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1. INTRODUCTION

The global energy sector is undergoing a dy­
namic and profound transformation, driven by the 
increasing need to address climate change, reduce 
dependency on fossil fuels, and enable sustainable 
development. Energy systems that rely on fossil 
fuels–such as coal, oil, and natural gas–are becom­
ing increasingly problematic due to their harm­
ful environmental impact, limited availability, and 

growing geopolitical and economic risks. The rise 
in greenhouse gas emissions, primarily carbon dio­
xide (CO₂), accelerates global warming and disrupts 
ecosystem balance, manifesting in frequent climate 
extremes and socio-economic disturbances [1]. In 
this context, solar energy is gaining increasing sig­
nificance as a key component of a sustainable energy 
future. As a renewable, inexhaustible, and environ­
mentally friendly energy source, solar energy has 
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the potential to meet a significant portion of glob­
al electricity demand without the negative conse­
quences associated with the use of fossil fuels [2]. Its 
growing importance lies in the fact that it facilitates 
the simultaneous achievement of ecological, tech­
nological, and economic goals of sustainable devel­
opment [12]. The implementation of solar systems 
is not only a technical challenge, but also involves 
socio-economic, political, and regulatory aspects. 
Advancements in photovoltaic (PV) technologies, 
energy storage, and integration with smart grids have 
contributed to better efficiency and competitiveness 
of solar solutions [3,4]. Concurrently, market mech­
anisms such as subsidies, tax incentives, power pur­
chase agreements, and carbon trading schemes are 
accelerating the commercialization of solar energy 
and attracting private investments [5,13]. From an 
economic perspective, the solar industry represents 
an important generator of jobs throughout the value 
chain—from research and equipment manufactur­
ing to system installation, management, and main­
tenance. Unlike traditional energy models that are 
highly centralized and require large capital invest­
ments, solar technology enables decentralization and 
more equitable distribution of benefits, including in 
marginalized communities [8,9]. According to IRE­
NA (2022) predictions, the renewable energy sector 
could generate over 38 million new jobs by 2030, 
with solar energy leading the way [6]. In addition to 
its ecological and economic benefits, solar energy 
directly contributes to the realization of several Uni­
ted Nations Sustainable Development Goals (SDGs), 
including Goal 7 (Affordable and Clean Energy), 
Goal 8 (Decent Work and Economic Growth), and 
Goal 13 (Climate Action). Its ability to reduce ener­
gy inequality, enable greater energy independence, 
and foster technological innovation positions it as 
a cornerstone of sustainable development policies 
[10,11]. However, despite its growing significance, 
the wider implementation of solar energy faces nu­
merous challenges, such as high upfront investment 
costs, intermittency in energy production, inconsis­
tent regulatory frameworks, and the need for skilled 
labor. Overcoming these barriers requires systemic 
cooperation between technological innovations and 
market instruments, as well as proactive government 
involvement [7]. 

The aim of this paper is to explore the techni­
cal advances and economic potential of solar energy 
within the context of the green transition and sustain­

able development [14]. Special focus is placed on 
how coordinated efforts between technology inno­
vators, market actors, and regulatory institutions can 
accelerate the shift to more energy-efficient, cleaner, 
and resilient systems. The paper also analyzes the 
contribution of the solar industry to job creation and 
the promotion of inclusive economic growth, par­
ticularly in communities vulnerable to climate and 
economic risks.

2. TECHNOLOGICAL ADVANCEMENTS  
               IN SOLAR ENERGY

Solar energy, as one of the most promising re­
newable energy sources, has undergone dynamic de­
velopment over the past few decades. The evolution 
of photovoltaic (PV) cell technology, improvements 
in efficiency, reductions in manufacturing costs, and 
integration with smart grids have become key factors 
enabling faster and more efficient implementation of 
solar systems worldwide.

2.1. Evolution of Solar Technologies: From  
                  Early PV Cells to Modern Innovations

The first functional photovoltaic cells were de­
veloped in 1954 at Bell Laboratories, with an initial 
efficiency of only around 6% [15]. Over the follow­
ing decades, research efforts led to significant inno­
vations in cell design, the use of new materials, and 
optimization of manufacturing processes, as shown 
in the block diagram shown in Figure 1. Today, seve­
ral generations of PV technologies exist:

	– First-generation PVs include crystalline sil­
icon cells (both mono- and polycrystalline), which 
dominate the market due to their stability and rela­
tively high efficiency.

	– Second-generation technologies consist of 
thin-film solar cells (such as amorphous silicon, CdTe, 
and CIGS), which offer greater flexibility and lower 
production costs, albeit with slightly reduced efficiency.

	– Third-generation technologies involve ad­
vanced concepts such as perovskite solar cells and 
multi-junction devices, aiming for efficiencies ex­
ceeding 30% [16].

This technological evolution has enabled the 
diversification of solar energy applications, includ­
ing building-integrated photovoltaics (BIPV) and the 
development of flexible and transparent modules for 
novel uses [17,18].
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2.2. Efficiency, Costs, and New Generations  
                  of Solar Panels

The efficiency of PV cells has continued to 
improve thanks to advancements in materials sci­
ence and manufacturing techniques. Commercial 
monocrystalline cells today achieve efficiencies 
above 22%, while research laboratories have devel­
oped tandem and perovskite-silicon cells reaching up 
to 30% [19]. Simultaneously, the cost of solar energy 
has drastically decreased: the average cost of PV sys­
tem installation has dropped by more than 80% over 
the past decade [20]. New generations of solar panels 
are combining high efficiency with increased dura­
bility, reduced environmental impact, and improved 
performance under low-light conditions, thereby en­
hancing their competitiveness against conventional 
fossil-fuel-based energy sources.

2.3. Integration of Smart Grids  
                 and Energy Storage

The accelerated development of solar technol­
ogy must be viewed alongside innovations in energy 
grid systems. Traditional electricity grids, designed 
for unidirectional energy flow, were not prepared for 
the decentralized generation enabled by solar ener­
gy. The integration of smart grids allows for bidi­
rectional energy flow and real-time communication 
between producers and consumers, while energy 
storage systems (such as lithium-ion batteries) assist 
in balancing generation and consumption [21,22].

Figure 1. Evolution and progress Factors of Solar Energy

Together, these technologies enable greater 
grid stability, enhanced flexibility, and maximize the 
utilization of generated solar energy, thus reducing 
the need for costly backup capacities from conven­
tional power plants.

2.4. The Role of Research and Development  
                 (R&D) in Accelerating Implementation

Research and development (R&D) remain 
the cornerstone of innovation in the solar ener­
gy sector. Continued investments in R&D have 
enabled the discovery of new materials (e.g., 
tandem cells), improvement in production pro­
cesses, and optimization of system performance. 
Public-private partnerships, national innovation 
strategies, and international collaborations further 
accelerate the transition of laboratory breakthroughs 
into commercial products [17,19].

Moreover, R&D increasingly includes inter­
disciplinary approaches, focusing on the environ­
mental sustainability of materials and the recycling 
of solar panels, which will be crucial for the long-
term viability of the sector.
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              AND GLOBAL DEVELOPMENT  
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Solar energy, as the most widespread form of 
renewable energy, is increasingly occupying a cen­
tral position in global energy strategies. The natural 
abundance of solar radiation, combined with con­
tinuous technological advancements and declining 
costs of photovoltaic (PV) systems, has driven the 
dynamic growth of global solar energy use. Ac­
cording to the International Energy Agency (IEA), 
over the past decade, solar energy has recorded 
the highest growth rate among all renewable ener­
gy sources, with the potential to become the dom­
inant source of energy in the coming decades [23]. 
One of the primary drivers behind the expansion of 
solar energy is the geographical distribution of solar 
radiation, enabling implementation across a broad 
range of climatic conditions. Although countries 
with high insolation levels, such as Australia, Middle 
Eastern nations, and parts of Africa, are naturally pre­
disposed to solar development, significant growth in 
installed capacities has also been observed in regions 
with temperate climates, thanks to advancements in 
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PV technology efficiency [24]. Trends in the use of 
solar energy are also reflected in the diversification 
of applications. Beyond traditional large-scale solar 
farms, there is a growing proliferation of distributed 
solar systems, including rooftop installations on res­
idential, industrial, and public buildings. This trend 
has enabled users to become “prosumers”—simul­
taneously producers and consumers of energy—thus 
enhancing grid stability and improving local energy 
security [25].

3.1. Trends in Global Solar Energy Capacities

In the context of increasingly severe climate 
change, pollution, and resource depletion, solar ener­
gy emerges as a key solution for a sustainable future. 
Through the development of solar technologies, pub­
lic education, and appropriate legislation, it is possi­
ble to build a healthier and more resilient planet.

The trends in global development of photovol­
taic (PV) capacities from 2012 to 2022 are illustrated 
in Figures 2 and 3 [26-28].

Figure 2. Trend of Global Solar PV Capacity (2012–2022)

Figure 3. Trend of Solar PV Capacity by Country and 
Region (2012–2022)
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United States, Japan, India, and Germany continue 
to lead in total installed capacity (Figure 5) [26-28].
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with Tokyo announcing mandatory solar panel instal­
lations for new buildings starting in 2025. In the field 
of concentrated solar power (CSP), global capacity 
increased by 200 MW to a total of 6.3 GW (Figure 
6) [26-28]. Although leading markets such as Spain 
and the United States have stagnated, new projects 
are underway in Chile, China, Israel, Morocco, and 
South Africa.

Figure 6. Global CSP Capacity (2012–2022)

The solar thermal industry faced supply chain 
challenges and competition from alternative tech­
nologies such as PV and heat pumps. Nevertheless, 
there is a growing interest in large-scale projects and 
hybrid systems within industrial sectors and energy 
grids. By 2022, the total global capacity of solar ther­
mal systems reached 542 GWth, sufficient to produce 
approximately 442 TWh of heat annually (Figure 7) 
[26-28].

Source: IEA SHC. See endnote 10 for this sec­
tion. Note: Data are for glazed and unglazed solar 
water collectors and do not include concentrating, air 
or hybrid collectors.
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Over the past decade, both solar PV and CSP technologies have made significant strides, becoming key 
pillars of the global energy transition. Thanks to cost reductions, efficiency improvements, and market 
expansion, solar energy increasingly contributes to a more stable and sustainable global energy system. 
According to the International Renewable Energy Agency (IRENA), the total installed solar capacity 
worldwide reached 1.2 terawatts (TW) by the end of 2024, nearly tripling compared to 2019 [28].  The 
largest contribution to this growth came from China, which currently accounts for more than 35% of 
global PV installations, followed by the United States, India, and EU countries [29­31]. Incentive 
policies—such as subsidies, tax incentives, and feed­in tariff schemes—have been instrumental in 
accelerating the commercialization of solar technologies. Furthermore, the development of advanced 
energy storage systems, particularly battery technologies, is helping to mitigate intermittency 
challenges, thereby enhancing the reliability of solar energy supply [32]. Nevertheless, several 
challenges remain. Rising raw material prices for PV module production, the recycling of aging 
systems, and the need for improvements in grid infrastructure are critical areas requiring further research 
and innovation [33­35]. Additionally, socioeconomic factors and unequal investment opportunities 
between developed and developing nations may further influence the dynamics of the global transition 
to solar energy. In conclusion, global trends clearly indicate that solar energy already plays—and will 
continue to play—a pivotal role in decarbonizing energy sectors. Further technological advancements, 
strategic investments, and international cooperation will be crucial for achieving sustainable and 
equitable development of solar energy worldwide. 
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the fields of distributed energy resources, energy storage, and the digitalization of grid systems reflect 
the increasing market demand for reliable, accessible, and low­carbon energy sources [36,37]. 
Concurrently, market signals, shaped by decarbonization policies and a growing societal orientation 
towards sustainability, are steering research and development efforts towards solutions that enable 
faster integration of renewable energy sources into energy systems. 
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of sustainable energy transition. Recent advance­
ments in the fields of distributed energy resources, 
energy storage, and the digitalization of grid systems 
reflect the increasing market demand for reliable, 
accessible, and low-carbon energy sources [36,37]. 
Concurrently, market signals, shaped by decarbon­
ization policies and a growing societal orientation to­
wards sustainability, are steering research and devel­
opment efforts towards solutions that enable faster 
integration of renewable energy sources into energy 
systems.

Following the tabular representation of the dy­
namic relationship between technological innovation, 
market evolution, and institutional actors, Figure 8 
visually highlights the key drivers that synergistically 
accelerate the sustainable energy transition.
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bodies play a particularly significant role, serving as 
the foundation for the formulation of national energy 
policies and investment strategies.

4.4. Future Development Perspectives:  
                  Decentralization, Energy Communities,  
                  and Smart Cities

Future perspectives for sustainable energy 
transitions point towards increasing decentraliza­
tion of energy production and distribution, based 
on principles of participatory governance and local 
autonomy. The development of energy communi­
ties enables citizens and small businesses to actively 
participate in energy generation and sharing, thereby 
strengthening system resilience and fostering social 
inclusion [40]. Simultaneously, the concept of smart 
cities, grounded in the integration of information and 
communication technologies (ICT) into infrastruc­
ture, optimizes energy consumption management 
with the aim of reducing greenhouse gas emissions 
and improving efficiency [41]. These approaches lay 
the foundations for the creation of sustainable urban 
environments capable of adapting to the challenges 
posed by climate change.

5.CONCLUSION

Solar energy has emerged as a critical pillar 
in the global transition towards sustainable develop­
ment, offering a clean, renewable, and increasingly 
cost-effective solution to the challenges posed by 
climate change and resource depletion. The rapid 
advancements in photovoltaic technologies, coupled 
with reductions in production costs and enhanced ef­
ficiencies, have significantly expanded the potential 
of solar energy to replace fossil fuels across diverse 
sectors. These technological innovations, when com­
bined with market mechanisms such as subsidies, 
tax incentives, and public-private partnerships, have 
created a dynamic ecosystem that accelerates the 
adoption of solar solutions globally. The integration 
of smart grids and energy storage systems further 
strengthens solar energy’s role by enhancing grid sta­
bility and enabling the efficient management of de­
centralized energy generation. As a result, solar en­
ergy not only contributes to reducing greenhouse gas 
emissions but also promotes energy sovereignty, re­
duces dependence on fossil fuel imports, and creates 
new economic opportunities through job creation in 

manufacturing, installation, and maintenance. These 
economic benefits extend to both rural and urban 
communities, highlighting solar energy’s potential 
to foster inclusive economic growth and social eq­
uity. Despite the substantial progress, several chal­
lenges remain, including high upfront investment 
costs, energy intermittency, and the need for skilled 
labor. Overcoming these barriers requires coordinat­
ed efforts between technological innovators, market 
stakeholders, and policymakers. The role of public 
policy and international cooperation, alongside pro­
active government involvement, is paramount in ac­
celerating the transition to solar energy and achiev­
ing long-term sustainability goals. In conclusion, so­
lar energy’s growing importance in the global energy 
mix is not only driven by its environmental and eco­
nomic benefits but also by its potential to underpin a 
resilient, equitable, and decarbonized energy future. 
By harnessing the synergies between technological 
advancements and market dynamics, solar energy 
can serve as a foundational element of the green tran­
sition, leading to a more sustainable and prosperous 
global society.
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SOLARNA ENERGIJA KAO POKRETAČ ODRŽIVOG RAZVOJA – 
Tehnološka i tržišna saradnja ubrzava tranziciju

Sažetak: U vremenu obilježenom klimatskim promjenama i iscrpljivanjem prirodnih resursa, solarna 
energija se sve više prepoznaje kao ključni pokretač održivog razvoja. U ovom radu analizira se uloga 
solarne energije u energetskoj tranziciji, s posebnim osvrtom na njene tehničke mogućnosti, ekonomske 
koristi i potencijal za otvaranje novih radnih mjesta. Dalje se razmatra način na koji sinergija tehnološkog 
napretka i tržišnih mehanizama može ubrzati zamjenu fosilnih goriva i doprinijeti smanjenju emisija 
gasova staklene bašte. Tehnički dio rada prikazuje nedavni napredak u fotonaponskim tehnologijama, 
povećanje efikasnosti solarnih panela, smanjenje troškova proizvodnje, kao i ulogu pametnih 
elektroenergetskih mreža u integraciji obnovljivih izvora u energetski sistem. Analizom tržišnih trendova 
naglašava se značaj investicija u obnovljive izvore energije, mehanizama subvencija, poreskih olakšica 
i javno-privatnih partnerstava u proširenju solarnih kapaciteta. Sa ekonomskog aspekta, rad ispituje 
potencijal solarne industrije za kreiranje radnih mjesta – od proizvodnje i instalacije do održavanja i 
istraživanja. Koristeći raspoložive statističke podatke i modele, studija pokazuje da ulaganja u solarni 
sektor donose višestruke koristi: energetski suverenitet, smanjenu zavisnost od uvoza fosilnih goriva 
i stvaranje novih ekonomskih prilika u ruralnim i urbanim područjima. Studije slučaja zemalja koje 
su uspješno implementirale solarne strategije (npr. Njemačka, Španija i Indija) ističu ključne faktore 
uspjeha, kao i predvidive prepreke koje se mogu proaktivno adresirati. Posebna pažnja posvećena je 
ulozi javnih politika i regulatornih okvira koji podržavaju bržu integraciju solarne energije, kao i potrebi 
za obrazovanjem i prekvalifikacijom radne snage u skladu sa zahtjevima nove energetske paradigme. 
Rad zaključuje da su sinhronizovani napori tehnološkog razvoja i tržišnih instrumenata od suštinskog 
značaja za ubrzanje zelene tranzicije. Solarna energija, kao čist, obnovljiv i sve dostupniji resurs, ima 
potencijal ne samo da zamijeni fosilna goriva, već i da postane temelj ekonomske otpornosti i socijalne 
pravednosti u postkarbonskom društvu.
Ključne riječi: energetska tranzicija, solarna energija, održivi razvoj, zelena radna mjesta, tržišni 
mehanizmi, smanjenje emisija.
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