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Abstract

This paper presents an updated study on the technological feasibility of different photovoltaic cells in tropical
climates, focusing on the Brazilian Solar Belt, a high-irradiance region. A multicriteria indicator based on
Hierarchical Process Analysis (HPA) was developed to evaluate technologies under high temperature, humidity, and
irradiation. Crystalline silicon cells (PERC, TOPCon, HJT, IBC), thin films (CdTe, CIGS), and emerging cells
(organic, perovskites and tandem) were assessed for efficiency, cost, climate resistance, and degradation. Real
climate data and Brazilian field evidence calibrated the model. This work fills a gap in the literature by integrating
economic and degradation data into a decision tool focused on Brazil. Cost per watt installed (=29%) and conversion
efficiency (=18 %) dominated the weights, whereas PID and damp-heat resistance accounted for less than 3%. The
final ranking showed TOPCon as the preferred technology followed by IBC and HJT; PERC, Perovskite and OPVs
occupied intermediate positions, while CdTe and CIGS ranked lowest. The results highlight the trade-off between
performance and reliability in hot—humid climates and the need for region-specific technology choice.

Keywords: Photovoltaic technologies, crystalline silicon cells, Hierarchical Process Analysis (HPA), Brazilian Solar
Belt, Technology Performance Matrix

1. Introduction

The construction of a photovoltaic (PV) module involves a certain level of complexity, as it consists of a variety of
materials and interfaces that operate under diverse environmental conditions (Filho et al., 2022). However, PV
generation is strongly influenced by environmental variables. Factors such as dust, snow, temperature, humidity, and
storms can lead to different types of defects, including discoloration, glass breakage and cracking, hot spots, and
corrosion, all of which can compromise the module’s performance (Fazal and Rubaiee, 2023). Brazil, for instance,
has regions with wide climatic variations. In tropical regions, particularly in the so-called Brazilian “Solar Belt”
(Pereira et al., 2017), an area with the highest solar irradiation index, PV arrays operate under a unique combination
of high temperature, elevated relative humidity, and intense ultraviolet (UV) exposure. These stressors accelerate
thermo-mechanical fatigue, moisture ingress, corrosion, light-induced degradation (LID), and light- and elevated-
temperature-induced degradation (LeTID), ultimately reducing power output and shortening service life (da Silva et
al., 2021).

As Brazil surpassed 53 GW of installed solar capacity (Hein, 2025), selecting robust cell technologies has become
essential for industry decision-makers. Commercial PV cells include first-generation crystalline silicon (c-Si)
architectures such as PERC (Passivated Emitter and Rear Cell), TOPCon (Tunnel Oxide Passivated Contact), HIT
(Heterojunction), and IBC (Interdigitated Back-Contact), as well as thin-film CdTe (Cadmium Telluride), CIGS
(Copper-Indium-Gallium-Selenium), and emerging perovskite (PVK) or tandem stacks. Each architecture exhibits a
distinct profile of efficiency, cost (USD W), temperature coefficient (y), annual power-degradation rate (PDR), and
qualitative resistance to moisture, temperature, and irradiance (Fazal and Rubaiee, 2023). These variations increase
the complexity of technology selection when the objective is to maximize energy yield over a 25-year period in hot-
humid climates.

Given the wide range of technologies and the variables associated with them, selecting the most suitable architecture
for a specific system is not straightforward. It requires multiple layers of analysis, encompassing both technical and
subjective criteria that depend on the decision-maker’s priorities. In this context, the use of indicators is a valuable
tool for identifying the technology that best fits a particular application, whether prioritizing cost, efficiency, or
performance under the environmental conditions to which the PV system is exposed. This process enables the
selection of the most appropriate technology for deployment in the Brazilian Solar Belt region.

In this context, this work presents a structured Hierarchical Process Analysis (HPA), ranking nine PV technologies,
involving mainstream, thin film and emerging technologies, across ten criteria: conversion efficiency, cost,
temperature coefficient, resistance to temperature, moisture, and high irradiance, bifaciality, besides initial and
annual degradation. Pairwise-comparison were based on peer-reviewed laboratory and field data; the overall
consistency ratio confirms judgement reliability (Saaty, 2008).
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From an industrial perspective, this study seeks to translate laboratory and field data into a decision-making tool
capable of guiding investors and manufacturers toward the most cost-effective and climate-resilient PV technologies
for Brazil’s high-irradiance regions.

2. Environmental and Performance Factors

To assess the most suitable technologies for operation under adverse climatic conditions, the evaluation of several
aspects is recommended. For instance, analyzing the cell temperature coefficients (Tempco) and the degradation
factors to which each technology is more susceptible. Resistance to humidity, temperature, and irradiance are also
critical parameters to be considered, in addition to the cost and efficiency values of each technology.

A PV module is expected to have an operational lifetime of 20 to 30 years. Within this period, certain acceptable
power limits are considered, such as a maximum reduction of 10% of its initial power after the first 10 years of
operation. After 25 years, this limit increases to 20%. The quantification of this power decline over time is expressed
by the PDR, which can be useful to estimate the impact of degradation on energy cost, thereby influencing the
system’s economic viability (da Silva et al., 2021).

LID and LeTID are common phenomena that affect the stability and performance of PV modules. The former occurs
when the module is exposed to sunlight, while the latter arises under simultaneous exposure to light and high
temperatures, both resulting in decreased module performance (Yeo et al., 2022). Their effects can be mitigated by
replacing boron with gallium as the dopant in the silicon wafer (Kontges et al., 2025).

Moisture in the air can diffuse through the polymeric structure of the encapsulant and reach the solar cell, leading to
delamination, which facilitates further ingress of moisture and air into the module, weakens its passivation, and
deteriorates its performance (Ren et al., 2024). Temperature also has a major impact on solar cell efficiency. High
temperatures can reduce cell performance by decreasing efficiency. The percentage loss in efficiency due to an
increase in module surface temperature is expressed by the Tempco. This parameter depends on the cell material
used, while the module temperature is influenced by climate, location, and solar radiation (Fazal and Rubaiee, 2023).

UV radiation can cause damage to the backsheet surface, encapsulant, cell surface, and even the interface between
the silicon and the passivation layers of the photovoltaic cell, contributing to the degradation of module efficiency
and lifetime (Adothu et al., 2025). Moreover, this factor can significantly influence the occurrence of Potential-
Induced Degradation (PID). This degradation mechanism is caused by high system voltage, involving charge transfer
through the PV module’s encapsulant either from or to the cell, leading to reduced module performance (Kontges et
al., 2025).

3. Technological Overview of Photovoltaic Technologies

This section evaluates several PV cell technologies from the first (crystalline silicon), second (thin-film), and third
(emerging) generations considered in this study. The technical characteristics of each technology are analyzed based
on the indicators defined for this research.

1.1. First-Generation Technologies

PERC, TOPCon, HIT, and IBC cells are silicon-based technologies. They represent the most widespread type of PV
cell, dominating the market due to their reliability, scalability, cost-effectiveness, and durability (Oni et al., 2024).
PERC (p-type) has led the market in recent years as a well-established technology. PERC cells were developed to
incorporate additional passivation contacts to reduce optical, transmission, and charge recombination losses,
compared to Aluminum Back Surface Field (Al-BSF) solar cells. The inclusion of a rear passivation layer increases
efficiency by providing an additional opportunity for photon absorption. The presence of anti-reflective coating
further reduces incident light reflection, enhancing light capture (Kashyap et al., 2020). However, in hot and high-
irradiance climates, this cell design is more prone to LeTID degradation (Kontges et al., 2025). In humid
environments, PERC modules are also susceptible to accelerated degradation of encapsulant and passivation layers
(Kyranaki et al., 2022).

Recently, TOPCon (n-type) modules have emerged as a more competitive technology, replacing PERC as the market
leader since 2024. TOPCon cells can achieve higher efficiencies than PERC, in addition to exhibiting a lower
temperature coefficient and lower annual degradation rate (Kivambe et al., 2025). The TOPCon architecture replaced
boron with phosphorus as the silicon wafer dopant, reducing susceptibility to LeTID and consequently lowering the
annual degradation rate compared to PERC (PV Magazine, 2023). Its front surface is similar to PERC, while the rear
side features an enhanced passivation structure (Liu et al., 2025). This more robust passivation, combined with the
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longer carrier lifetime, contributes to greater bifaciality and higher power output (Jang et al., 2024). Figure la
presents a typical structure of a TOPCon solar cell.

HIJT cells exhibit higher efficiency than PERC and TOPCon cells (Green et al., 2024). They feature a heterojunction
structure, symmetric on both sides, consisting of a Transparent Conductive Oxide (TCO) layer and an amorphous
silicon layer deposited on n-type silicon, providing a double passivation effect (Liu et al., 2025). Among silicon-
based technologies, HJT has the lowest temperature coefficient, indicating reduced power loss during temperature
cycles (Fazal and Rubaiee, 2023). However, its manufacturing process is more complex and costly, hindering the
transition from PERC to HJT technology (Kivambe et al., 2025). Moisture penetration into the module can affect the
cell’s TCO layers, compromising their transparency and conductivity (Ren et al., 2024).

IBC technology also demonstrates high efficiency (Green et al., 2024). In its architecture (Figure 1a), the metallic
contacts are arranged in an interdigitated pattern on the rear side of the cell, thereby eliminating shading losses caused
by front-side metallization and resulting in higher efficiency values (Oni et al., 2024). IBC modules exhibit lower
degradation under UV exposure compared with HJIT, PERC, and TOPCon technologies. Among these, TOPCon
modules showed the highest level of UV-induced degradation, followed by PERC and HJT (Adothu et al., 2025).

1.2 Second-Generation Technologies

Second-generation technologies include thin-film cells such as CdTe and CIGS. These technologies are
manufactured through physical and chemical vapor deposition processes, enabling the production of lighter, more
flexible, and versatile modules. However, they typically offer lower efficiency than first-generation cells. This type
of technology is generally applied as a thin layer on glass, polymer, or metal substrates, being versatile for curved
surfaces, Building Integrated Photovoltaic (BIPV) systems, and portable devices (Oni et al., 2024). The schematic
view of CdTe and CIGS solar cell is presented on Figure 1b.

The CdTe cell is composed of cadmium and tellurium. It exhibits one of the highest efficiencies in this category,
with competitive potential against silicon cells, and can be produced using various methods. However, environmental
concerns exist due to the toxicity of cadmium. Its metallic contacts are made of copper, which provides resistance to
water-induced corrosion (Efaz et al., 2021).

CIGS (Cu(In,Ga)Se:) technology has a high absorption coefficient (>10° cm™), allowing the fabrication of thin,
flexible cells with reduced raw material consumption. Moisture is identified as one of the main causes of power loss
in these cells (Debono et al., 2024). Additionally, this type of cell faces other challenges, such as limited indium
reserves and cadmium toxicity, similar to CdTe cells (Efaz et al., 2021).

1.3. Emerging Technologies

Emerging technologies include organic photovoltaic (OPV), Perovskite, and Tandem cells. These technologies are
still under intensive research and development due to the wide range of materials and design characteristics available
for cell fabrication. OPVs offer advantages such as low cost, semitransparency, flexibility, and ease of
manufacturing; however, their efficiency remains lower compared with other technologies (Fazal and Rubaiee,
2023).

Perovskites are a promising technology due to their remarkable electronic properties and simple production process,
making them one of the most studied materials for PV cell applications. It has shown rapid development, notable
efficiency gains, and low manufacturing costs. However, challenges remain for commercial application, including
low stability, as perovskites are susceptible to degradation when exposed to humidity, UV radiation, oxygen, and
high temperatures, as well as difficulties related to scalability (Al-Ali et al., 2025; Ahmed et al., 2025).

Tandem cells are multijunction devices, such as Perovskite/Silicon, which can achieve efficiencies around 34%.
Despite their high efficiency, transitioning from laboratory to industrial scale is necessary. Furthermore, for this
technology to become viable, stability issues must be addressed, and its field performance should be examined more
thoroughly (Yang et al., 2025). The typical structure of Perovskite and Tandem solar cell is provided on Figure 1c.
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Figure 1 - Schematic view of (a) First generation (TOPCon, IBC), (b) Second generation (CdTe, CIGS) and (c) Emerging (PVK,
tandem -2T) solar cells. Adapted from: Hollemann et al. 2020, Fazal and Rubaiee, 2023 and Pereira et al, 2024 .

4. Methodology

The study considered nine PV cell or technology alternatives included in the final decision matrix: PERC, TOPCon,
HIT, IBC, OPV(s), CIGS, CdTe, Perovskite, and tandem. These technologies represent the evolution of crystalline
silicon, heterojunction, and passivated contact cells, as well as thin-film devices and emerging perovskite and organic
architectures. Each alternative was evaluated according to ten parameters representing performance, degradation,
bifaciality, cost, and robustness. A summary of the main studies addressing this topic is presented in Table 1.

Table 1. Parameters by technology and units.

PARAMETER | PERC [ TOPCon| HJT IBC CIGS CdTe OPVs |Tandem PVK
Efficiency (%) | 21.72% | 24.80° | 24.00° | 24.80¢ 23.60° 23.08f 19.208 34.95" 26.951
TempCO i k 1 m _ n _ 0 p - q - r
(Pmax.%/°C) -0.35 -0.26 -0.24 -0.26 0.31 0.32 0 0.21 0.25
Initial degradation| 15 I [ BT 026" x Y 207 s
(%)
Bifaciality (%) |74.10®| 85% 90 75% 3af 15% 99.10% 744 954
Cost (US$/Wp) |0.094% | 0.0882 | 0.1°™ | 0.095™ 0.4% 0.29% 0.75% | 0.428* 0.57%
Degradation | ysu| g 35m | 930w | -035% | -1.55% | 0300 | -0.90% | 210 | 7w
(%/ano)
Damp heat be bd be bf bg bh bi bj bk
(APmax%) -2.32 -1.31 -1.40 -1.21 -17 -1.70 -41 -13 -8.50
PID(APmax%) | -1.74% | -1.03*™ | -1.60* | -0.92% -50br -5.50b -23br -50b 24
Thermal Cycling | -2.22% | -2.08% | -0.67° | -0.53% -10% -25.13% -8 -1.20¢® -5¢¢
Uv Stablhty cd ce cf cg ch ci cj ck cl
(APmax%) 2.2 -3.2 -1.1 -0.7° -1.0 -0.6 -10.04 2.0 -6.0

ALV et al. (2020), bJinko Solar (2025), “Risen (2025), YAiko (2025), “F¢"NREL (n.d.), Jang et al. (2024), ¥ Jinko Solar (2025),
'Risen (2025), ™Aiko (2025), "Bamisile et al. (2025), °First Solar (2024), PHeliatek (2025), 9Babics et al. (2023a), "Halal and Plesz
(2024), *Deline et al. (2024), Jinko Solar (2025), "Risen (2025), YAiko (2025), “Cantiirk et al. (2024), * First Solar (2024), YLuo
et al. (2024), “Babics et al. (2023b), ®Yan et al. (2025), ®°Jang et al. (2024), *Jinko Solar (2025), *Risen (2025), *Aiko (2025),
Ahmad ef al. (2024), ®Zhang et al. (2024), "Liu et al. (2024), “Martin et al. (2023), “Rabhi ef al.(2025), *Vikranth (2025), **
aM[nfolink Consulting (2025), *Longi (2025), *Kumar et al.(2024), *Meagley et al. (2025), *Shielden (2024), *Cordell et al.
(2025), “Liu, Y. et al. (2025), “Deline ef al. (2024), “Jinko Solar (2025), ™ Risen (2025), ™Aiko (2025), *Straub-Miick ef al.
(2025), @First Solar (2024), Chen et al. (2025), *® ®Zwaal (2024), ®Jinko Solar (2023a), *Longi (2025), **Wu et al. (2025),
*Longi (2025), *¢Lee et al. (2015), ""Wallén (2024), *'Wachsmuth et al. (2023), ¥Khan et al.(2022), "*Mavlonov et al. (2025), "
bmJinko Solar (2023a), ®Wallén (2024), **Longi (2025), *PYilmaz et al (2022), ®iRaza et al. (2023), *"Akcaoglu et al. (2019), *Xu
et al. (2022), "Breugelmans et al. (2024), **Jinko Solar (2023a), *¥Jinko Solar (2023b), ®Risen (2023), ®™Longi (2025), »YLee et
al. (2015), Y“Zeng et al. (2019), ““Cai et al. (2021), ®Wang et al. (2023), “Wang, T. et al. (2023), ° < <\ ceAdothu et al. (2025),
“MMiinch ef al. (2012), “Sample et al. (2009), iPatel et al. (2019), “Jung et al. (2023), “Jiang et al. (2023).

To capture climatic particularities, annual averages of meteorological variables were used for three macro-regions of
the Solar Belt: semi-arid Northeast, transitional North, and Midwest. Figure 2 illustrates the geographical boundaries
of these macro-regions within Brazilian territory, highlighting the latitudinal extent of the so-called Solar Belt and
its correspondence with major biomes and associated climatic zones, which support the comparative analyses of PV
performance.
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Figure 2 - Macro-regions of the Solar Belt. Adapted from Pereira et al., 2017.

Mean air temperature (23.5-25.5 °C), daily maximum (32.5-34.5 °C) and minimum (16—-19 °C) temperatures, as
well as mean relative humidity (62—73 %), were derived primarily from the Brazilian Atlas of Solar Energy (Pereira
et al., 2017) and historical series from the NASA POWER Project (NASA POWER Project, n.d.). Annual
precipitation is about 650 mm in the semi-arid Northeast and reaches 1,350 mm in the transitional and Midwest
regions. The annual frequency of fog and dew ranges from 3.8 days year™ in the Northeast to 22.2 days year™ in the
transitional zone, with intermediate values (15 days year™) in the Midwest. Global horizontal irradiance (GHI) ranges
between 5.2 and 5.8 kWh m™2 day™', while diffuse horizontal irradiance (DHI) reaches 1.7 kWh m™ day™! in the
Cerrado—Amazon transition. The diffuse fraction (DHI/GHI) is approximately 0.4, indicating the predominance of
the direct component in all regions. The key parameters reported in the reviewed literature are summarized in Table
2.

Table 2. Climatic statistics by macro-region.

Variable Mean |Semi-arid Northeast [ Transitional North Midwest
Mean temperature (°C) 24.50 25.52 24.5b 23.5¢
Maximum temperature (°C) 33.50 34.54 33.5¢ 32.5°
Minimum temperature (°C) 17.67 182 19" 16
Relative humidity (%) 67.48 62.47 72.74k 67.22!
Annual precipitation (mm year')| 1116 650™ 1350" 1350°
Fog/dew (days year™) 13.77 3.8° 22.24 15.3"
GHI (kWh m™ day™) 5.43 5.73¢ 5.20 5.35¢
DNI (kWh m™2 day™") 5.38 5.88Y 5.00% 5.25%
DHI (kWh m™ day™) 1.63 1.718Y 1.560% 1.605*
Diffuse fraction (%) 0.40 0.400% 0.400% 0.400%
GTI (kWh m2 day ") 5.54 5.80%¢ 5.35% 5.48%¢
UV index (IU) 2.29 2,374 2.25% 2.24%
Land cover Grassland: Forest®! Agricultural®™
Chlorides (ClI") (mg m2day™") | 2.25 1.4 3.1% 2.25%
Altitude (m) 550 600 375 675%
Climate classification Hot semi-arid" Trop igal Wiatuh dry Tropicgl Wiatvh dry
winter winter
Annual PV ziezlr‘ingh kWP 11658 17500 1625% 1600

a, bcdefghimnostuvwx ae daf, agao, ap, aq, ar, as, at, au, av, aw Peoreira et al. (20] 7), 7k 1, ah, ai, q/NASA POWER Project (nd)]
.4 7da Silva (2018); » = 4 @ 9 9de Souza et al. (2023); “* “IBGE (2020); “"Valporto (2023); “ “ < Lyon (2020).

The hierarchical structure of the adopted AHP consists of three levels: (i) the goal of selecting the most suitable PV
technology, (ii) ten evaluation criteria, and (iii) nine technological alternatives. The criteria are: conversion
efficiency, power temperature coefficient, annual degradation, initial degradation, bifaciality, cost per installed watt,
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damp heat robustness, PID susceptibility, stability under thermal cycling, and UV radiation stability. Criteria such as
efficiency and bifaciality are of the benefit type (the higher, the better), whereas temperature coefficient and
degradation rates (annual and initial) are of the cost type (lower absolute values are desirable). Environmental data
from the Brazilian Solar Belt informed the weights assigned to each desired technology attribute. Given the region’s
high irradiance, UV-resistant technologies were prioritized. The pronounced thermal variability further favored
options that maintain performance after the Thermal Cycling test. The pairwise comparison matrix between criteria
was developed by solar industry’s persona (SIP) and is presented in the weighting spreadsheet (Table 3); the principal
eigenvector method was used to extract the normalized weights. Consistency was verified using the Saaty consistency
ratio (Saaty, 2008), maintaining acceptable values (CR < 0.1).

Table 3. Weights assigned to PV cell technology criteria.

Criterion Weight
Conversion efficiency (%) 0.18
Temperature coefficient (Pmax, % °C™')| 0.09
Annual degradation (% year™) 0.10
Initial degradation (%) 0.14
Bifaciality (%) 0.06
Cost per installed watt (US$ Wp™) 0.29
Damp heat robustness (APmax %) 0.03
PID (APmax %) 0.02
Thermal cycling 0.05
UV stability (APmax %) 0.04
5. Results

The most influential criterion was the cost per installed watt, reflecting the need for competitive technologies in
large-scale scenarios. According to market indices, PERC module costs are approximately 0.09 US$ Wp~!, while
TOPCon shows slightly lower values (0.088 US$ Wp) and HJT around 0.10 US$ Wp~'; emerging technologies
such as OPVs and perovskites present significantly higher costs (0.57-0.75 US$ Wp™). Conversion efficiency ranked
as the second most important criterion; data reported in the literature and technical reports indicate efficiencies of
21.7% for PERC, 24.8% for TOPCon, 24% for HIJT, and up to 34.95% for perovskite/silicon tandem cells. Initial
degradation and annual degradation were highly valued due to their influence on lifetime energy yield; field
measurements report annual degradation rates between 0.35% and 0.45% year™' for TOPCon and PERC modules.
The temperature coefficient quantifies the sensitivity of power to temperature increase; HJT (-0.24% °C™') and
TOPCon (-0.26% °C™") technologies have advantages in hot environments compared with PERC, reducing thermal
losses. Bifaciality benefits from reflective surfaces and high diffuse radiation fractions, such as in the Cerrado—
Amazon transition region where the diffuse fraction is 0.4; HJT and TOPCon modules exhibit bifaciality factors of
0.85-0.9, while OPVs reach values close to 0.99. Reliability criteria (DH, PID, thermal cycling, UV) reflect
resistance to humidity, corrosion, and photodegradation; industrial reports indicate power losses below 2% in damp-
heat tests for PERC and TOPCon, but above 10% for CIGS, CdTe, and OPVs.

The final scores of each technology are presented in Table 4. TOPCon achieved the highest score (0.169), standing
out for its balance between high efficiency, moderate temperature coefficient, and competitive cost. IBC ranked
second (0.142), benefiting from high efficiency and good stability, although with higher cost. HJT took third place
(0.137), showing excellent thermal behavior but still elevated cost. The perovskite/silicon tandem cell obtained an
intermediate score (0.116); its very high efficiency was offset by high costs and significant initial degradation. PERC
cells (0.103) ranked in the middle of the distribution, reflecting their balance between cost and performance.
Perovskite (0.092) and OPV (0.086) technologies showed moderate scores, penalized by stability issues. Thin-film
options CdTe (0.079) and CIGS (0.076) occupied the last positions due to lower efficiency and higher cost per watt.
The results highlight a trade-off between high performance and feasibility. TOPCon led the ranking due to its
combination of nearly 25% efficiency, relatively low cost, and good bifaciality. However, recent reports indicate
specific failure modes (cracking and passivation loss) in humid environments (Hasan ef al., 2025; Zeng et al., 2024),
requiring improvements in PV module manufacturing processes and encapsulant selection. IBC technology exhibits
high performance, but its cost and manufacturing complexity limit broader adoption. HIT combines excellent thermal
stability and high bifaciality. PERC remains a mature, low-cost solution, yet its unfavorable temperature coefficient
and initial degradation demand careful system design in hot climates. Perovskite and tandem-based technologies
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achieve record efficiencies; however, their accelerated degradation (up to 20% year™') and lifetime below ten years
hinder immediate commercial deployment. OPVs benefit from flexible mechanical properties and high bifaciality
but suffer from chemical degradation under environmental stresses such as humidity, UV radiation, and thermal
cycling (Choi et al., 2025). Finally, thin-film CIGS and CdTe offer tolerance to shading and high temperatures, but
lower efficiency and sensitivity to PID and DH reduced their scores.

Table 4. Final scores by technology and ranking

Technology Decision
TOPCon 16.9%
IBC 14.2%
HJT 13.7%
Tandem 11.6%
PERC 10.3%
Perovskite 9.2%,
OPVs 8.6%
CdTe 7.9%
CIGS 7.6%

The decision matrix aggregates weighted technical criteria, with each weight reflecting its perceived importance: the
cost per installed watt accounted for 29.3% of the total weight, followed by conversion efficiency (18.5%), initial
degradation (14.3%), and annual degradation (9.8%). The temperature coefficient contributed 9%, and bifaciality
5.7%. Criteria related to environmental reliability, including thermal cycling, UV stability, damp heat resistance, and
PID susceptibility, together representing 13% of the weights, highlight the need for suitability across diverse solar
belt environments. TOPCon, IBC, and HJT technologies exhibit conversion efficiencies of 24-25%, with
temperature coefficients ranging from —0.24% °C! to —0.26% °C™".

These modules are able to maintain power output under intense heat, an important advantage in the semi-arid
Northeast, where maximum temperatures can exceed 35.9 °C in inland municipalities and the average annual
humidity is around 50%. In contrast, PERC modules have lower efficiency (21.7%) and a more negative temperature
coefficient; although they offer low cost, their performance declines when ambient temperature exceeds 25 °C.
Perovskite/silicon tandem cells achieve laboratory efficiencies above 34%, but their thermal gain (coefficient of —
0.21% °C™') does not offset their high cost and instability. The high average temperatures in the northern transition
zone (30.7-34.1 °C) and the strong heat waves in the Midwest highlight the importance of this criterion, as
technologies with less negative coefficients, such as HIT and TOPCon, minimize daily losses. This factor explains
why TOPCon and IBC occupy the top positions in the ranking, even though competitors such as CdTe show similar
efficiencies but poorer temperature coefficients.

In tropical regions, accelerated aging can compromise energy generation throughout the service life (Islam et al.,
2024). Initial and annual degradation together accounted for nearly one quarter of the decision weight. PERC,
TOPCon, HIT, and IBC exhibit initial degradation of approximately 1%, while emerging technologies (perovskite,
tandem) suffer initial losses between 2% and 20%. Annual degradation ranges from 0.3% to 0.6% for silicon
technologies but can reach 20% year™! in perovskite devices. This vulnerability becomes critical in the hot and humid
northern transition environments, where relative humidity remains high for much of the year, exacerbating ion
diffusion and oxidation (Thornton ef al., 2022; INMET, 2025). In the semi-arid region, the low atmospheric humidity
reduces corrosion risk, but intense radiation and large day—night temperature variations can amplify fatigue
mechanisms (da Silva et al., 2021; Han, 2023). The relatively high weight assigned to initial and annual degradation
favors oxide-passivated or heterojunction technologies (TOPCon, IBC, HJT), which exhibit slower aging, and
penalizes perovskite and tandem technologies, resulting in their lower scores.

Bifaciality received a moderate weight (5.7%) because its benefit depends on the environment. TOPCon and HJT
exhibit bifaciality indices above 0.85, allowing them to capture radiation reflected from the ground. This advantage
is significant in regions with a high diffuse irradiance fraction (=40%), such as the northern transition zone, and in
high-albedo areas in the Midwest. In contrast, CIGS and CdTe show bifaciality below 0.15 and, although some have
favorable thermal coefficients, they do not benefit from diffuse light, which contributes to their position at the bottom
of the ranking. OPVs exhibit a theoretical bifaciality of 0.991, but their very low power density (79 Wp m2) would
require larger installation areas, making them unsuitable for centralized power plants. This contrast justifies the
relatively low weight assigned to bifaciality in the final decision and explains why the additional gains of bifacial
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technologies were insufficient to overcome deficiencies in cost or reliability.

The 29% weight assigned to cost reflects the SIP economic priority for large-scale deployment. PERC remains the
competitive technology (0.094 US$ Wp™), but its low efficiency and weak thermal performance limit its position
(5th in the ranking). TOPCon combines cheapest cost (0.088 US$ Wp) with high efficiency, enabling greater energy
yield per area; this balance explains its leading position. IBC and HJT, although slightly more expensive (0.095-0.10
US$ Wp™'), maintain high rankings due to their advantages in efficiency, temperature behavior, and durability. In
contrast, thin-film technologies (CdTe, CIGS) and emerging devices (perovskite, tandem) exhibit much higher costs
(0.29-0.75 US$ Wp™), excluding them from the top positions regardless of other strengths. In economically
vulnerable regions such as the semi-arid Northeast, where rural economies still face negative water balances, high
costs can make projects unfeasible; this reality justifies the SIP emphasis on the economic criterion.

The four environmental reliability criteria account for just over 13% of the total weight but are decisive for real-
climate performance. Damp-heat tests (85 °C/85% RH) show that TOPCon, IBC, and HJT modules lose less than
2% of their power after 1000 h, while thin-film technologies can lose more than 10%. This aspect is critical in the
northern transition region, where projected temperature anomalies reach 1.5-2.5 °C above average and the rainy
season is intense. Susceptibility to PID can be controlled in silicon modules through doping and encapsulant
selection; values from —0.009% (IBC) to —0.017% (PERC) contrast with losses of —0.23% in OPVs or —0.50% in
CIGS. Thermal-cycling tests strongly penalize CdTe (—25.13%), making it less suitable for the Midwest, where
occasional cold fronts can cause abrupt temperature drops. Finally, UV stability is particularly important in the semi-
arid region, which combines clear skies with a high mean UV index (=2.3). Silicon devices lose less than 2% under
accelerated UV exposure, whereas perovskite and OPV devices can lose up to 10%. Thus, although these criteria
carry less individual weight, they reinforce the advantages of silicon technologies and justify the lower ranking of
emerging options.

The convergence between the weight of the criteria, the intrinsic properties of the cells, and the climatic requirement
of the solar belt explains the final score distribution. TOPCon leads by combining low cost and high efficiency with
controlled temperature coefficient and degradation, qualities essential to maximize return in hot, dry, or humid
environments. IBC ranks second because, although slightly more expensive, it offers superior robustness under
thermal cycling and UV exposure, valuable characteristics in the Midwest and semi-arid regions. HJT takes third
place; its high performance is offset by cost, but this effect is mitigated in locations with a high diffuse fraction and
strong bifaciality. The fourth-place position of tandem cells reflects their exceptional efficiency, but the combined
weight of high cost and elevated annual degradation prevents them from competing with more mature technologies.
PERC remains fifth because its low cost does not outweigh the combined disadvantages in efficiency, temperature
behavior, and degradation. Perovskite and OPV technologies, despite their promising innovations, are relegated to
lower positions due to high cost, short lifetime, and severe degradation under humid tropical conditions. CIGS and
CdTe close the ranking because of their high cost, low bifaciality, and vulnerability to PID and thermal cycling,
which are critical limitations in regions with alternating dry and wet seasons.

By correlating the decision matrix with the climatic profiles of the macro-regions, it becomes clear that the superiority
of passivated and heterojunction silicon technologies stems not only from their efficiency but also from their ability
to maintain stable performance under the extreme conditions of the solar belt. The combination of high temperatures,
strong solar radiation, and pronounced contrasts in humidity and seasonality demands modules with slightly negative
temperature coefficients, slow aging rates, and robust encapsulation. The SIP prioritization of cost and efficiency
reflects budget constraints and the need to maximize energy generation in areas with negative water balances and
limited infrastructure. Thus, the final hierarchy composed of TOPCon, IBC, HJT, tandem, PERC, perovskite, OPV,
CdTe, and CIGS represents a synthesis of the economic and environmental demands of the Brazilian solar belt,
demonstrating that the ideal technological choice must balance price, performance, and climatic robustness to ensure
long-term viability.

6. Conclusion

This study applied the Analytic Hierarchy Process (AHP) to integrate SIP preferences with measured evidence of
performance, cost, and reliability, aiming to rank PV technologies for the Brazilian Solar Belt. The goal was achieved
by translating the objective—criteria—alternatives hierarchy into comparable scores, allowing the ranking to be
interpreted considering dominant physical and environmental mechanisms. The weighting structure explained the
outcome: cost per installed watt played the most significant role, followed by efficiency and initial degradation, while
temperature coefficient, bifaciality, and environmental robustness metrics acted as modulators under hot, humid, and
diffuse-radiation conditions. The combination of competitive price, high efficiency, and lower thermal sensitivity
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placed TOPCon in the lead, followed by IBC and HJT. PERC remained competitive due to its low cost but lost
position when initial stability and thermal performance became more relevant. Perovskite, tandem, CdTe, and CIGS
ranked lower due to cost, maturity, and vulnerability to environmental stresses, given the established priorities.

The results have direct practical implications for climate- and cost-oriented technology selection in large-scale power
plants across the analyzed macro-regions. The conclusions are contingent upon the elicited preferences and the
database used, which suggests periodic reviews of the weighting factors and the inclusion of sensitivity analyses and
higher-resolution local climate scenarios. Future work should explore region-specific normalizations, test hybrid
combinations of multi-criteria methods, and continuously update cost and reliability inputs for emerging
technologies. In summary, the optimal decision results from the consistent alignment between decision priorities,
intrinsic cell properties, and local climatic signature, providing a transparent and replicable framework for technology
planning in the Solar Belt. It is worth noting that one limitation of the method is that parameter weights are not
initially determined analytically but rather defined through SIP judgment and experience. Moreover, an excessive
number of evaluation factors may compromise the consistency ratio (C.R), and only essential parameters should be
selected. Nevertheless, the method remains an effective tool for comparative assessment.
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