trapping, contributing to cloud-induced climate feedback.

Low clouds (i = 3), including stratus, stratocumulus, and nimbostratus, typically exist
below 2 km. They are predominantly composed of water droplets and exhibit high optical
depth, making them highly reflective. These clouds play a crucial role in cooling Earth’s
surface by reflecting a significant portion of incoming solar radiation back into space. Their
impact on radiative transfer is primarily through shortwave reflection, reducing surface
temperatures and enhancing planetary albedo.

Appendix B.4. Boundary Conditions

In the multi-layer framework, several boundary conditions dictate the interaction of
radiation within and beyond the cloud system. At the top of the atmosphere, incoming
solar radiation is attenuated as it travels through the cloud layers. The interaction at this
boundary is described by

I}(\tOP) — I;\ncefrtop (Az)

where [ represents the incident solar flux, and Trop i the optical thickness of the upper-
most layer.

At each cloud layer interface, radiative transfer must satisfy continuity conditions to
ensure proper energy exchange between layers (inter-layer continuity). These continuity
conditions dictate how radiation propagates vertically, ensuring a seamless transmission
and reflection process across adjacent layers.

At the surface, radiation is subject to ground reflection, absorption, and emission
processes. The ground may act as either an absorber or a secondary emitter, influencing the
overall radiative balance within the system (surface interaction).
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Appendix C
Limitations and Refinement of PVGIS Calibration Utilized

The PV production estimates presented here are based on a PVGIS calibration method-
ology that integrates multiple physical parameters—such as global horizontal irradiance,
ambient temperature, and detailed panel specifications—to simulate photovoltaic output
at high temporal resolution. This empirical approach, while effective for regional-scale
analyses and supported by comparisons with field data (e.g., from Athens), relies solely
on calibration data from specific geographic points, which may limit its ability to capture
the full intra-country variability inherent in Greece’s diverse climates and terrains. Con-
sequently, the resulting estimates should be interpreted as a first-order approximation
suitable for illustrating general trends and informing large-scale assessments, rather than
as definitive inputs for detailed system design, performance evaluation, or precise energy
planning. Future studies would benefit from incorporating additional calibration points or
adopting more comprehensive, physics-based modeling techniques to enhance predictive
accuracy and better address regional heterogeneity.

The aforementioned formulation, while straightforward, is limited by its derivation
from geographically extreme conditions and may not represent the average performance
over diverse regions. To overcome this limitation, one can combine empirical regression
with a physically based normalization approach. Many studies calibrate PV yield (in
kWh/kWp) versus incident solar irradiance (usually expressed as accumulated energy;,
such as W/m? or kWh/m? over a given period) using a linear regression model. In the
generalized empirical regression model, multi-regional data points are used to determine
the coefficients via regression analysis, resulting in a model of the following form:

Epy = « x GHI + (A3)

where « represents an effective conversion factor that aggregates the panel’s intrinsic
efficiency and typical system losses (e.g., wiring, inverter, shading, temperature effects)
and adjusts for unit conversion (often incorporating the time integration of GHI), and 3
is a baseline term accounting for constant generation contributions (for instance, early
morning/minimum production effects or other system-specific offsets).

An alternative formulation grounds the conversion in physical principles by express-
ing the PV energy yield as the product of incident irradiation on the tilted plane and a
performance ratio that encompasses system losses. This approach is expressed as

Epy = PR X Hijjreq (A4)

Here, Hyjjreq represents the accumulated solar irradiation on the module’s tilted surface,
and PR (typically ranging from 0.70 to 0.85 for grid-connected crystalline silicon systems)
accounts for losses such as inverter inefficiencies and temperature effects. For instance, if
assumed that—in a typical Greek climate—the daily solar irradiation (properly adjusted for
tilt) averages about 5 kWh/m? with a mean PR of 0.75, then on an annual basis (multiplied
by 365), the yield would be approximately: 5 x 365 x 0.75 = 1369 kWh/kWp. This value
lies in the same ballpark as the empirical offset in the original formulation. In effect, this
can be “translated” into a linear relation of the following form:

EPV =MNeff X GHI + ¢ (A5)

by appropriately choosing neg and ¢ so that they “absorb” the effects of intermittency;,
temperature losses, and the conversion between instantaneous irradiance (W/m?) and
cumulative energy (kWh/kWp). When aggregated over time, the conversion can indeed
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be approximated linearly with well-defined coefficients representative of average climatic
and system conditions.

To further relate the global horizontal irradiance (GHI) to the effective irradiation
received by the panels, a tilt conversion factor (K;) can be introduced, leading to

Epy = PR x K; x GHI (A6)

where K; is a tilt conversion factor (or “irradiance boost”) that converts the measured
horizontal irradiation into the effective irradiation received on the panel surface. For fixed,
optimally tilted panels, empirical studies often find values in the range of about 1.0-1.2,
with approximately 1.1 being a reasonable average. This physically based formulation is
later reconciled with the linearized empirical form by choosing parameters that absorb the
effects of system losses, tilt, and unit conversion appropriately. For instance, assuming
nominal values of K¢ = 1.1 and PR = 0.78 this time, the conversion becomes Epy (kWh/kWp)
=0.78 x 1.1 x GHI ~ 0.86 GHLI. Thus, for every 1 kWh/m? of annual GHI, the energy
yield is about 0.86 kWh/kWp. For an installation receiving, say, 1400 kWh/m? per year,
the modeled yield would be approximately 1204 kWh/kWp. This formulation is rooted
in physical considerations, making it broadly applicable rather than being limited to a
particular geographic calibration, ensuring that the conversion from solar irradiation to
energy output is transparent, physically meaningful, and adaptable to other locations.

For even further refinement, additional physical parameters can be incorporated to
enhance model accuracy. For example, a more comprehensive formulation that includes
corrections for tilt effects and temperature variations is given by

Epy =[a x GHI +b] X Fyjy X [1 —v X (Tamp — Trep)] (A7)

In this equation, a and b are parameters determined from a broad regression analysis,
Fyy; is a correction factor for the actual tilt relative to the optimal orientation, Ty, is
the ambient temperature, T, is a reference temperature (typically 25 °C), and vy is the
temperature coefficient of the PV modules (approximately 0.004-0.005 °C~1). This extended
model not only generalizes the conversion to various climatic conditions but also provides
a transparent interpretation of the underlying physical parameters and system losses. For
the purposes of a study similar to the current one—if the emphasis is on reproducing
PVGIS-like outputs—the additional factors could be “folded” into the coefficients. That
is, by calibrating with data from many locations, the regression-derived a and b would
already reflect the average effects of tilt, temperature, and other losses, yielding a final form
similar in structure to the original equation but with generalized calibration.

In summary, bridging empirical regression with physics-based normalization allows
the conversion model to move beyond the limitations of a two-point calibration. The
process—f{rom starting with the empirically derived equation, through incorporating multi-
regional regression to determine robust coefficients, to translating the relationship into
a physics-based formulation with explicit correction factors—results in a comprehensive
framework. This framework is adaptable for national-scale analyses and provides a firm
foundation for further refinement through sensitivity analyses and the integration of site-
specific adjustments [79-85].
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