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Abstract: This study presents a scientometric analysis of renewable energy applications in low-temperature
regions, focusing on green hydrogen production, carbon storage, and future trends. The research covers three
distinct periods from 1988 to 2024, using bibliometric tools such as R-Studio and VOSviewer to evaluate scientific
publications and keyword co-occurrence. The study highlights an exponential growth in renewable energy
research post-2021, driven by global initiatives to achieve carbon neutrality. Life Cycle Assessment (LCA) plays
a crucial role in identifying the environmental impacts of energy systems, emphasizing the need to integrate
renewable energy sources to reduce carbon emissions. The analysis reveals that hydrogen production via
electrolysis has emerged as a key topic in reducing carbon footprints, particularly in hard-to-abate sectors.
Carbon storage technologies, including bioenergy with carbon capture and storage (BECCS), have gained
traction as essential components of future energy systems. The results indicate a growing interest in optimizing
renewable energy systems for low-temperature environments, with significant progress in solar, wind, and
hydrogen technologies. The study underscores the importance of local and regional adaptations, integrating
energy storage solutions, and diversifying energy matrices to enhance energy security. Future trends suggest a
focus on multi-objective optimization using deep learning and Al to improve energy system performance. The
findings contribute to understanding the global research landscape on renewable energy applications in cold

regions, offering valuable insights into sustainable solutions for extreme climates.

Keywords: low-temperature regions; scientometric analysis; green hydrogen; LCA

1. Introduction

Climate change is characterized as a noticeable modification in climate variability, sustained
over several decades or longer [1]. At the global level, river flows, temperatures, precipitation, water
availability, soil moisture and evapotranspiration are already affected by climate change [2]. As for
temperature variations, it has increased 0,08 °C every ten years since 1880, but has started to increase
0,18 °C every ten years since 1981, while 2021 was considered the sixth warmest year on record
according to statistics from the National Oceanic and Atmospheric Administration (NOAA) [3]. This
increase in global temperature can be attributed to human activities such as deforestation and fossil
fuel combustion, which have also led to an increase in greenhouse gas emissions [4,5].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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It has been found that the scientific community has paid little attention to the effects of future
cold waves, compared to the impacts of heat waves that had been well documented. On the one hand,
mortality rates have been found to increase significantly with extreme cold events [6,7]. In addition,
numerous studies have indicated suggest that the increased mortality associated with cold snaps may
persist for a period of two or more weeks, whereas the effects of heat waves are more immediate and
transient [8,9]. Among the effects to short-term exposure to extremely low temperatures can increase
blood pressure, cholesterol and blood viscosity in fewer hours leading to a number of diseases such
as asthma [10], myocardial infarction [11] and stroke [12]. Extreme cold spells, such as those recorded in
Siberia and Scandinavia, where temperatures can drop below -40 °C, have been linked to disruptions in
energy systems and increased health risks [13]. Moreover, studies have shown that Arctic warming can
disrupt atmospheric patterns, causing extreme cold events to spill into mid-latitudes [14].

On the other hand, global food security is seriously threatened by climate change, which has
increased the frequency and intensity of severe weather events both globally and regionally [15,16].
Prolonged cold spells have damaged staple crops such as wheat and rice, particularly in regions like
South Asia and sub-Saharan Africa, exacerbating existing inequalities [17]. The rate of energy
consumption has increased due to changes in lifestyles and the rapid increase in world population
[18]. The main cause of this environmental catastrophe is the combustion of fossil fuels, which has
increased energy consumption and, therefore, greenhouse gas (GHG) emissions [19]. Although this
is an unsustainable source with detrimental effects on the environment and human health [20].

Renewable energy, recognized as clean energy because it comes from natural sources or
processes that are constantly being renewed, is expected to play a key role as a solution to combat
climate change [21]. Among its main types of energy are solar, geothermal, wind, hydroelectric,
bioenergy, and marine energy [22].

The use of such technologies brings environmental, social, and economic benefits [23].
Compared to fossil fuels, renewable energy sources are mostly more abundant and accessible, and
emit little or no greenhouse gases [24,25]. Moreover, this shift to renewables has been driven by the
potential reduction in the availability of fossil fuels, the increasing complexity in their extraction, and
the increase in energy demand, which contributes to the reduction of pollutant emissions, strengthens
ecosystem health, and boosts economic growth [26]. Therefore, in remote locations, where there is no
grid supply, renewable energies offer an outstanding solution due to the abundance of energy
sources, especially solar radiation and wind [27]. However, the increase in the management of the
transition to renewable energy heavily depends on factors such as socioeconomic aspects, including
financial crises and policy implementation. Additionally, a thorough analysis of the energy matrix
for each country and its unique context is crucial, the concept of an energy matrix represents the
distribution and diversification of energy sources within a country's energy system, highlighting the
balance between renewable and non-renewable resources. For example, Brazil's energy matrix is
predominantly renewable, with hydropower as the leading contributor, showcasing a model for
integrating natural resources sustainably [28]. In contrast, countries like Iran are exploring
diversification strategies, such as incorporating renewable energy into their traditionally gas-
dominated energy systems to address environmental concerns and reduce dependency on fossil fuels
[29]. The integration of innovative technologies, such as hydrogen and enhanced oil recovery (EOR),
as seen in BRICS countries, further exemplifies how nations adapt their energy matrices to transition
toward low-carbon economies [30].

Scientometric analysis offers a comprehensive overview of the scientific domain, extending
beyond mere numerical metrics. It explores the qualitative aspects of research, including evolving
themes, trends, and collaborative networks. This approach not only sheds light on the current
research landscape but also provides insights into future trajectories and potential innovations [31-
33]. In fact, scientometrics can evaluate extensive amounts of scientific data, allowing dispersed
observation in different fields of science, different countries and journals where articles have been
disseminated, among other elements, including the co-occurrence of key words [34]. Recently, several
researchers have suggested using this methodology based to improve the understanding of the
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current state of research in topics related to renewable energy, such as solar energy technologies [35].
Therefore, the purpose of this article is to quantitatively assess patterns and trends in the scientific
literature; methodically examine the history of relevant research and consider its future trajectory in
particular scientific fields; analyze the current state of research.

2. Materials and Methods

Bibliometrics, a key methodological tool employed in this investigation, utilizes quantitative
techniques to systematically assess academic literature, allowing researchers to identify patterns,
trends, and knowledge gaps within a given field. Specifically, this study incorporates scientometrics,
a subset of bibliometrics that focuses on the quantitative analysis of scientific outputs to evaluate
research performance and map intellectual landscapes [33]. The bibliometric technique, often referred
to as science mapping, was applied in this context to examine scholarly productivity and identify key
research themes in the field of renewable energy applications in low-temperature regions.

This method enables the visualization of relationships across various domains, including
disciplines, research sectors, specialties, publications, and authors. It incorporates a wide range of
bibliometric indicators, such as the evolution of scientific output over time, contributions from
leading countries and institutions, the most prolific authors and influential sources, commonly used
keywords, patterns of international collaboration, primary funding agencies, highly cited articles,
and emerging research themes [36]. To gather relevant bibliographic data for analysis, a carefully
constructed search query was employed using the Scopus database, with a specific focus on terms
like Low-Temperature, Renewable Energy and Climate Change. The search was conducted on 31
December 2024. Two pieces of software were used, R-studio (2024.09.1+394) and VOSviewer (1.6.20).
R-Studio software was employed to perform the bibliometric analysis, facilitating visualization
through dual map overlays of journals, keywords, timelines, and burst citation analysis [36].
Additionally, the Rstudio package called bibliometrix (available at https://www .bibliometrix.org,
accessed on 31 December 2024) was used to analyze the thematic evolution of publications.
Furthermore, VOSviewer (accessed on 31 December 2024) was used for showing the co-occurrence
keywords network for the three periods. As shown in Figure 1 shows the entire methodology used
for data collection in the article research.

Identification —_ Screening —_ ﬁ — Included

High Relevant
Query Using Exclusion and Literature Assessed Literature Included
Advanced Searching Inclusion Criteria for Eligibility for Bibliometric
(N=633) Applied (n=498) Analysis
(n=498)
Scopus Database: Excluded Document Types:
( TITLE-ABS-KEY ( low AND Review
temperatures ) AND TITLE-ABS- Bc?k C_Thapter
KEY ( renewable AND energy ) Editorial
AND TITLE-ABS-KEY ( climate Note
AND change ) ) AND ( Conference
EXCLUDE ( PUBYEAR, 2025) ) Book
Data Paper, and only were
Initial Results: included Article and Conference
N-633 Paper
(N=498)

Publication Year
1988-2024

Figure 1. Flowchart of PRISMA diagram used for the article research.
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3. Results

3.1. Yearly Publications and Citations Trends

The data presented in Figure 2 highlights a notable evolution in the annual scientific production
from 1988 to 2024. The graph demonstrates a gradual increase in the number of publications over the
years, with a significant surge beginning in 2022. This substantial growth can be attributed to a
combination of factors such as advancements in research methodologies, increased funding
opportunities, and a heightened societal or industrial interest in the field. During the early years,
from 1988 to 2018, scientific output remained relatively low, possibly indicating limited interest or
nascent development of the research area. However, the period from 2019 onwards shows steady
growth, with a marked exponential increase beginning in 2021. This trend suggests that the field
gained considerable traction in recent years, becoming a focal point for researchers globally. Despite
this growth in the number of publications, the mean total citations (TC) per year exhibit a fluctuating
pattern. The mean TC per year shows an upward trajectory until it reaches a peak around 2018,
suggesting that articles published during this period garnered significant visibility and impact. This
peak is followed by a noticeable decline in 2019, which may reflect changes in the research landscape
or the emergence of competing topics. Notably, a new rise in citation counts is observed in 2020,
which could indicate a temporary resurgence in interest or relevance. From 2021 onwards, however,
there is a steady decline in the average citation impact, reaching its lowest point in 2024. This
downward trend suggests that recent publications have not maintained the same level of influence
as earlier works. Several factors could explain this decline, including a saturation of existing
knowledge, a shift in research priorities toward emerging trends, or variability in the quality and
originality of the published studies. The sustained decrease in citation impact since 2021 could also
reflect a consolidation phase within the field, signaling a need for new innovations and perspectives
to reinvigorate interest and visibility. While the field has experienced remarkable growth in the
number of published articles, the citation trend suggests a declining impact of recent publications.
This highlights the importance of fostering novel approaches and addressing emerging research
challenges to sustain the field’s long-term relevance and scholarly influence.
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Figure 2. Annual scientific production between 1988 and 2024.

3.2. Top Leading Journals in Application of Renewable Energy in Low-Temperature Regions

Table 1 highlights the leading sources publishing on renewable energy applications in low-
temperature regions, showcasing the top 10 journals with significant contributions to the field.
"Energy", "Applied Energy", and "Renewable and Sustainable Energy Reviews" emerge as the most
impactful journals based on their total citation counts and citation-per-paper ratios, indicating their
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pivotal role in disseminating research in this area. The high h-index and g-index values further
underscore the influence of these journals in renewable energy studies. Notably, "International
Journal of Hydrogen Energy" and "Energy Policy" have particularly high citation-per-paper ratios,
indicating the relevance of their contributions to the research community. Journals such as
"Renewable Energy" and "Climate Policy" also demonstrate considerable impact factors, highlighting
their importance in shaping policy and technical advancements in renewable energy applications.
The geographical distribution of these journals indicates a strong presence in the United Kingdom,
with notable contributions from Switzerland, reflecting the broad international interest in this field.
The findings from this table emphasize the diverse range of influential journals contributing to
advancements in renewable energy applications, especially in addressing challenges in low-
temperature regions.

Table 1. Top Leading Journals in Application of Renewable Energy in Low-Temperature Regions.

Total Total Citation/ Journal
Rank Source Citation Total Paper h_Index g Index m_Index Impact Country
(TC) (TC/TP) Factor
1 Energy 499 38.38 11 13 0.733 15.3  United Kingdom
2 Energies 179 13.77 9 13 1.286 6.2 Switzerland
3 Applied Energy 245 24.50 8 10 0.727 21.2  United Kingdom
4 Energy Conversion and Management 383 42.56 7 9 0.467 19 United Kingdom
5 Energy Procedia 135 16.88 7 8 0.467 4.4 United Kingdom
6 International Journal of Hydrogen Energy 754 83.78 7 9 0.875 13.5  United Kingdom
7 Energy Policy 475 79.17 6 6 0.333 17.3  United Kingdom
8 Renewable Energy 173 15.73 6 11 0.207 18.4  United Kingdom
9 Renewable and Sustainable Energy Reviews 193 38.60 5 5 0.714 31.2  United Kingdom
10 Climate Policy 169 28.17 4 6 0.308 12.9  United Kingdom

3.3. Most Cited Publications

Table 2 highlights the top 10 most-cited publications related to energy transition technologies,
focusing on areas such as hydrogen energy, renewable integration, energy efficiency, and
decarbonization policies. These articles are published in high-impact journals like the International
Journal of Hydrogen Energy, Nature, and Energy Policy, reflecting the widespread scientific interest in
addressing climate change through sustainable energy solutions. A significant portion of the
publications addresses hydrogen as a key energy carrier for the future. For instance, [37] provides an
in-depth overview of hydrogen’s sources, production methods, and its environmental impact, a topic
that continues to gain momentum in global energy discussions. Similarly, [38] explores the
integration of renewable hydrogen into light-duty vehicles, linking energy security with reduced
carbon emissions. These works underline hydrogen's potential in various sectors as both a clean fuel
and an energy storage medium.

Furthermore, research focuses on renewable energy grid optimization and efficiency
improvements. [39] propose a low-cost solution to achieve 100% penetration of intermittent
renewable sources such as wind, water, and solar power, emphasizing the need for reliable grids.
[40] further refine this concept by analyzing wind farm optimization through wake steering.
Together, these studies show the technical challenges and innovations needed to ensure a stable and
sustainable power supply from renewable sources

The transition toward carbon neutrality and decarbonization is another critical theme in these
publications. [41] highlight the need for accelerating the energy transition to achieve carbon
neutrality, emphasizing policy measures and innovative technologies. [42] present an assessment
framework for energy security under different decarbonization scenarios, providing policymakers
with essential tools for evaluating energy strategies

Lastly, some articles address energy efficiency in residential and infrastructure sectors. [43]
discusses methods to alter existing buildings in the UK to improve energy efficiency, which is
essential for reducing emissions in urban environments. [44] explore how energy efficiency can
reduce residential electricity and natural gas use under changing climate conditions, stressing the
importance of adapting buildings to future climate challenges. Research in this table provide valuable
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insights into the multifaceted challenges of energy transition. From hydrogen energy and renewable
integration to decarbonization policies and energy efficiency improvements, these works highlight
the ongoing innovations and policy frameworks that are driving the global shift toward sustainable
energy systems. The repeated appearance of themes like hydrogen integration and grid reliability
indicates the research community's focus on finding practical, scalable solutions for future energy needs.

Table 2. Top 10 most cited publications on Application of Renewable Energy in Low-Temperature Regions.

Rank Authors Article Title Source Title Total Citation

(TO)
1 37] Hydrogen: A brief overview on its sources, production and environmental International Journal of Hydrogen 485
impact Energy
P di f the National
’ 39] Low-cost solution to the grid reliability problem with 100% penetration of Aca dreor:leyeoir;%:?eiceseo p t;;;olr_lliite d 344

intermittent wind, water, and solar for all purposes .
purp States of America

Proceedings of the National
3 [40] Wind farm power optimization through wake steering Academy of Sciences of the United 246
States of America
A model-tested North Atlantic Oscillation reconstruction for the past

4 [45] . . Nature 227
millennium
5 [46] A small-scale solar o'rga.nic Rankine cycle combined heat and power system Applied Thermal Engineering 181
with integrated thermal energy storage

6 [41] Accelerating the energy transition to achieve carbon neutrality Resources, Cons'ervanon and 179
Recycling
Energy security under de-carbonization scenarios: An assessment .

7 42 E Pol 154

42] framework and evaluation under different technology and policy choices nergy roley
3 [38] Integration of renewable hydrogen in light-duty vehicle: Nexus between International Journal of Hydrogen 153
energy security and low carbon emission resources Energy
9 [43] Altering existing buildings in the UK Energy Policy 149
E ffici i ial electrici 1
10 [44] nergy efficiency to reduce residential electricity and natural gas use under Nature Communications 147

climate change

3.3. Analysis of Author Keywords

The central theme of the Figure 3, that is climate change dominates the network, connecting
various subtopics related to energy transition, solar energy, hydrogen production, biofuels, and
sustainability. Each cluster, represented by distinct colors, reflects critical advancements and
directions in renewable energy technologies tailored for low-temperature regions. The red cluster
predominantly focuses on energy transition, sustainability, and greenhouse gas emissions, indicating
a strong emphasis on decarbonization strategies and the role of renewable energy in reducing
emissions. Topics like biomass and bioenergy feature prominently, suggesting that alternative energy
sources such as biofuels are essential for meeting energy demands in cold regions while maintaining
environmental sustainability. Meanwhile, the blue cluster centers on hydrogen, low-carbon
transition, biodiesel, steam reforming signifying the growing interest in green hydrogen as a clean
energy alternative and the optimization of biofuel production for reducing the carbon footprint in
these environments. The green cluster highlights the significance of solar energy and energy storage
systems in low-temperature regions, which face challenges like reduced sunlight and extreme
weather. The integration of photovoltaic (PV) technology and phase change materials (PCMs) for
energy storage reflects the importance of enhancing energy efficiency and stability in renewable
energy systems. Additionally, smaller clusters such as the purple cluster address carbon footprint,
life cycle assessment, microalgae, while the yellow cluster focuses on sustainable development,
torrefaction and global warming. Collectively, these clusters indicate that future research should
prioritize decarbonization, clean energy production, and energy storage solutions, particularly
adapted to the unique climatic challenges of cold regions.
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Figure 3. Co-occurrence of author’s Keywords.

3.3. Research Trends and Future Directions

The analysis of the research network was divided into three distinct periods: Period I (1988-
2007), Period II (2008-2015), and Period III (2016-2024), each reflecting an evolution in focus and
research priorities. As shown in Figure 4, three periods are presented with the co-occurrence analysis
for each period.

In this initial period, the focus of research was primarily centered on climate change awareness,
with greenhouse gas emissions and adaptation strategies being the key themes. The network shows
that human settlements and the impact of climate change in Africa were prominent topics.
Discussions on energy security and sustainable development began to emerge during this time, but
renewable energy technologies were still not a dominant part of the discourse.

Between 2008 and 2015, research shifted from general climate change discussions toward
renewable energy technologies. The network indicates a rise in research on solar energy, geothermal
energy, and biomass gasification. Notably, energy security and food security became interconnected
themes, highlighting the recognition of energy’s role in sustainable development. The introduction
of distributed power systems and closed cycles suggests a transition from centralized energy
production toward decentralized and localized renewable energy solutions. This period marks the
beginning of practical renewable energy applications that could be deployed in low-temperature
regions to improve energy resilience and address thermal gradients. Key advancements during this
period also include research on energy-efficient technologies such as the Earth-to-Air Heat Exchanger
System (EAHE), which is relevant to ensuring energy efficiency in extreme climates.

In the most recent period, research has become highly focused on renewable energy integration,
decarbonization, and energy transitions. The dominant keyword has shifted from climate change to
renewable energy, indicating a more solution-oriented approach. Energy transition, solar power,
hydrogen production, and carbon neutrality are prominent themes in this period, reflecting the global
shift toward net-zero emissions targets. The network also shows significant interest in life cycle
assessment (LCA), energy storage technologies, and phase change materials (PCMs), which are
crucial for the deployment of renewable energy systems in low-temperature regions. The focus on
geothermal energy and bioenergy further highlights the diversification of renewable energy
portfolios to meet regional energy demands efficiently. In this period, global policies like the Paris
Agreement have influenced research priorities, emphasizing decarbonization and climate change
mitigation strategies. The focus on energy storage systems, green hydrogen, and multi-objective
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optimization suggests a strong emphasis on sustainable energy systems that can operate reliably in
extreme climates.

In Figure 5 is shown the thematic map for each period. This map is divided into four sections: i)
motor themes, ii) basic themes, iii) emerging or declining themes, and iv) very specialized/niche
themes [47]. The motor themes are characterized by having a high centrality and density which means
that they are well developed and important topics; basic themes are important for research but not
well developed; niche themes are highly developed but less central to the broader research field.
These topics are specialized and often focus on specific subfields or case studies. Niche themes tend to
have a smaller audience and are more relevant to experts in particular areas rather than the general
scientific community. Emerging or declining themes are low in both centrality and density. These topics
may represent new research areas that are still underdeveloped or older topics that are losing relevance.

During the early stage, climate change dominates as an emerging or declining theme, suggesting
that while it was recognized as important, it was still in its infancy in terms of research development.
The lack of other prominent themes indicates that renewable energy topics were not yet central to
scientific discourse. This aligns with the historical context, as global awareness of climate change and
sustainability began to take shape in the late 1980s and early 1990s. However, during this period,
research efforts were more exploratory, and there was little integration of climate change into
practical renewable energy solutions.

In the second period, the thematic landscape shows significant diversification. Climate change,
energy security, renewable energy, and geothermal emerge as basic themes, indicating their growing
relevance in scientific discourse. Research during this period focused on practical applications, such
as optimizing energy systems and developing low-carbon technologies. The classification of solar
energy and energy analysis as niche themes suggests that these areas were gaining attention but were
not yet mainstream. The presence of biodiesel and passive solar heating and cooling as niche topics
shows that research also targeted more specific energy solutions for different climate regions. The
third period represents a substantial shift toward actionable solutions, with renewable energy,
climate change, carbon neutrality, energy storage, and hydrogen becoming motor themes. These
themes are characterized by high centrality and density, indicating that they are both well-developed
and critical for driving future research. The emergence of hydrogen production and green hydrogen
as motor themes demonstrates the growing recognition of hydrogen as a key enabler of deep
decarbonization, especially in hard-to-electrify sectors. During this period, research themes have
become more solution-oriented, focusing on energy transition strategies, bioenergy, and carbon
capture. Energy efficiency, district heating, and organic Rankine cycles appear as motor themes,
indicating advancements in integrating renewable energy into various sectors. The appearance of
machine learning and multi-objective optimization as niche themes also shows that researchers are
applying advanced computational techniques to optimize renewable energy systems. Meanwhile,
composite materials, phase change materials, and thermal conductivity emerge as niche themes,
reflecting the ongoing exploration of new materials for improving energy storage and efficiency.
These niche themes suggest that research is moving toward more specialized areas that can enhance
the performance of renewable energy technologies.
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4. Discussion

The significant growth in publications indicates increasing research interest, particularly from
2015 onward, with a sharp rise in both the number of articles and citations per year. This increase can
be attributed to the growing importance of renewable energy solutions for extreme environments, as
highlighted in various studies. For instance, [48], emphasize the enhancement of battery energy
storage systems for photovoltaic applications in extremely cold regions, it illustrates the challenges
and technological advancements required to optimize energy storage solutions in such climates.
Similarly, [49] explore the integration of renewable energy sources into low-temperature district
heating systems, which is crucial for energy-efficient building operations in colder regions.
Furthermore, [50] analyze the role of ultra-low temperature district heating and cooling systems as a
storage mechanism for renewable energy, highlighting their practical applications in various
European climates. Recent studies also focus on the electrochemical storage solutions for harsh
climates. For instance, [51] assess the use of electrochemical cells to enhance the renewable energy
share in northern regions, demonstrating technological adaptations for extreme conditions. The
increasing volume of scientometric outputs signifies growing attention to the unique challenges
posed by low-temperature regions and the corresponding need for specialized renewable energy
systems. These findings indicate promising future directions for research and development in
sustainable energy technologies tailored for harsh climates.

Research on renewable energy applications has shown consistent growth, as reflected in the
number of publications and their respective citations. The most impactful topics today are related to
hydrogen as a clean energy source, the integration of renewable energy sources into electrical
systems, wind farm optimization, and strategies to accelerate the energy transition toward carbon
neutrality. The increasing availability of green hydrogen, produced through renewable energy, has
strengthened its position as a fundamental pillar in the global energy transition. Advances in
hydrogen storage and transportation technologies are essential for its implementation in extreme
climates, where environmental conditions may hinder the use of other renewable sources such as
solar and wind energy. For example, [52] analyze the optimization of a hybrid renewable energy
system with hydrogen storage for zero-energy buildings in different climates. This study
demonstrates how combining renewable resources, such as solar and wind power, with a hydrogen
storage system can significantly enhance the energy efficiency of buildings in various climatic
regions, including those with extreme temperatures. Wind farm optimization has also been a key
topic in recent years, as demonstrated by [40], who propose strategies to maximize turbine efficiency
through wake steering. This type of research has gained importance due to the need to improve the
performance of existing wind installations, particularly in regions where wind intermittency poses a
challenge to maintaining a consistent energy supply. Additionally, recent studies have explored the
integration of renewable energy sources into hybrid systems, combining solar, wind, and thermal
storage, as shown by [46] in their work on organic Rankine cycles. Another relevant topic is energy
security in the context of decarbonization. [41] analyze how to accelerate the energy transition to
achieve carbon neutrality, emphasizing the importance of diversifying energy sources and ensuring
supply security under different scenarios. In this sense, [53] evaluate the technical feasibility of an
off-grid domestic energy system based on solar photovoltaic panels, using batteries and hydrogen
storage in northern climates. Their study highlights the importance of hydrogen storage to ensure
continuous operation throughout the year, despite adverse weather conditions that can limit solar
energy availability. Overall, research trends have evolved from studying specific renewable energy
technologies to creating integrated systems that address complex issues such as intermittency,
efficiency, and energy security. Current research focuses not only on the production of clean energy
but also on ensuring that electrical grids are flexible, resilient, and adapted to local needs. Regions
with cold climates and extreme weather conditions present unique opportunities to apply advanced
technologies such as hydrogen and hybrid systems, opening new research lines that will contribute
to global sustainability in the coming years.
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Over the last decade, the focus of research in the field of renewable energy has shifted toward
more specific and actionable topics that are critical for addressing climate change and advancing the
global energy transition. Key areas of attention include energy transition, decarbonization, hydrogen
production, and life cycle assessment. These topics have gained significant relevance due to the
urgency of mitigating climate change impacts and achieving carbon neutrality. Technologies based
on the use of renewable energy sources can be divided into three general categories (electric power,
transport, and heating and cooling) and further subdivided into more specific types [54]. The use of
one or more technologies will depend on each country's energy mix and the resources available for
their implementation.

The energy transition is a multifaceted process that requires a combination of renewable energy
adoption, technological innovation, and policy interventions to achieve carbon neutrality and
mitigate climate change impacts. [41] and [55] highlight the importance of integrating renewable
energy systems and Carbon Capture, Utilization, and Storage (CCUS) to reduce greenhouse gas
emissions while ensuring energy security. [56] adds that climate change impacts must be considered
in the transition, as changing weather patterns affect the performance of renewable energy systems
like photovoltaics. [57] stresses that achieving the goals of the Paris Agreement requires not only a
rapid shift to renewables but also the development of nuclear power as a low-carbon baseload energy
source. In addition, [58] highlights the importance of bioenergy, energy efficiency improvements, and
carbon dioxide removal technologies to meet the revised IPCC carbon budgets. Together, these
articles underline that the energy transition requires a holistic and multi-dimensional approach
involving the rapid deployment of renewables, technological innovations, policy frameworks, and
adaptation strategies to ensure a sustainable and resilient energy future.

A current topic in the energy field is hydrogen production; however, its sustainability will
depend on whether its production sources are based on renewable energy, such as water electrolysis,
methane pyrolysis, biomass gasification, among others [59]. Green hydrogen has become a key focus
of global research, with growing exploration into its production and economic viability through the
Levelized Cost of Hydrogen (LCOH), as demonstrated in countries such as Chile [60], New Zealand
[61]. In addition, life cycle analysis (LCA) has gained importance in assessing the sustainability of
green hydrogen production, along with techno-economic evaluations of hydrogen production
systems [62]. [63] emphasize that biomass-based aerogels represent a promising alternative for
sustainable building insulation, although the freeze-drying process contributes significantly to their
environmental footprint. [64] report that cultivated meat can reduce land use and nitrogen emissions
compared to conventional meat; however, its production is energy-intensive and highly dependent
on a renewable energy mix to lower its carbon footprint. [65] indicate that biodiesel derived from
microalgae does not yet outperform fossil diesel in terms of GWP100, stressing the need to improve
system productivity and reduce electricity consumption to enhance its sustainability. Finally, [66]
show that green hydrogen production via water electrolysis could significantly reduce carbon
emissions from 27.5 kg CO,eq/kg H, in 2022 to as low as 1.33 kg CO.eq/kg H, by 2045, depending on
the use of wind energy and technological advancements. Collectively, these studies highlight the
critical role of energy optimization and the integration of renewable sources to minimize the
environmental impacts of emerging industrial processes.
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Table 3. LCA in different research articles.
T f R 1
Item ype of Renewable Country Scope Results Reference
Energy
. Climate Change Potential: 6.76 x 102 kg CO,-
Biomass used for .
. . . . . Gate-to-gate, production of 1 m? of eq/m?.

1 insulation material in  Reino Unido . . [63]

. biomass aerogel Non-Renewable Energy Consumption: 1.65 x

construction
10* MJ/m?3
Footprint: ~14 k; -eq/kg of t
Cultured meat produced Cradle-to-gate, production of 1 kg of Carbon Footprin . & €02 .e.q/ §° mea'
. Europe (global average scenario). Ambitious Scenario: [64]
with renewable energy cultured meat.
<3 kg CO,-eq/kg.
1.48 x 107! kg CO,-eq/M]J (Scenario C,

3 Biofuel derived from Portugal Cradle-to-gate, combustion of 1 MJ of photovoltaic electricity). (65]

microalgae U8 microalgae biodiesel. Direct Energy Consumption: 0.99 MJ/M]J of

biodiesel.
Cradle-to-gate, considering resource Electricity Consumption: 55 kWh/kg H; in 2022,
G hyd; duced g jected to 35 kWh/kg H, by 2045.

reen iydrogen prodiice Germany extraction, plant construction and projected 1o /g Ha by [66]

by water electrolysis CO; Emissions Reduced by up to 93% in Wind

hydrogen supply. Energy Scenarios.

5. Conclusions

The bibliometric analysis reveals a steady growth in scientific research on renewable energy
applications in low-temperature regions, with a sharp increase in publications since 2015. Despite
this growth, citation trends have declined in recent years, indicating the need for more innovative
and impactful research. Key journals contributing to this field, such as Energy, Applied Energy, and
International Journal of Hydrogen Energy, have played a pivotal role in disseminating knowledge on
energy transition strategies and hydrogen technologies. These publications reflect a growing focus
on policy frameworks and practical solutions to integrate renewable energy systems, especially
hydrogen, into existing infrastructures to achieve carbon neutrality. Most-cited works emphasize
hydrogen's potential as a key decarbonization tool and the importance of grid stability and energy
efficiency in optimizing renewable energy systems.

The keyword analysis highlights an evolution from general climate change topics toward more
actionable research on hydrogen production, energy storage, and carbon footprint reduction. Recent
research clusters show increasing interest in bioenergy, solar energy, phase change materials (PCMs),
and life cycle assessment (LCA), reflecting a focus on evaluating the environmental impacts of
renewable technologies. Future research trends indicate that integrating green hydrogen, Al-driven
optimization models, and advanced storage solutions will be crucial for meeting net-zero targets,
particularly in extreme climates. Additionally, international collaboration and policy support are
essential to accelerate the energy transition, with a strong emphasis on decarbonization strategies
and sustainable solutions tailored to local climatic and energy needs. These trends point to a future
where renewable energy systems will be more resilient, efficient, and adaptable to diverse
environmental conditions.
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