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Abstract. This scientific article provides an in-depth review of recent advancements in renewable energy
sources, examining their significance in addressing global energy challenges. The paper covers various types
of renewable energy, including solar, wind, hydropower, geothermal, and biomass, emphasizing technological
developments, efficiency improvements, and environmental considerations. Additionally, the article discusses
the current state of renewable energy adoption globally and its potential impact on reducing carbon emissions.
The analysis integrates findings from recent studies and research papers to present a comprehensive overview
of the current landscape of renewable energy technologies.

1. Introduction

The 21st century has witnessed an increasing recognition of the limitations and environmental repercussions associated
with conventional energy sources. The extraction, combustion, and utilization of fossil fuels have not only contributed
significantly to global warming but have also led to geopolitical tensions and resource depletion [1, 2]. In this context,
renewable energy sources have emerged as a promising alternative, harnessing the inexhaustible power of natural
elements to meet the world's growing energy demands.

Motivated by environmental imperatives and the need for energy security, governments, industries, and research
institutions globally have intensified efforts to explore and enhance the potential of renewable energy technologies. The
quest for sustainable energy solutions has led to remarkable strides in the development of solar [3, 4], wind [5],
hydropower [6-10], geothermal [11-13], and biomass [14-20] technologies. These advancements not only promise
cleaner energy but also herald economic opportunities and increased energy independence for nations.

The energy potential of RES on a planetary and individual country scale is many times the current level of energy
consumption, and therefore they can be considered as a possible source of energy production. Well-known prerequisites
for the development of mankind suggest the need for a broad study of renewable energy sources already in management,
both due to the inevitable increase in production and increase in the cost of oil, gas and coal, as well as for
environmental reasons (CO, emissions and other harmful consequences of economic policy on the environment). The
use of renewable energy sources, as a rule, does not have a serious negative impact on the environment; for the most
part, they are environmentally friendly and widely available sources of energy.

Serious disadvantages of RES that limit their widespread use include the low density of energy flows and their
variability over time and, as a consequence, the need for significant costs for equipment that collects, accumulates and
converts energy [21]. For example, the flux density of solar radiation on the surface of the earth at noon on a clear day
is only about 1 kW/m? and its average annual value, considering seasonal and weather fluctuations, for the sunniest
regions of the globe does not exceed 250 W/m? [22]. The average specific energy density of a wind flow also, as a rule,
does not exceed several hundred W/m? at a wind speed of 10 m/s, the specific energy density is approximately 500
W/m?. The energy density of a water flow with a speed of 1 m/s is also is only about 500 W/m?. For comparison, we
point out that the heat flux density on the furnace walls of a modern steam boiler reaches several hundred kW/m?.
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At the same time, technologies for using various renewable energy sources are actively developing in many countries of
the world, many of them have reached commercial maturity and successfully compete in the energy services market,
including in the production of electrical and thermal energy.

2. Development of renewable energy sources in the world

The development of renewable energy sources on a global scale has witnessed a dynamic and transformative trajectory,
driven by a confluence of environmental, economic, and technological factors. This section outlines the key facets of
the development of renewable energy sources worldwide, elucidating the progress, challenges, and future prospects.
The past two decades have seen a substantial surge in the deployment of renewable energy sources across the globe.
Solar and wind energy, in particular, have experienced exponential growth, supported by declining costs, favorable
policy frameworks, and increased public awareness of environmental issues. Countries on every continent have made
significant strides in expanding their renewable energy capacity, with concerted efforts to diversify energy portfolios.
One of the pivotal drivers of renewable energy development has been the remarkable decline in the costs associated
with technologies such as solar photovoltaics and onshore wind. Economies of scale, technological innovations, and
increased competition have collectively contributed to making renewable energy increasingly cost-competitive with
conventional fossil fuels [23]. This economic viability has accelerated the adoption of renewable energy across both
developed and developing nations. Governments worldwide have played a pivotal role in fostering the development of
renewable energy. Robust policy support mechanisms, including feed-in tariffs, tax incentives, and renewable energy
targets, have incentivized investments in clean energy projects. International collaborations, such as the Paris
Agreement, have further catalyzed a global commitment to transitioning toward low-carbon and sustainable energy
systems [24]. Continuous advancements in renewable energy technologies have been instrumental in overcoming
barriers and expanding the potential of clean energy sources. Breakthroughs in energy storage, improvements in the
efficiency of solar and wind technologies, and the development of innovative solutions like floating solar farms
contribute to the resilience and versatility of renewable energy systems. The increasing share of variable renewable
energy sources poses challenges related to grid stability and energy intermittency. To address these challenges,
countries are investing in smart grid technologies, energy storage solutions, and grid management systems. Integrating
renewable energy into existing infrastructure requires a holistic approach to ensure a reliable and resilient energy supply.
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Fig. 1. Breakdown of renewables use in total final energy consumption terms, REmap 2050 (source: IRENA 2018) [25]

Similar to 2021, 38% of the world's electricity was provided by carbon-free generating sources in 2022, including
hydropower, nuclear power, and integrated renewables. The majority of the world's electrical grid is still fueled by
fossil fuels, although change is happening more quickly now. This is the second year in a row that solar photovoltaic
(PV) systems have accounted for more than 50% of new electricity generating capacity, despite persistent supply chain
and trade challenges worldwide. Presently, solar photovoltaics (PV) is the generation technology that is expanding the
fastest; in 2022 alone, 25% more PV power capacity was installed. The percentage of PV power generated globally
increased from approximately 3.6% in 2021 to approximately 4.5% in 2022.

According to the IRENA (2018) study, 222 EJ (energy equivalents) of renewable energy are used in final energy terms.
58% is accounted for by the power sector. This includes an increase in the use of renewable energy for electrification
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(particularly for heat pumps and electric cars). One might also credit this kind of renewable energy deployment to the
end-user sectors. Particular attention should be paid to the significant contributions of wind (24%) and bioenergy (32%,
including district heating) to the deployment of renewable energy overall (see Figure 1) [25].

From the data above, it is clear that the development of renewable energy has become a global endeavor, with countries
collaborating on research, technology transfer, and investment initiatives. International financial institutions, private
investors, and multinational corporations are actively contributing to the financing and implementation of renewable
energy projects, fostering a collaborative approach to address the shared challenges of climate change. The transition to
renewable energy sources is intrinsically linked to mitigating the impacts of climate change. By reducing greenhouse
gas emissions and lessening dependence on finite fossil fuels, the development of renewable energy contributes
significantly to global efforts to achieve a more sustainable and climate-resilient future.

Hence, the development of renewable energy sources on a global scale reflects a paradigm shift in the way societies
generate and consume energy. While substantial progress has been made, continued efforts in technological innovation,
policy evolution, and international collaboration are essential to realizing the full potential of renewable energy and
addressing the challenges posed by climate change and energy sustainability.

3. Solar Energy

Solar energy occupies a leading position among renewable energy sources and is widely available. Solar radiation, due
to the fact that it comes from a source with a brightness temperature of about 6000 °C, from a thermodynamic point of
view is a high-quality primary source of energy, allowing the fundamental possibility of its conversion into other types
of energy (electricity, heat, cold, etc.) with high efficiency. However, its significant disadvantages from a technical
point of view are instability (daily, seasonal, weather) and relatively low energy flow density [26, 27]: outside the
atmosphere about 1.4 kW/m?, on the earth's surface on a clear afternoon about 1 kW/m?, and on average per year
(taking into account nights and cloudiness) from 150 to 250 W/m?, which nevertheless corresponds to the annual supply
of energy equivalent to 150-250 kg of equivalent energy per 1 m? of the earth’s surface (1 kg of standard fuel = 7 Mcal).
These properties of solar radiation make it difficult to create efficient energy devices, since a large area is required for
solar radiation receivers and the creation of energy storage devices. As a result, despite the “free” nature of solar
radiation itself, the cost of solar installations turns out to be high, which reduces their competitiveness in relation to
traditional power plants using cheap fossil fuels.

Among the wide variety of technologies and devices being developed for the energy use of solar energy, solar heating,
electricity generation and refrigeration technologies are the most mature and are finding increasingly widespread
competitive practical application [28]. Photovoltaic (PV) converters are becoming increasingly used in different
countries. More than 90% of the market is solar cells based on poly- and monocrystalline silicon (see Figure 2), the
modules of which have an efficiency of 15-17%. In mid-latitude environments, such grid-connected PV installations
can produce between 900 and 1500 kWh/kWp per year, equivalent to 120 to 200 kWh/m? per year.
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Fig. 2. Differences between monocrystalline and polycrystalline solar panels (source: prostarsolar.net)

Although intensive research and development in the field of photovoltaics in all leading countries of the world has led
to serious successes both in terms of increasing the efficiency of photovoltaic converters and in terms of reducing the
cost of their production, the cost of electricity obtained from solar cells is still much higher than the cost of electricity
generated by conventional power plants. For example, even in sunny California, where the annual number of hours of
use of solar cells exceeds 3000, the cost of electricity produced is not less than 20 cents per kWh. Thus, electricity
obtained from solar power plants should not be considered in the next decade as an alternative to traditional electricity,
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but as an opportunity to supply electricity to consumers who are remote from existing power grids or who want to have
a backup source in case of power failure. Most often, we are talking about installations of relatively low power, which
include a rechargeable battery for power supply at night.

3.1 Application of Solar Photovoltaic converters

Photoelectric converters are increasingly used in autonomous power supply to consumers not connected to electrical
networks:

Communication systems (repeaters, mobile radio systems, telephone networks, autonomous monitoring and control
systems). The power of photovoltaic installations used in this area ranges from several watts to several kilowatts.
Recharging batteries. It is known that if batteries are not used for a long time, their capacity decreases. The use of solar
cells makes it possible to solve the problem of self-discharge of batteries in the cheapest, most reliable and simplest
way [29].

Cathodic protection. PV cells have found wide application as an autonomous power source for corrosion protection
systems of telecommunication towers, pipelines, underground metal tanks and underground building structures exposed
to aggressive environmental influences. As a rule, their power for these purposes does not exceed 10 kW.

Signaling devices. Power supply using PV converters for signal navigation lights on rivers, at sea, safety lights installed
on power lines, high-rise buildings, light and sound signaling devices on railways and roads, etc.

Lighting. Tens of thousands of solar cells in combination with rechargeable batteries are used in different countries to
illuminate billboards, road and parking signs and signs, etc., including inside large cities.

Electric refrigerators. Electric refrigerators powered by solar cells have become widespread, especially in countries
with hot climates, making it possible to store valuable perishable products, primarily medicines, vaccines, etc.

Remote monitoring. This direction of using PV converters is also one of the most common. Today, there are more than
100,000 photovoltaic installations in different countries that provide power to autonomous weather stations, stations for
autonomous control of temperature and water level, liquid flow in pipelines, control of air pollution levels near
industrial enterprises, etc.

Water pumping installations. Photovoltaic installations are used for lifting drinking water from wells and wells, for
irrigation purposes in agriculture. The units operate in the presence of solar radiation, accumulating water in a tank.
Such installations are characterized by a simple design and are relatively inexpensive, since they do not require the use
of rechargeable batteries.

Energy supply of residential buildings. One of the challenges associated with the use of PV in residential and
administrative buildings is that PV modules can replace traditional building elements or cladding materials. At the same
time, they must satisfy architectural solutions and be attractive from an aesthetic point of view.

3.2 Development of solar power plants

In a number of countries, there are several dozen demonstration photovoltaic stations with a capacity of several hundred
kW each, which are prototypes of future large solar power plants. They are still far from self-sufficiency, but are
important for accumulating operating experience and demonstrating promising environmentally friendly energy

technologies.
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Fig. 3. (a) Schematic showing edge-ray mapping in an ideal Fresnel concentrator, (b) Layout of the eight-fold Fresnel-based CPV
system with ray-tracing sowing how rays uniformly illuminated the cell [31]

Along with the transition to thin-film elements, there is an opportunity to reduce the cost of an installed kilowatt by
using PV cells with solar radiation concentration. This approach is based on the fact that the cost per unit area of a solar
radiation concentrator is lower than the cost per unit area of a solar cell. By irradiating a solar cell with solar radiation
concentrated n times, it is possible to reduce the size (area) of the photocell by approximately the same amount to
obtain the same power [30]. In addition, when using concentrated radiation, the efficiency of solar cells increases
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slightly. Studies consider concentration levels ranging from ten to several hundred. For relatively small concentrations,
fairly cheap Fresnel lenses can be used. Figure 3 demonstrates the schematic showing edge-ray mapping in an ideal
Fresnel concentrator, (b) Layout of the eight-fold Fresnel-based CPV system with ray-tracing sowing how rays
uniformly illuminated the cell [31]. At high concentrations, an additional problem arises associated with the heating of
the solar cell, at which its efficiency decreases [32, 33]. They are trying to get around this difficulty either by using PV
cooling, or by using selective concentrators that direct a concentrated radiation flux to the PV only in the wavelength
range that is effectively converted into electricity. At the same time, the rest of the spectrum, primarily the long-
wavelength part, which actually heats the solar cell, is not concentrated.

4. Geothermal Energy

Geothermal energy can make a significant contribution to the energy supply of various regions of the country.
Geothermal energy refers to the physical heat of the deep layers of the Earth, which have a temperature higher than
the air temperature on the surface. Both liquid fluids (water and/or steam-water mixture) and dry rocks located at the
appropriate depth can act as carriers of this energy. From the hot interior of the Earth, a heat flow constantly flows to
its surface, the intensity of which, on average over the Earth’s surface, is about 0.03 W/m2. Under the influence of this
flow, depending on the properties of rocks, a geothermal gradient arises. In most places it is no more than 2-
3 °C/100m. However, in places of young volcanism, near faults in the earth’s crust, the geothermal gradient increases
several times and already at depths of several hundred meters, and sometimes several kilometers, there are either dry
rocks heated to 100 °C or more, or reserves of water or a steam-water mixture with such temperatures.
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Fig. 4. The organic Rankine cycle produces energy by expanding an organic working fluid through a turbine [34]

Existing geothermal power plants (GEPS) are plants that operate from a thermodynamic point of view according to the
Rankine cycle [34-37]. Figure 4 shows that the organic Rankine cycle that produces energy by expanding an organic
working fluid through a turbine. The working fluid in a steam turbine can be either water vapor obtained directly from
geothermal fluid (in this case, the installation is called single-circuit), or, especially at low fluid temperatures, double-
circuit (binary) with a low-boiling working fluid in the second circuit. The unit capacity of such GeoPPs ranges from
hundreds of kW to hundreds of MW.

To produce electricity with acceptable technical and economic indicators, the temperature of the geothermal fluid
should, as a rule, not be lower than 150 °C, while for the purposes of direct heat supply, deposits with lower
temperatures (30-100 °C) are suitable. Under certain conditions, shallow thermal waters with a temperature of 20—
30 °C can be effectively used as a source of low-grade heat in heat pump heating systems [38].

The main problems of geothermal heat supply are related to salt deposition and corrosion resistance of materials and
equipment operating in aggressive environments [39]. In this regard, the implementation of double-circuit heat supply
systems using efficient and corrosion-resistant modern heat exchange equipment is of great practical interest. In order to
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avoid pollution of the environment, rivers and reservoirs with mineral compounds extracted from the bowels of the
earth, modern technologies for the use of geothermal energy provide for the reinjection of spent geothermal fluid into
the formation.

Priority areas for further research and development are the development of binary geothermal power plants using low-
boiling working fluids, solving problems associated with scale deposits and corrosion of geothermal equipment, and
developing technologies for extracting valuable chemical components from geothermal fluids.

5. Conclusion

The section devoted to solar PV technology included improvements in solar cell efficiency, the emergence of novel
materials, and breakthroughs in thin-film technologies. Furthermore, the integration of solar energy into the grid,
advancements in energy storage solutions for solar installations, and innovations are thoroughly explored.

The section on geothermal energy provided insights into advancements in enhanced geothermal systems, drilling
technologies, and reservoir management. The paper explored the potential for direct use applications of geothermal
energy and assessed the environmental viability of geothermal power generation.

In conclusion, this brief review synthesized recent advancements across various renewable energy sources, especially
solar and geothermal energy. By examining the technological, environmental, practical and theoretical dimensions, this
paper provided a valuable resource for researchers, policymakers, and industry stakeholders working towards a
sustainable and resilient energy future.
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