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Abstract:

The global transition toward low-carbon energy systems requires substantial and coordinated
investment across renewable power generation, power-grid infrastructure, battery storage, and
electrified transport. This article examines the principal investment pathways shaping these
interconnected sectors and evaluates their contribution to energy security, system flexibility,
decarbonization, and sustainable economic development. It first reviews investment trends and
financing requirements for renewable power technologies. The analysis then considers the
modernization and expansion of transmission and distribution networks, emphasizing the importance
of grid reinforcement, digitalization, and improved planning to accommodate increasing shares of
variable renewable energy. Battery storage is assessed as a critical enabling technology for
enhancing reliability, balancing supply and demand, reducing curtailment, and supporting greater
renewable penetration. The article also evaluates investment in electrified transport, including electric
vehicles and charging infrastructure, with particular attention to policy incentives, market growth, and
regional disparities. Furthermore, it identifies key opportunities related to technological innovation,
private-capital mobilization, domestic industrial development, employment creation, and improved
energy access. Major challenges include high financing costs, regulatory uncertainty, grid
congestion, supply-chain constraints, and affordability concerns. Based on these findings, the article
proposes policy recommendations focused on stable investment frameworks, blended finance,
accelerated grid development, dedicated storage markets, integrated EV infrastructure planning, and
stronger domestic capabilities. The study concludes that coordinated, technology-specific, and
inclusive investment strategies are essential for closing current financing gaps and achieving reliable,
affordable, and sustainable energy-transition pathways.

Keywords: Renewable energy investment; Power-grid modernization; Battery energy storage;
Electrified transport; Energy-transition policy.
:udﬂ.d\

‘zammwu ¥ "‘ym‘_g&m,zﬁabmi Qy)ss\m&bwiﬁssdwi d,;.ﬂ\ulu.,

d.\sa.ucu}.uﬂ\édb\jceUaJ\ﬂujfjM&U:J\w\}ﬁ@\.@.n\.@.m\vumjcdmbﬂ\ubw\n& J&JEJ\MJ\
?j padaciall 48Ul Gluisty Lalaldl dA}A.J\ c_al.tﬂn.m} )Ln.uu\ﬁ\ Slalas) m\).u \J.u‘g Aalaiieall Aalaidy) dpari)

Jngln;ﬂ\ug“n.\) cl.@_u.anJ su&d\ﬁﬁ‘w\é&%U\@c@)ﬂ\}dﬂ\u&uwjajugmw u»sl.u
A5 Lgdua 53 <y Ul A8l (a5 dadail 2065 LS 3 punciall 3aaaciall 48D joliaa (g By Fiall Gauaall Clasiny
A g ¢baraial) Adlall L) (alas Sl g ccallall g ya yall o 3 ) (a8t g callaill A8 6 ga pnent] Al ApiSad

1 | Libyan Journal of Sustainable Development Research (LIJSDR)



A0 g LS el llh Loy 3 eI Jiill o Lt AlGal) yom yainsd S CSLEN L Lgmad ¥ ana 53 )
) Aila) Apa 8] il il g o3 udl aiy cdactal) byl s 8 all alk alaia) o) g ¢l dgiail Al
cidaall cleliall gty oalall Jlall ol Raani g ¢ g sl oSl JISEVL A jal) (il aal il al) 2ass el
(sl ol 2o ol RS 145 ) Al ol g ZBL ) o ) (ypusns canl) o 315
Aal) 7 j8 cmilisl) oda ) 1308y callSal) Jass e 3 a6l Caglaa g calaal) d.m).m A g «lSuEl alaa il
ity dalifall el ol 50 g 55 6 e A Ll hl gy e 385 A dpond) laaa 5l (10 Ao s
et s Aail 5eSl LS pall dgial) Al JalKid) Jadadl) o cddUall o 5Aa dcarada 3 gl oL 5 (KA 0 ghat
LSy o) S Cany Aimiadiay Aiuie lafinl il ) 58 of GV Awlall Galis, Adadll el )
Aol Yinsa 5 A 5 ) puna s 8 5 ga (U JUEEH <l jlosa (3 s Aallal) Uy sl il gd auid G 5 5 guin 150l 20 (Lo Lain

¢ AL el Jaill ey jUaally AUl (1 345 ¢ely oSl CulSald Euaad araial) ddlall 4 jlaiiaY) sdalidal) cilalsl)
Al sl il

1. Introduction

In 2024, global investment in energy transition technologies reached a record USD 2.4 trillion,
representing a 20% increase compared with the average annual investment recorded during 2022—
2023 [1,2]. Investment in relatively mature technologies, including renewable energy, energy efficiency,
power grids, and electrified transport, continued to expand, although at a slower rate than in previous
years [3,4]. By contrast, investment in emerging technologies, particularly green hydrogen and carbon
capture and storage, declined during 2024. Battery storage remained a notable exception, maintaining
strong investment growth throughout the year [5,6].

Since 2019, the share of total energy transition investment allocated to renewable energy has
remained relatively stable, accounting for approximately one-third of the total and reaching 35% in 2024
[7,8]. However, the investment shares of other transition technologies have changed considerably. The
proportion directed toward electric vehicles and charging infrastructure increased from 13.6% in 2019
to 31.6% in 2024 [9,10]. Conversely, the combined share of investment in power grids and energy
efficiency declined from 46%-26% and 20%, respectively-to 29% in 2024, with the total distributed
almost equally between the two sectors [11,12]. Figure 1 illustrates the distribution of global energy
transition investment by technology between 2019 and 2024.
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Figure 1. The distribution of global energy transition investment by technology between 2019-2024.

The global distribution of energy transition investment remains highly uneven. In 2024, China and
advanced economies continued to serve as the principal centres of innovation, technology deployment,
and value creation, collectively accounting for 90% of total energy transition investment, with shares of
44% and 46%, respectively [13,14]. By contrast, least developed countries (LDCs) received less than
0.22% of global energy transition investment and approximately 2.2% of renewable energy investment
during the same year [15,16]. Most LDCs are located in Sub-Saharan Africa, a region that continues to
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face severe investment shortages despite its substantial renewable energy resources, rapidly growing
energy demand, and urgent development needs [17-19].

Within this timeframe, annual investment in renewable power generation must nearly double from
current levels to approximately USD 1.4 trillion per year between 2025 and 2030 [20,21]. Substantial
additional investment will also be required to expand renewable energy use in end-use sectors beyond
electricity generation, particularly heating and transport. The largest increase in absolute terms is
required in energy efficiency, where annual investment must rise approximately 7.5-fold to nearly USD
2.6 trillion during 2025-2030 [22-28]. The investment gaps associated with the principal energy
transition technologies are illustrated in Figure 2.
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Figure 2. Investment gaps for key energy transition technologies.

Figure 2 highlights the substantial investment gap between 2024 financing levels and the annual
investment required during 2025-2030 under IRENA’s 1.5°C Scenario. Energy efficiency exhibits the
largest absolute shortfall, with annual investment needing to increase from approximately USD 348
billion in 2024 to USD 2.609 trillion, equivalent to a 7.5-fold expansion [29-31]. Renewable power also
requires a major increase, with annual investment rising from an estimated USD 624—773 billion to
approximately USD 1.438-1.781 trillion, or nearly twice the current level. Although the required scaling
factor for power grids is comparatively lower at 1.9 times, grid investment must still increase from USD
359 bhillion to approximately USD 671 billion annually [32-36]. This is particularly important because
insufficient transmission and distribution infrastructure could constrain the integration of new renewable
generation capacity.

Emerging and enabling technologies face even greater relative financing challenges. Investment in
green hydrogen must expand approximately eightfold to reach USD 68 billion annually, while carbon
capture and storage requires a sevenfold increase to approximately USD 43 billion. Heat pumps, battery
storage, and electric-vehicle charging infrastructure also require considerable expansion, with
estimated scale-up factors of 4.1, 3.2, and 2.8 times, respectively [37-43]. These findings indicate that
achieving the 1.5°C pathway will require not only greater investment in renewable electricity generation,
but also coordinated financing across energy efficiency, grids, storage, electrified transport, heating,
hydrogen, and carbon-management technologies [44-51]. Closing these gaps will therefore depend on
stronger policy support, lower financing costs, improved regulatory frameworks, and greater
mobilization of both public and private capital.

Xiong et al. [52] emphasize that energy security risks and private-sector development are closely
interconnected and play a decisive role in shaping the evolution of the renewable energy (RE) sector,
particularly in emerging economies where the transition toward sustainable energy has become a
strategic priority within global climate-change mitigation efforts. As global energy systems undergo rapid
transformation and pressure for low-carbon development intensifies, renewable energy investment
(REI) has become a fundamental driver of sustainable economic growth. Nevertheless, the dynamic
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determinants of REIl in emerging economies remain insufficiently examined through rigorous
econometric analysis.

Ng et al. [53] demonstrate that the nexus between the circular economy and the energy transition
has developed into a rapidly expanding and multidisciplinary research field. The literature is primarily
grounded in conceptual and policy-oriented studies, while applied research increasingly addresses
waste management, bioenergy, and decarbonization technologies associated with energy generation,
conversion, and system efficiency. Geographically, the field exhibits a diverse but uneven research
distribution, with Europe and China serving as the principal contributors. Other regions remain
comparatively underrepresented, reflecting differences in regional policy priorities, research capacity,
and international collaboration networks.

Jain et al. [54] address this research gap by synthesizing the existing literature and identifying
emerging themes and future research directions. Their findings extend beyond conventional descriptive
mapping by applying the TCCM framework to reveal the principal theoretical and methodological
foundations of research on clean, dirty, and digital energy. The analysis indicates that the Theory of
Planned Behavior (TPB) is the most frequently applied framework, followed by Self-Determination
Theory (SDT), the Hedonic-Motivation System Adoption Model (HMSAM), and econometric models
used to examine market interdependencies. These insights provide a valuable basis for scholars
seeking to develop interdisciplinary research agendas, assist policymakers in refining clean-energy and
carbon-market frameworks, and help investors identify diversification opportunities within the evolving
digital-energy landscape.

The significant contribution of this article lies in its integrated assessment of investment pathways
across renewable power, grid modernization, battery storage, and electrified transport, rather than
treating these sectors as independent components of the energy transition. It clarifies the financial,
technological, and institutional interdependencies among clean generation, network expansion, system
flexibility, and transport electrification, while identifying major regional disparities, investment gaps, and
implementation barriers. The study also synthesizes the principal opportunities and challenges
associated with capital mobilization, infrastructure development, supply chains, policy stability, and
affordability. Based on this assessment, it proposes coordinated policy recommendations aimed at
improving investor confidence, accelerating grid and storage deployment, expanding EV infrastructure,
strengthening domestic capabilities, and supporting a reliable, inclusive, and low-carbon energy
transition.

2. Methodology

This study adopted a structured qualitative review methodology to examine global investment
pathways for renewable energy and the supporting infrastructure required for a low-carbon energy
transition. The analysis focused on four interconnected investment areas: renewable power generation,
power-grid development, battery energy storage, and electrified transport. It also examined the principal
opportunities, challenges, and policy directions associated with investment across these sectors.

The study was designed to integrate financial, technological, institutional, and policy perspectives.
Rather than assessing each technology independently, the study considered the interdependencies
among renewable electricity generation, transmission and distribution infrastructure, energy-storage
deployment, electric vehicles, and charging systems. This integrated approach was selected because
investment in one sector can directly influence the performance and financing requirements of the
others. For example, the expansion of variable renewable energy increases the need for grid
reinforcement and storage, while large-scale electric-vehicle adoption requires additional generation
capacity, distribution-network upgrades, and charging infrastructure. Figure 3 outlines methodology
flowchart.

The methodological process consisted of four main stages. First, the thematic scope of the review
was defined based on the major components of the energy transition investment system. Second,
relevant secondary data and published literature were collected from authoritative international
institutions, academic databases, government reports, and industry analyses. Third, the collected
evidence was organized and comparatively assessed according to technology, investment volume,
regional distribution, financing source, deployment barriers, and future investment requirements.
Finally, the findings were synthesized to identify common opportunities and challenges and to formulate
policy directions capable of accelerating investment while maintaining affordability, reliability, and social
inclusion.
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Figure 3. Methodology flowchart.
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3. Renewable Power

In 2024, global investment in renewable energy projects, measured on the basis of final investment
decisions (FIDs), reached USD 807 billion, representing a 22% increase compared with the annual
average recorded during 2022—-2023 [55-59]. Approximately 96% of total renewable energy investment
was directed toward the power sector, amounting to USD 773 billion. By contrast, only about 1%,
equivalent to USD 10 billion, was allocated to projects involving the direct use of renewable energy in
heating and transport applications. According to Ref. [60-66], current investment in renewable power
remains approximately half of the level required to support the global target of tripling installed
renewable power capacity to 11.2 TW by 2030.

Solar photovoltaic (PV) technology is currently the only renewable energy technology for which
investment levels are broadly aligned with IRENA’s 1.5°C Scenario [67-70]. In 2024, investment in solar
PV approached the annual average required through 2030, as illustrated in Figure 4. This progress has
been driven primarily by the substantial decline in PV technology costs over the past decade, together
with widespread policy support across many countries [71-76].
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Figure 4. The scale of investment growth required across renewable power technologies to align with
IRENA’s 1.5°C Scenario during the period 2025-2030.

Figure 3 illustrates the scale of investment growth required across renewable power technologies
to align with IRENA’s 1.5°C Scenario during the period 2025-2030. Among the technologies presented,
solar PV is the closest to the required trajectory, needing only a modest 1.2-fold increase relative to
2024 investment levels [77-86]. This indicates that solar PV has already achieved substantial market
maturity, supported by rapid cost reductions, technological improvements, and strong global policy
backing. In contrast, other renewable technologies require much more significant scaling [87-99].
Onshore wind and hydropower require investment growth of approximately threefold and fourfold,
respectively, while bioenergy requires a sixfold increase. Offshore wind, despite its strong long-term
potential, needs an eightfold expansion, reflecting the higher capital intensity, infrastructure
requirements, and deployment barriers associated with this technology [100-106].

The most pronounced investment gaps are observed in solar thermal (including CSP) and
geothermal energy, which require 32-fold and 29-fold increases, respectively. These very high scale-
up requirements suggest that both technologies remain far from the investment levels needed for
meaningful deployment under a 1.5°C pathway [107-110]. This may be attributed to higher upfront
costs, longer project development timelines, limited policy incentives, and stronger competition from
more cost-effective alternatives such as solar PV coupled with battery storage [111-114]. Overall, the
figure emphasizes that, although progress has been made in renewable energy investment, the
transition remains uneven across technologies. Achieving climate targets will therefore require not only
sustaining momentum in solar PV, but also creating stronger financial, regulatory, and institutional
support mechanisms to accelerate investment in underfunded technologies such as offshore wind,
geothermal, bioenergy, and solar thermal systems.

In emerging markets and developing economies (EMDES), the adoption of solar PV has also been
accelerated by the expansion of distributed generation systems, particularly rooftop installations, which
provide an alternative in areas where grid-based electricity is unreliable, unavailable, or unaffordable.
Off-grid solar solutions are especially important in this context, as they have contributed significantly to
expanding electricity access for millions of people worldwide, particularly in Sub-Saharan Africa [115-
118]. Annual investment in concentrated solar power (CSP) must increase approximately 32-fold during
2025-2030 relative to current levels. However, CSP is becoming less financially attractive in some
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markets compared with hybrid systems that combine solar PV and battery storage. In countries such
as Morocco and the United Arab Emirates, PV-plus-storage configurations are increasingly being
considered as lower-cost alternatives to CSP [119-121].

4. Power Grid

Investment in power grid infrastructure, encompassing both transmission and distribution networks,
increased by 14% in 2024 relative to the average annual level recorded during 2022—2023, reaching
approximately USD 359 billion [122,123]. However, substantially greater investment will be required to
enable large-scale renewable energy integration and support the growing deployment of electric
vehicles, heat pumps, and other electrified end-use technologies. Under IRENA’s 1.5°C Scenario,
annual grid investment must rise to about USD 671 billion during 2025-2030, equivalent to
approximately 1.9 times the current level [124-126].

Although recently announced plans indicate that global grid expenditure is likely to continue
increasing, investment remains geographically concentrated. Most planned spending is located in
China; advanced economies such as Australia, the European Union, Japan, the Republic of Korea, and
the United States; and selected emerging markets and developing economies, including Brazil, India,
and Indonesia [127-129]. By contrast, many EMDEs and least developed countries continue to face
major financing constraints. These challenges arise from the limited fiscal capacity of governments and
utilities, weak utility balance sheets, and the difficulty of recovering investment costs under non-cost-
reflective electricity tariffs. At the same time, these countries must improve grid reliability and quality
while accommodating rapidly expanding electricity demand, creating a complex financing and
infrastructure development challenge.

The allocation of grid expenditure also reveals a strong emphasis on maintaining and strengthening
existing infrastructure rather than expanding network access. In 2024, only 16% of total grid investment
was directed towards new transmission corridors and distribution connections, while 44% was used to
replace ageing assets and 40% financed grid reinforcement measures, including flexibility
improvements, structural upgrades, and digitalization [130-132]. This imbalance is particularly important
because more than 1,650 GW of wind, solar PV, and hydropower capacity remained in grid-connection
gueues worldwide, up from around 1,500 GW in 2023 and approximately five times the renewable
capacity commissioned in 2022 [133,134]. These delays reflect limited grid capacity, slow planning and
permitting procedures, and insufficient coordination between generation and network development.
Although several system operators have introduced reforms to reduce connection backlogs, the
benefits may take several years to materialize.

Grid investment is also highly dependent on debt financing. In 2023, market-rate debt supplied
approximately 65% of global grid finance, project-level equity contributed 33%, and grants accounted
for only 2% [135-137]. Continued reliance on commercial debt is likely to be necessary given the scale
of required investment, but it also increases exposure to inflation and high interest rates through rising
debt-servicing costs. These costs can ultimately place upward pressure on electricity tariffs, creating a
difficult regulatory trade-off between ensuring utility cost recovery and investor returns while maintaining
affordability for consumers. Recent public opposition to substantial retail tariff increases in Germany
and California illustrates the political and social sensitivity of this challenge [137-146]. Consequently,
regulators will need to combine prudent tariff design with targeted subsidies, concessional finance,
efficiency incentives, and consumer-protection mechanisms to support grid expansion without
undermining energy affordability.

5. Battery Storage

Global investment in battery energy storage reached USD 54 billion in 2024, representing a 73%
increase compared with the average annual investment recorded in 2022—2023 and more than eleven
times the level observed in 2019-2020 [147,148]. Despite this rapid expansion, annual investment must
approximately triple to align with the 1.5°C pathway. Such growth is essential for supporting higher
shares of variable renewable energy while improving power-system flexibility, reliability, and resilience.
The recent acceleration in battery storage deployment has been enabled by a 94% decline in costs
between 2010 and 2024 [149,150]. This reduction reflects the expansion of manufacturing capacity,
improved material efficiency, and advances in production processes [151,152]. Targeted policy
measures have also played a central role in stimulating investment and deployment in major markets.

China remained the dominant market in 2024, accounting for approximately 40% of global investment
in energy storage projects. It also installed 84 GWh, equivalent to 36 GW, representing an 80% increase
over 2023 additions and around half of total global capacity added during the year [153-155]. This

7 | Libyan Journal of Sustainable Development Research (LJSDR)



expansion has been supported by renewable-plus-storage requirements, provincial subsidies, and the
domestic availability of battery manufacturing technologies. The United States ranked second,
attracting 29% of global investment and adding 41 GWh, or 13 GW, equivalent to nearly one-quarter of
newly installed global capacity [156-158]. This growth was strongly supported by incentives introduced
under the Inflation Reduction Act. Germany was the third-largest investment destination, accounting for
approximately 11% of global battery storage investment [159-161].

Battery storage investment is also expanding in developing economies, including Chile, India, the
Philippines, and South Africa. Combined investment in these markets more than doubled between the
2022-2023 average and 2024, although they still represented only about 3% of the global total. A
notable example is the planned USD 3.3 billion integrated solar-plus-storage project in the Philippines,
which is expected to combine 3.5 GW of solar generation with a 4.5 GWh battery energy storage system
across approximately 3,500 hectares [162-163]. In parallel, countries such as India and Indonesia are
seeking to strengthen domestic supply chains by promoting local battery manufacturing. These
developments indicate that future growth will depend not only on declining costs and policy incentives,
but also on manufacturing localization, grid-market reforms, and improved access to finance in
emerging economies.

6. Electrified Transport

Global investment in electric vehicles (EVSs), including battery electric vehicles (BEVSs), plug-in hybrid
electric vehicles, and fuel-cell electric vehicles, reached USD 763 billion in 2024, representing a 33%
increase relative to the 2022—2023 average [164-167]. This expansion was supported by strong policy
incentives, the widespread deployment of public charging infrastructure, and the growing availability of
EV models from major automobile manufacturers. Consequently, the share of EVs in global car sales
increased from 4.4% in 2020 to 22% in 2024. By 2024, approximately 784 EV models were available
worldwide, reflecting the increasing diversity of vehicle types and consumer options [168-171].

Investment in EV charging infrastructure also increased substantially, rising by 27% to reach USD
39 billion in 2024, with approximately three-quarters of this amount directed toward public charging
systems [172]. The global public charging network expanded to 5.6 million chargers by the first quarter
of 2025, representing an increase of 1.7 million connectors compared with the end of 2023 (BNEF,
2025c). This rapid growth demonstrates the importance of charging infrastructure in supporting wider
EV adoption and reducing concerns related to driving range and charging accessibility [173].

China and advanced economies collectively accounted for more than 95% of global BEV investment
in 2024, a proportion that has remained broadly unchanged over the previous five years. China alone
represented 49% of global BEV investment, reflecting its dominant position in EV manufacturing,
infrastructure deployment, and domestic sales [175]. Between 2009 and 2022, the Chinese government
introduced purchase subsidies, consumption-tax exemptions, and vehicle-tax incentives with an
estimated value exceeding USD 28 bhillion. China also installed approximately 760,000 public fast-
charging points and one million public slow-charging points, more than the rest of the world combined.
The standardization of the GB/T charging connector further facilitated market expansion and
interoperability [175]. As a result, China accounted for approximately 60% of global EV sales in 2022,
with more than six million vehicles sold. The extension of EV tax incentives in June 2023 provided
additional support for continued market growth [176,177].

Europe accounted for approximately 23% of global BEV investment in 2024, equivalent to USD 97
billion, compared with 27% during 2022—-2023. Although investment continued to grow, the increase
was limited to approximately 6%, indicating a notable slowdown relative to other regions. The reduction
or withdrawal of EV purchase subsidies in major markets, including France and Germany, contributed
to weaker investment growth and slower adoption [178,179].

The United States represented 19% of global BEV investment in 2024, compared with 17% during
2022-2023. Investment increased by approximately 35%, from USD 59 billion to USD 80 billion. Federal
tax credits and state-level programmes had previously supported broad EV adoption and domestic
manufacturing expansion [181,182]. However, the subsequent rollback of several incentives may create
uncertainty for future market growth and investment decisions.

BEV investment also increased rapidly in India and Australia. Between 2022-2023 and 2024,
investment rose by approximately 87% in India and 33% in Australia, reaching USD 8 billion and USD
4 billion, respectively. India’s share of global BEV investment increased from 1.2% to 2%, while
Australia’s share remained close to 1%. Australia’s National Electric Vehicle Strategy, introduced in
2023, promotes EV uptake through state-level subsidies, zero-interest loans, federal tax exemptions,
and the removal of selected import tariffs [183-185]. The strategy also prioritises the development of a
national EV charging network and hydrogen-refuelling infrastructure.
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In India, the Faster Adoption and Manufacturing of Hybrid and Electric Vehicles scheme has
supported EV purchases and charging-infrastructure deployment since 2015. The programme covers
electric two-wheelers, three-wheelers, and passenger cars, while also facilitating the installation of
public chargers through government tenders. A key target is the deployment of at least 2,700 public
charging points in cities with populations exceeding one million [186-190]. Overall, these regional
experiences demonstrate that sustained EV investment depends heavily on stable policy incentives,
extensive charging infrastructure, domestic manufacturing capacity, and long-term regulatory certainty.

7. Opportunities and Challenges

Investment in renewable energy, grid modernization, battery storage, and electric vehicles is
becoming increasingly important for the development of secure, flexible, and low-carbon energy
systems. These sectors are closely interconnected: renewable technologies expand clean electricity
supply, modern grids enable efficient transmission and distribution, battery storage improves system
flexibility, and electric vehicles support the decarbonization of transport. Together, they create
significant opportunities for technological innovation, private-sector participation, industrial
development, employment creation, and improved energy security. However, realizing these benefits
requires substantial capital, stable policies, coordinated infrastructure planning, and strong institutional
frameworks. Persistent challenges, including high financing costs, regulatory uncertainty, grid
congestion, supply-chain constraints, and affordability concerns, may slow investment and lead to
uneven progress across countries and regions. Understanding both the opportunities and the
challenges is therefore essential for designing effective investment pathways and accelerating a just
and sustainable energy transition.

A. Opportunities

l. Mobilization of large-scale private and institutional capital
The growing demand for renewable generation, modern grids, battery storage, and electric mobility
creates substantial opportunities for private investors, pension funds, development banks, and
infrastructure funds. Instruments such as green bonds, blended finance, guarantees, and public—private
partnerships can help transform clean-energy projects into investable assets while reducing pressure
on public budgets.
. Technological innovation and continued cost reduction
Advances in solar PV, wind turbines, power electronics, battery chemistry, digital grid technologies,
and EV manufacturing can further reduce capital and operating costs. Innovation also creates
opportunities for higher-performing technologies, longer-duration storage, smart charging, vehicle-to-
grid services, and artificial intelligence-based grid management.
1. Development of integrated energy systems
Coordinated investment across renewables, grids, storage, and EVs enables the development of
flexible and interconnected energy systems. Renewable-plus-storage projects can provide firmer power
output, while smart grids and controlled EV charging can improve demand management, reduce
congestion, and support the integration of variable renewable resources.
V. Expansion of domestic industries and employment
Investment in clean-energy infrastructure can stimulate local manufacturing, engineering services,
construction, operation, maintenance, software development, and recycling industries. Domestic
production of batteries, charging equipment, power converters, solar components, and grid
technologies may improve energy security while creating skilled employment and industrial value
chains.
V. Improved energy access, security, and environmental performance
Renewable energy, distributed storage, and electric mobility can reduce dependence on imported
fossil fuels, improve access to reliable electricity, and lower exposure to fuel-price volatility. These
investments can also reduce greenhouse-gas emissions and local air pollution, particularly when
transport electrification is supported by increasingly renewable electricity systems.

B. Challenges

l. High capital requirements and unequal access to finance
The scale of investment required exceeds the financial capacity of many governments and utilities,
particularly in emerging markets, developing economies, and least developed countries. High interest
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rates, currency risks, weak credit ratings, and limited availability of concessional finance can
substantially increase project costs and discourage private participation.
. Regulatory uncertainty and inconsistent policy support

Frequent changes to subsidies, tax incentives, tariff structures, technical standards, and market
regulations can undermine investor confidence. Long project-development periods make grid, offshore
wind, storage, and charging-infrastructure investments especially sensitive to unstable policies and
uncertain revenue arrangements.

lll.  Grid congestion and slow infrastructure development

Renewable and EV deployment can advance more rapidly than transmission and distribution
infrastructure. Limited network capacity, lengthy permitting, slow connection procedures, and
inadequate coordination between generation and grid planning may lead to curtailment, connection
gueues, reliability concerns, and delayed project commissioning.

IV.  Supply-chain and critical-material constraints

Battery storage, EVs, renewable-energy equipment, and power electronics depend on
geographically concentrated supply chains and critical minerals such as lithium, nickel, cobalt, graphite,
copper, and rare-earth elements. Price volatility, trade restrictions, geopolitical tensions, and insufficient
recycling capacity can increase costs and disrupt deployment.

V.  Affordability, social acceptance, and equitable benefit distribution

Financing network upgrades and new infrastructure can place upward pressure on electricity tariffs
and transport costs. Projects may also face opposition related to land use, environmental impacts,
transmission corridors, and mineral extraction. Without targeted consumer protection and inclusive
planning, the benefits and costs of the energy transition may be distributed unevenly across
households, communities, and regions.

Investment pathways for renewable energy, grid modernization, battery storage, and electric
vehicles offer considerable economic, technological, and environmental benefits. They can mobilize
new sources of capital, stimulate innovation, strengthen domestic industries, improve energy access,
and reduce dependence on fossil fuels. Nevertheless, these opportunities are accompanied by major
barriers related to financing, regulation, infrastructure readiness, critical-material supply, and social
equity. Addressing these challenges will require long-term policy stability, blended-finance
mechanisms, coordinated grid and transport planning, diversified supply chains, and targeted measures
to protect vulnerable consumers. A comprehensive and integrated investment strategy can therefore
help close existing financing gaps while ensuring that the transition remains reliable, affordable,
inclusive, and consistent with global climate objectives.

8. Policy Directions

The transition toward low-carbon and resilient energy systems requires coordinated investment
across renewable energy generation, power-grid modernization, battery storage, and electrified
transport. Although global investment in these technologies has increased substantially, present
financing levels remain insufficient to meet long-term climate and energy-security objectives.
Investment also remains unevenly distributed across technologies and regions, with advanced
economies and China attracting the largest share of capital, while many emerging markets, developing
economies, and least developed countries continue to face high financing costs, limited institutional
capacity, and inadequate infrastructure. These challenges demonstrate that investment growth alone
is not sufficient; effective policy frameworks are required to reduce risk, improve market certainty,
mobilize private capital, and ensure that clean-energy infrastructure develops in a coordinated and
socially inclusive manner. Accordingly, policy interventions should address regulatory stability, grid
expansion, battery-market design, EV charging infrastructure, blended finance, domestic supply chains,
workforce development, and equitable access to energy-transition benefits.

l. Establish stable and technology-specific investment frameworks

Governments should introduce long-term policy frameworks that provide investors with regulatory
certainty across renewable energy, power grids, battery storage, and electric mobility. These
frameworks may include competitive auctions, feed-in premiums, tax incentives, capital grants, and
contracts for difference. Support mechanisms should be tailored to the maturity, cost structure, and risk
profile of each technology rather than applying uniform incentives across all sectors. Policy continuity
is particularly important for capital-intensive technologies with long development periods, including
offshore wind, geothermal energy, transmission infrastructure, and concentrated solar power.

10 | Libyan Journal of Sustainable Development Research (LJSDR)



II.  Accelerate grid expansion, modernization, and digitalization

Grid planning and investment should be undertaken in parallel with renewable generation
development to prevent transmission constraints and lengthy connection queues. Governments and
regulators should prioritize new transmission corridors, distribution-network expansion, ageing-asset
replacement, smart-grid technologies, advanced metering, digital control systems, and flexible network
operation. Streamlined permitting procedures and transparent grid-connection rules are also required
to reduce project delays. Independent transmission projects and regulated public—private partnerships
can help mobilize private capital where public-sector financing is insufficient.

1. Create dedicated market mechanisms for battery energy storage

Battery storage should be recognized as an independent and multifunctional power-system asset
rather than being treated solely as electricity generation or consumption. Market regulations should
allow storage operators to obtain revenues from energy arbitrage, capacity provision, frequency
regulation, congestion management, renewable-energy firming, and ancillary services. Governments
may also introduce storage targets, renewable-plus-storage auctions, investment tax credits, and
concessional financing. Clear technical standards should be established for grid connection, operational
safety, recycling, and end-of-life battery management.

V. Integrate electric-vehicle and charging-infrastructure policies

Electric-vehicle policies should combine demand-side incentives with coordinated investment in
public and private charging infrastructure. Measures may include purchase incentives, tax exemptions,
low-interest financing, fleet-electrification mandates, emissions standards, and support for electric
buses, two-wheelers, and commercial vehicles. Charging infrastructure should be incorporated into
national power-system and urban-development plans to avoid excessive local grid stress. Common
connector standards, transparent charging tariffs, interoperability requirements, and smart-charging
systems should also be adopted. Vehicle-to-grid technologies may provide additional flexibility by
allowing EV batteries to support electricity-system operation.

V. Expand blended finance and risk-mitigation instruments

Public finance should be used strategically to reduce investment risks and mobilize substantially
larger volumes of private capital, particularly in emerging markets and developing economies. Suitable
instruments include concessional loans, guarantees, political-risk insurance, first-loss capital, viability-
gap funding, green bonds, and currency-risk protection. Multilateral development banks and national
development institutions should prioritize project preparation and early-stage financing, as many
technically viable projects fail to attract capital because of high financing costs, weak utility
creditworthiness, or limited institutional capacity. Financing programmes should also support distributed
renewable energy, off-grid systems, and charging infrastructure in underserved regions.

VI. Strengthen domestic supply chains, skills, and equitable access

Energy-transition investment policies should promote domestic value creation through local
manufacturing, workforce development, research and innovation, and technology-transfer partnerships.
Priority areas include solar components, wind equipment, batteries, power electronics, charging
systems, grid technologies, and recycling facilities. However, local-content requirements should be
designed carefully to avoid increasing project costs or delaying deployment. Policies should also ensure
that the benefits of clean-energy investment are distributed equitably by protecting vulnerable
consumers, supporting affected workers and regions, and extending reliable and affordable electricity
and clean transport services to rural and low-income communities.

Accelerating investment in renewable energy, grid modernization, battery storage, and electric
vehicles is essential for achieving a reliable, flexible, and decarbonized energy system. The proposed
policies emphasize the need for stable and technology-specific investment frameworks, faster grid
development, dedicated storage markets, integrated EV and charging strategies, expanded risk-
mitigation instruments, and stronger domestic capabilities. Their successful implementation can reduce
financing barriers, improve investor confidence, support innovation, and enable the large-scale
integration of variable renewable energy and electrified end-use technologies. However, policy
effectiveness will depend on long-term regulatory consistency, transparent governance, coordinated
infrastructure planning, and balanced cost allocation. A comprehensive policy approach that combines
public leadership with private-sector participation will therefore be critical to closing investment gaps
while ensuring affordability, energy security, and an equitable transition across countries and
communities.
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9. Conclusion

Investment in renewable power, grid modernization, battery storage, and electrified transport
represents a central pillar of the global energy transition. These sectors are technically and financially
interdependent: renewable generation expands the supply of low-carbon electricity, modern grids
enable its efficient integration and delivery, battery storage provides flexibility and resilience, and
electric vehicles extend electrification into the transport sector. Progress in one area therefore depends
heavily on parallel investment in the others. Expanding renewable capacity without adequate
transmission, distribution, storage, and charging infrastructure may lead to congestion, curtailment,
connection delays, and reduced system reliability.

The analysis indicates that investment progress remains uneven across technologies and regions.
Solar PV is comparatively close to the investment trajectory required for future climate targets, while
offshore wind, geothermal energy, bioenergy, hydropower, and concentrated solar power require
substantially greater financial support. Power-grid investment must also increase considerably to
address ageing assets, expand network capacity, improve digital control, and accommodate growing
electricity demand. Battery storage has experienced rapid growth and major cost reductions, but
continued investment is necessary to support higher levels of variable renewable generation. Similarly,
electric-vehicle investment has expanded strongly, although market development remains concentrated
in a limited number of countries with supportive policies, manufacturing capacity, and extensive
charging networks.

Despite significant opportunities for innovation, industrial development, employment creation, private
investment, and improved energy security, major barriers continue to constrain progress. These include
high capital costs, weak utility finances, policy instability, permitting delays, limited grid capacity, critical-
material dependence, and concerns regarding consumer affordability. Emerging markets, developing
economies, and least developed countries face particularly severe constraints because of limited
access to concessional finance and higher investment risks.

Closing these investment gaps requires a comprehensive policy approach. Governments and
regulators should establish predictable long-term frameworks, accelerate grid planning and permitting,
recognize battery storage as a distinct system asset, coordinate EV deployment with charging and grid
development, and expand blended-finance and risk-mitigation mechanisms. Greater attention should
also be given to domestic manufacturing, workforce development, recycling, technology transfer, and
equitable access. Ultimately, a coordinated investment strategy that aligns public policy, private capital,
infrastructure planning, and social objectives will be essential for achieving a secure, affordable,
resilient, and low-carbon energy system.
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