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Climate technology Climate technologies are those that help us reduce greenhouse gas emissions and adapt to the ad-
verse effects of climate change. (See de nition of technology below).

Deployment The act of bringing technology into effective application, involving a set of actors and activities to initiate,
facilitate and/or support its implementation (IPCC 2022a).

Diffusion The spread of a technology across different groups, users or markets over time (IPCC 2022a).

Enabling environment The set of resources and conditions within which the technology and the target bene ciaries oper
ate. The resources and conditions that are generated by structures and institutions that are beyond the immediate contro
of the bene ciaries should support and improve the quality and ef cacy of the transfer and diffusion of technologies
(Nygaard and Hansen 2015).

Feasibility The potential for a mitigation or adaptation technology to be implemented. Factors in uencing feasibility are

context-dependent, temporally dynamic and may vary between different groups and actors. Feasibility depends on geophyst

ical, environmental-ecological, technological, economic, sociocultural and institutional factors that enable or constrain the
implementation of an option. The feasibility of options may change when different options are combined and increase when
enabling conditions are strengthened (IPCC 2022b).

Governance Process of managing public and private interactions through collaboration, negotiation, and coordination
between different actors, including the state, civil society, national and international organisations and the private sector.
Governance is broader than government and does not rely solely on top-down authority. Instead, it emphasises participa-
tion, decentralization, cooperation, and the use of wider collective strategies for implementation.

Innovation Both the processes of research and development and the commercialization of the technology, including

its social acceptance and adoption (IPCC 2000). Furthermore, innovation is seen as the process of generation, accep-
tance and implementation of new ideas, processes, products or services (Thompson 1965) as well as an outcome — any
thought, behaviour or thing that is new (Barnett 1953).

Innovation system All important economic, social, political, organizational and other factors that in uence the develop-
ment, diffusion and use of innovations (IPCC 2000).

Institution Rules, norms and conventions that guide, constrain or enable human behaviours and practices. Institutions
can be formally established, for instance through laws and regulations, or informally established, for instance by tradi-
tions or customs. Institutions may spur, hinder, strengthen, weaken or distort the emergence, adoption and implementa-
tion of climate action and climate governance (IPCC 2022b).

Regulatory Factors Regulation can be de ned as: A rule or order issued by governmental executive authorities or regula-
tory agencies and having the force of law. Regulations implement policies and are mostly speci ¢ for groups of people,
legal entities, or targeted activities. Regulation is also the act of designing and imposing rules or orders. Informational,
transactional, administrative and political constraints may limit the regulator’s capability for implementing preferred
policies (IPCC ARG, 2022).

Responsible Innovation Responsible innovation refers to the process of designing and implementing innovations in a way
that anticipates and evaluates potential impacts on society and the environment (Owen & Stilgoe 2013). It requires inclu-
sive, transparent decision-making involving a broad range of stakeholders. The goal is to ensure that innovation aligns with
societal needs and ethical standards, promoting sustainability and positive social outcomes while minimizing harm. This
approach emphasizes responsibility throughout the innovation lifecycle.

Risk Management Plans, actions, strategies or policies to reduce the likelihood and/or magnitude of adverse potential
consequences, based on assessed or perceived risks (IPCC ARG, 2022). In the case of digital technologies, risk manage
ment refers to addressing transparency, accountability, and facilitating collaboration among stakeholders to address risk.
Risk management strategies should seek to align diverse groups, ensuring that the negative socio-economic and environ
mental impacts of digital innovations are adequately addressed.

System transitions System transitions involve a wide portfolio of mitigation and adaptation options that enable deep emis-
sions reductions and transformative adaptation in all sectors. The systems include: energy; industry; cities, settlements
and infrastructure; land, ocean, food and water; health and nutrition; and society, livelihood and economies (IPCC ARS6).

TechnologyTechnology is “a piece of equipment, technique, practical knowledge or skills for performing a particular activity”
(IPCC 2000). It is common practice to distinguish between three different components of technology (Muller 2003):

» Hardware: the tangible component, such as equipment and products

» Software: Software: the processes associated with the production and use of the hardware

» Orgware: the institutional framework, or organization, involved in the adoption and diffusion process of a technology
These three components are all part of a speci ¢ technology, but the relative importance of each component may vary
from one technology to another.

Technology transfer The exchange of knowledge, hardware and associated software, money and goods among stakeholders,
which leads to the spread of technology for adaptation or mitigation. The term encompasses both the diffusion of technologies
and technological cooperation across and within countries (IPCC 2022a).

Transformative change A system-wide change that requires the consideration of social and economic factors which, to-
gether with technology, can bring about rapid change at scale (IPCC 2018).

Transition The process of changing from one state or condition to another in a given period of time. Transition can occur
in individuals, rms, cities, regions and nations, and can be based on incremental or transformative change (IPCC
2022a; IPCC 2022b).
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Following the agreement reached at COP28, including thiacuses on renewable energy technologies, taking a systems ap-
commitment to triple renewable energy capacity globally angroach in assessing what progress we are making on the adop-
double the global average annual rate of energy e ciency imtion, what has enabled it, where are the gaps, and building on this
provements by 2030, nations were encouraged to demonstratederstanding, how do we better enhance climate technology
greater ambition when updating their NDCs by 2025, ensuringevelopment and transfer? e Report strives to promote sci-
alignment with the Paris Agreement and Sustainable Develognce-based and systemic approaches, bolstering transformative
ment Goals. e 2023 Global Stocktake has underscored théechnology solutions, and focusing on high-impact, high-poten-
urgent need for accelerated action in this critical decade to keégpl sectors and actions. It lls a space where it provides system-
the 1.5 °C goal within reach. atic and annual assessments of the current state and progress on
technology development and transfer in various areas.
e 2025 NDC update presents an opportunity for countries
to identify and prioritize climate technologies, address chale report also provides scienti cally credible and policy-rele
lenges through implementation of enablers and take a systemant assessments of di erent aspects of technology development
approach, while integrating scalable renewable energy technahd transfer in key areas, including those related to feasibility, -
ogies into their national strategies. is approach can accelerat@mance, innovation, and governance; delivers information relevant
emissions reductions and bolster climate resilience, while at the the UNFCCC process and to the implementation of the Paris
same time generating sustainable development impacts if idigreement; and strengthens informed country action on tech-
plemented in a just and equitable manner. nology transfer including the creation of enabling environments.

A diverse portfolio of mitigation and adaptation options, support-In the interim, the Technology Executive Committee (TEC) has
ed by enabling policies such as streamlined regulations, subsidiesjted Parties, international organizations, and international
and public-private partnerships can facilitate faster deploymerdonors to consider the ndings and key messages of the 2022
of these technologies. Understanding the aspects of technologryd 2023 CTPR reports. is year's report aims to build on this
development and transfer signi cantly in uences how well weinvitation by providing policymakers and COP29 negotiators
enhance and accelerate implementation of climate technologiesith guidance on how we can enhance technology develop-
ment and transfer of renewable energy technologies, in line
e 2024 edition of the Climate Technology Progress Report,with the newest commitments established at COP28.
entitled "Unleashing Renewable Energy for Ambitious NDCs,"

Dechen Tsering Fred Onduri Stephen Minas
Director a.i., Climate Change Chair of CTCN Vice Chair of CTCN
Division, and Director, Regional Advisory board Advisory Board

O ce of Asia Paci c, UNEP

ibyan Ibrahim Dietram Oppelt

TEC Chair TEC vice-Chair
I



For 2024, the Technology Executive Committee has invited Parties,
international organizations and international donors to consider the
ndings and key messages of the 2022 and 2023 CTPRs. e 2024
CTPR aims to build on these previous e orts by providing policymak-
ers, COP 29 negotiators and other stakeholders with comprehensive
e twenty-eighth session of the Conference of the Partiesinsights and recommendations about the status of renewable energy.
to the United Nations Framework Convention on Climate ese are based on a systems approach to expedite the development
Change (COP 28) marked a shi towards ending the fossand transfer of renewable energy technologies.
fuel era, with countries pledging to accelerate the transition
to renewable energy. e Global Stocktake highlighted the
need for urgent action, revealing that we are not on track t@vith the integration of energy storage solutions, electricity
meet the 1.5°C target. COP 28 set goals to triple renewalslestems powered predominantly by renewables are rapidly
energy capacity and double energy e ciency by 2030, andecoming not only viable, but also increasingly cost-corpet
Parties agreed to establish the Technology Implementatioitive compared to fossil fuel-based systems. While challenges
Programme (TIP) to bolster support for the implementationremain in fully transitioning all energy sectors to renewable
of technology priorities identi ed by developing countries. sources, signi cant progress can be achieved by prioritizing
At the twenty-ninth session of the Conference of the Partiegrid modernization and storage technologies. Furthermore,
to the United Nations Framework Convention on Climateaccelerated e orts are needed to increase the use of renew-
Change (COP 29) in Baku, the TIP will be further discusseables in transport and heating. is can be achieved through
with a view to enhancing technology implementation as pardlirect methods (such as solar thermal energy, geothermal
of the Azerbaijan COP 29 Presidency’s “means of implemerenergy and ambient heat) and, importantly, through electri-
tation” package, which includes ongoing discussions on im€ation powered by renewable electricity generation. While
proving collaboration and cooperation between the Technolbioenergy plays a key role, its sustainability must be carefully
ogy Mechanism and the Financial Mechanism. evaluated, with consideration of factors such as emissions and
land-use change. Prioritization of wind- and solar-powered
e 2024 Climate Technology Progress Report (CTPR) provides arelectri cation o en o ers a more sustainable pathway.
update on the progress made towards tripling renewable energy ca-
pacity by 2030 and on the enabling conditions to create this transitiorere is a strong correlation between increased adoption rates
through a technology transfer and systems approach lens, particuladnd reduction of technology costs. Speci cally, there are tech-
in view of countries’ preparations of updated nationally determinedhology-inherent characteristics, such as smaller and more modu-
contributions (NDCs) to be submitted in 2025. lar technology features and low design complexity (including so-
lar photovoltaic modules and light-emitting diodes [LEDs]) that
Further to this, it is expected that at COP 29, a pivotal decirave hugely bene ted from price reductions, primarily through
sion on the New Collective Quanti ed Goal (NCQG) will be “learning by doing’, and economies of scale in mass manufactur
made. is new goal aims to channel more funds into urgent ing. Conversely, technologies with high design complexity (e.g.
climate actions in developing countries. It will support thegeothermal power and biomass power plants) are o en “lumpy”
implementation of low-carbon, climate-resilient technologiesand large-scale, requiring a high degree of technical, project
across sectors. By increasing nancial resources, the NCQ@®anagement and nancing capabilities. us, the high uncer
is intended to empower developing countries to enhanctinty, high cost of implementation, long product development
their climate ambitions, particularly as they prepare for thecycles and high cost of coordination in large value chains act as
next round of NDCs in 2025. By establishing stronger linkshallenges to learning by doing and inter-project spillovers.
between technology and nance, as envisaged through the
Global Stocktake, the NCQG and the TIP, the internationah fully integrated energy system, incorporating grid mod-
community can ensure that both developed and developingrnization, advanced control mechanisms, and exible
countries are equipped with the information, tools, technolo-generation and demand resources can signi cantly reduce
gies and resources they need to meet their climate targets ahe need for long-duration (seasonal) electricity storage
maintain global momentum towards a sustainable, low-carHowever, strategic deployment of storage remains crucial for
bon and climate-resilient future. grid stability and reliability, particularly as the penetration of



variable renewable energy sources increases. While tradition-
al biomass remains a signi cant source of renewable energyplistic policy mixes that address the energy sector, the -
particularly in regions with limited energy access, it is essemancial sector and the broader economy are needed to reduce
tial to promote sustainable biomass practices and explore dhe cost of capital and incentivize investment in renewable en-
ternatives. Electri cation powered by wind and solar powerergy, including energy storage. Successful examples demon-
coupled with appropriate storage solutions, presents a pronstrate that policy support for renewables coupled with storage
ising pathway for providing clean, reliable and safe energy acan lead to lower levelized cost of electricity than fossil fuels,
cess in regions such as sub-Saharan Africa and parts of Asia.seen in countries such as Egypt, Uruguay, Costa Rica, India
If exible technologies and advanced control mechanisms arand China. e persistently high cost of capital in many de-
introduced and full sector coupling is achieved, the integratedeloping countries is a key investment barrier. Holistic policy
energy system will not require seasonal electricity storage. mixes that address the energy sector, the nancial sector and
the economy more broadly are needed to reduce these costs.
Electricity systems powered predominantly by renewables
will be increasingly viable over the coming decades, but itRenewable energy technologies, especially solar and wind
will be challenging to supply the entire energy system withtechnologies, have seen rapid cost reductions. China, mem-
renewable energyLarge shares of variable solar photovoltaber countries of the Organisation for Economic Co-operation
ics and wind power can be incorporated in electricity gridand Development, and some emerging markets lead in nan-
through batteries and other forms of storage; transmissiorgial commitments and renewable energy investments. Never
exible non-renewable generation; advanced controls; antheless, despite technological maturity and ample potential,
greater demand-side responses. Due to their declining costenewable energy investment is still very limited in many
renewable energy technologies (particularly solar and windeveloping countries and is not growing in other emerging
technologies coupled with storage) are increasingly the mostonomies. e current investor landscape is dominated by
economically viable solutions in many regions globally. large private investors, revealing opportunities for alternative
ownership structures that can support communities in gen-
Several renewable energy technologies show high potentiarating broad societal bene ts and fostering just transitions.
for energy system transitions, with signi cant synergies be-
tween mitigation, adaptation and sustainable development. e availability of nance not only drives capacity additions
Globally, solar and wind power are highly feasible, with fewut also leads to signi cant cost reductions in climate technol-
challenges to progress on implementation. However, at thegies. Mobilization of climate nance continues to be crucial in
regional level, data gaps may be limiting regional expansioanhancing progress on technology development and transfer,
Co-bene ts from renewable energy technologies with Sustairand in meeting conditional targets under the updated NDCs.
able Development Goals (SDGs) highlight that implementaWith growth rates between 23 per cent and 30 per cent in recent
tion of these technologies can be consistent with expansion yéars, the investment volume growth appears to have slowed
justice and equity, by understanding and prioritizing the locatecently, with only a 4 per cent increase in investments project-
contexts and the needs of the most vulnerable groups. Sevezdlfrom 2023 to 2024. us, it is essential to explore innova-
renewable energy technologies meet mitigation and adapttive forms of nance for technology development and transfer,
tion goals with strong co-bene ts with the SDGs, includingranging from public to private funding, including concessional
electricity generation, energy storage and demand mitigatiomance, blended nance and grant-based mechanisms.
for buildings and transport, as well as measures that support
the resilience and reliability of these systems. Enhancementldhderstanding market structure and the types of investors
institutional capacity, along with supportive policies, regulainvolved is key to creating progress on technology devel-
tions and standards, is needed to improve the overall feasibiligpment and transfer as the diversity of actors re ects the
of many of the lowest-scoring renewable energy technologiasaturity of markets and helps shape policy interventions. To
accurately assess the nancial needs of technology develop-
Inadequate access to clean, reliable and safe energy is a perent and transfer for tripling renewable energy capacity, it
sistent challengelt is therefore crucial to acknowledge that ais essential to estimate the required investment volumes by
signi cant portion of renewable energy, primarily traditional region and improve data on the cost of capital, which serves
biomass, continues to be utilized in regions such as sub-Safz an early indicator for climate technology deployment. En-
ran Africa and parts of Asia. hanced data collection will foster greater transparency, a criti-
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cal factor in e ective nancial planning and policymaking for groups, including marginalized communities, are crucial and
technology development and transfer. can be facilitated through subsidies and a global Al fund pro-
moting digital literacy. Accelerating renewable energy adop-
Applying a system transition lens o ers an opportunity to tion in line with global pledges to triple capacity requires ro-
create metrics that go beyond simply tracking nancial ows. bust institutional and governance frameworks that integrate
Financial metrics should capture the broader impacts of inboth energy and digital strategies.
vestments into technology development and transfer, such as
aligning renewable energy initiatives with the SDGs and evdNational policies should focus on building digital literacy
uating their social, economic and environmental bene ts.  and skills to generate evidence on energy and digitalization.
e policies should promote country ownership, and mobili-
zation of international funding for digital education and clean
energy development in low and middle-income countries.
Digital innovations, supported by responsible governance, National policies should mandate that new and expanding
can accelerate renewable energy di usion, enhance mitigadata centres be powered by renewable energy sources and
tion e orts and create cross-sectoral bene ts. However, stronguse sustainable materials in their construction and operation.
governance mechanisms and circular economy strategies at tiewill minimize the environmental impact of the growing
national level are needed to mitigate the increased demand faigital sector and ensure its alignment with climate goals.
information and communications technology hardware and
infrastructure, which could o set potential gains. Context-speci ¢ understanding of digitalization's role in
decarbonization pathways, especially at the regional lev-
Digital technologies including arti cial intelligence (Al) are el, remains inadequate and requires further study from
increasingly important for mapping renewable energy po- various perspectivesCountry-speci ¢ assessments are key
tential, improving e ciency and enabling interconnections to embedding responsible governance in digital innovation
with other sectors, such as water and agriculture. Howev policies, strengthening the connection between digital and
er, they cannot replace the physical infrastructure and gowenergy sectors. ese policies should drive cross-sectoral
ernance systems needed for energy transition. Upscaling gévernance and investments in climate technology solutions,
Al-based technologies, such as using machine learning féwstering an enabling environment for achieving the goals of
advanced solar mapping, requires fostering public-privat¢he Paris Agreement and the SDGs.
partnerships, considering risks and challenges of using Al,
promoting transparent and accessible data, and integrating
Al tools into national energy strategies.

Robust governance frameworks are necessary to ensure the
responsible use of Al in renewable energy projects, includ-
ing setting national standards for data privacy and equitable
access. Accessible Al-enabled platforms for all socioeconomic
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1.1 CONTEXT icies, structural changes are necessary to ensure the transition
During recent Conferences of the Parties to the United Nao an energy-e cient economy and a renewables-based power
tions Framework Convention on Climate Change (COPs)system that is just,y fair and bene cial for all. IRENA (2024)
countries rea rmed their strong commitment to working highlights that accelerated deployment of renewable energy,
towards the goal of limiting global warming to 1.5°C, in linecoupled with energy e ciency measures, provides the most
with the Paris Agreement. is was further underscored in realistic means to reduce global emissions by 43 per cent by
the Emissions Gap Report 2024 (UNEP 2024 ), which stat2830, in line with the ndings of the Intergovernmental Panel
that countries must signi cantly increase their ambition andon Climate Change (IPCC). e report also notes that achiev-
action in the next round of Nationally Determined Contri- ing the target of tripling renewable power capacity by 2030
butions, or the Paris Agreement’s 1.5°C goal will be unats technically feasible and economically viable, but requires
tainable within a few years. e twenty-eighth session of thecommitment, policy support and investment at scale, as well
Conference of the Parties to the United Nations Frameworks signi cant acceleration of the deployment of renewable en-
Convention on Climate Change (COP 28) signalled the besrgy, energy storage and renewable fuels, and improvements
ginning of the end of the fossil fuel era. Countries committedh energy e ciency. e International Energy Agency (IEA)
to accelerating the transition away from fossil fuels and em024) o ers a comprehensive overview of global government
bracing renewables such as wind and solar power. e Globaplans for renewable energy capacity, examining whether recent
Stocktake (GST), a process that allows countries and stalteends in renewable deployment align with government targets
holders to assess their collective progress towards the goaisl the objective of tripling renewable energy capacity by 2030.
of the Paris Agreement on climate change, emphasized this
direction, and COP 28 set global targets to triple renewablen updated assessment of sectoral emission reduction po-
energy capacity and double the rate of energy e ciency imtentials shows that the techno-economic emission reduction
provements by 2030. It also emphasized the acceleration mdtential based on existing technologies and at costs below
low- and zero-emission technologies. US$200 per ton of carbon dioxide equivalent (tCO2e) re-
mains su cient to bridge the emissions gap in 2030 and 2035
Further, the GST revealed that we are not on track to limUNEP-CCC and Common Futures 2024).
global warming to 1.5°C, and the opportunity for meaning-
ful change is rapidly closing. is highlights the urgent, bold Building on to these as well as other major e orts, this 2024
actions that governments and stakeholders must take in thedition of the Climate Technology Progress Report (CTPR)
critical decade to keep the 1.5°C goal within reach, therelfgcuses on renewable energy technologies and continues
securing lives and livelihoods. e GST also established do build on the systems approach set out in previous years’
new Technology Implementation Programme (TIP) to bol-CTPRs (United Nations Environment Programme [UNEP]
ster support for the implementation of technology prioritiesCopenhagen Climate Centre [CCC] and UNFCCC Techni-
identi ed by developing countries (United Nations Frame- cal Executive Committee [TEC] 2022; UNEP CCC, Climate
work Convention on Climate Change [UNFCCC] 2023). AtTechnology Centre and Network [CTCN] and UNFCCC TEC
the twenty-ninth session of the Conference of the Parties $023) for assessing progress on technology development and
the UNFCCC (COP 29) in Baku, the TIP will be further dis-transfer. System transitions, which are necessary to achieve
cussed with a view to enhancing technology implementatiothe required transformational change to keep the 1.5°C target
as part of the Azerbaijan COP 29 Presidency’s “means of iwithin reach, involve the process of shi ing from one state or
plementation” package, which includes ongoing discussionzondition to another within a speci ¢ time frame. Collective-
on improving collaboration and cooperation between thely, and if appropriately guided, system transitions can enable
Technology Mechanism and the Financial Mechanism. faster and deeper adaptation and mitigation actions, while
also advancing broader sustainable development.
Recent reports have also emphasized the urgent need to tri-
ple renewable energy capacity and double energy e ciencwhile the global community acknowledges the pressing need
by 2030 to meet global climate goals. e COP 28 Presidencyp accelerate the shi to renewable energy, this transition is
along with the International Renewable Energy Agency (IREessential not only for mitigating climate change, but also for
NA) and the Global Renewables Alliance, emphasized in theaddressing energy poverty, and for fostering economic growth
report (COP 28, IRENA and Global Renewables Alliance 2023@d resilience. e a ordability of energy transitions hinges on
that to achieve these ambitious targets, a comprehensive nidwered costs and enhanced capital availability. Many renew-
of policies is essential. Beyond deployment and enabling pable energy technologies, such as wind and solar photovoltaic



(PV) technologies, require signi cant upfront investments,As in previous years, the report continues to ask the follow-
which are balanced over time by reduced operating and fuilg questions, all within the context of enhancing technology
costs. As the energy system becomes more capital-intensideyelopment and transfer:
maintaining low nancing costs will be crucial to accelerating 1. What progress is being made?
energy transitions and ensuring they remain a ordable. 2. What has enabled it?
3. Where are the gaps?

In 2025, Parties to the Paris Agreement will submit their up- 4.Building on this understanding, how do we better
dated nationally determined contributions (NDCs). is will enhance climate technology development and transfer?
be a pivotal opportunity for countries to present ambitious
strategies that harness the transformative power of renewabkse questions, which provide the overarching guidance for
energy to meet both their climate and development objedhe report each year, are contextualized based on emerging
tives. A just energy transition necessitates changes and shissues in the global climate landscape. In 2022, the CTPR set
in technologies, job markets and economic opportunities. Desut a scoping study of the report framework, and an approach
veloping new skills, capacities and expertise domestically fiar tracking and exploring trends in technological progress,
crucial to support these transformational processes. Ensuringhich it applied using data and cases from the Africa region.
that sustainable energy is accessible, a ordable and reliable fer2023 CTPR continued to explore progress, and analysed
the broader public is also essential. technology transfer and development issues related to urban

transitions in the context of Asia. e focus in this year’s
e time frame for the updated NDCs will last until 2035. e CTPR is on renewable energy technologies. Approximate-
lead-up to this critical decade’s midpoint will thus be an oply one seventh of the world’s primary energy now comes from
portunity to enhance ambitions and accelerate implementationenewable technologies, including hydropower, solar power,
to achieve the goals of the Paris Agreement. e new roundwind power, geothermal energy, wave power, tidal power and
of NDCs can o er clear and guiding frameworks to mobilizemodern biofuels. is share represents the combination of re-
both government and non-state actors, encouraging them toewables in the overall energy mix, which includes electric-
take rapid action to decarbonize their economies, reduce greeity, transport and heating (Ritchie, Roser and Rosado 2020).
house gas emissions (GHGSs), and enhance resilience to clim@taditional biomass, which is an important energy source in
impacts. Moreover, the technical phase of the rst GST and tHewer-income settings, is not included here.
Synthesis Report of the Sixth Assessment Report (AR6) high-
lighted that emissions reduction must be further enhanced fdn addition, climate technology needs of developing eoun
2035 and beyond, to align with pathways to limiting warmingries can be tracked through Technology Needs Assessments
to 1.5 °C. In the next NDCs, conditional elements will be kegTNAs). Introduced at COP-7 under the Convention, TNAs
in setting ambitious targets, as they can include enhanced emése de ned as “a set of country-driven activities that identi-
sion reduction commitments. ese targets should be more fy and determine the mitigation and adaptation technology
ambitious and aligned with the 1.5°C goal. e NDCs will need priorities of Parties,” with a particular focus on developing
to have clear and measurable conditions for achieving condiountries. During the TNA process, countries prioritize tech-
tional targets. ese conditions might include mobilization of nologies based on various criteria, including economic, social,
international climate nance, technology transfer and capaciand environmental impacts, rather than solely on their po-
ty-building support, with the global community anticipated to tential for climate change mitigation or adaptation. By now,
extend both technological and nancial support to help manyrenewable energy emerged as the most prioritized sector, with
lower-middle income and low-income countries meet their95 percent of 79 countries focusing on it (UNEP-CCC 2022 ).
conditional targets.

Further, 170 of the 188 Parties that submitted NDCs by early
1.2 FOCUS December 2020 included references to renewables (IRENA
Understanding aspects of technology development and transf2p19). Of these NDCs, 71 per cent speci ed quanti ed renew-
signi cantly in uences how we enhance and accelerate impleable energy targets that were focused on electricity generation.
mentation of climate technologies. is report therefore aims If all renewable energy targets identi ed in the 2020 NDCs
to provide systematic and annual assessments of the curremére implemented, an additional 1,041 gigawatts (GW) of
state of technology adoption in selected areas, as well as theewables would be added by 2030. is would lead to an
feasibility and requisite enabling conditions for technology deincrease of nearly 42 per cent in global installed capacity for
velopment and transfer at the sectoral and regional levels. renewable power generation, reaching an estimated 3,564 GW
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by 2030. e target set at COP 28, to triple installed renewable
power capacity to at least 11 terawatts by 2030, will require all
Parties to signi cantly raise their ambitions and intensify their
actions to achieve this goal.

In 2024, the report takes a global approach with a regional
breakdown of the results, to allow an assessment of the overall
progress on technology development and transfer. With this
approach, it is possible to gain insights for tailoring interven-
tions based on speci ¢ needs such as infrastructure and reg-
ulatory environments, governance and nancial structures.
While the regional analyses can provide greater contextual
depth, information on both the global and regional levels is
essential. Global perspectives can inform regional actions,
while they also considers interconnectedness, patterns and
trends on a global scale.

e focus aligns with the work of the two constituted bodies

of UNFCCC under the Technology Mechanism, namely TEC
and CTCN, and their joint work programme. TEC strives to
promote science-based and systemic approaches, bolster
ing transformative technology solutions, and focusing on
high-impact, high-potential sectors and actions. CTCN seeks
to enhance the transformational impact and scale across var
ious areas, using national systems of innovation and digitali-
zation as key enablers.

For 2024, TEC has invited Parties, international organizations
and international donors to consider the ndings and key
messages of the 2022 and 2023 CTPRs. is 2024 report seeks
to build on previous e orts by providing policymakers and
COP 29 negotiators with recommendations grounded in a
systems approach to accelerate the development and transfer
of renewable energy technologies.

1.3 STRUCTURE

Part A focuses on the adoption of renewable energy technol-

ogies. It details the pace of renewable energy adoption at the
global and regional levels, identi es various challenges, and

highlights the segments of the energy system that can facili-
tate the expansion of renewable energy.

Part Binvestigates feasibility, and the enabling conditions that

in uence the feasibility and progress of technology develop-
ment and transfer. Chapter 3 continues to use the global feasi-
bility assessment as set out in the 2022 and 2023 CTPRs, which
builds on the work done for the IPCC AR6. Chapters 4 and 5
are thus focused on nance and investments, and innovation
and governance of renewable energy technologies, respectively.
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KEY MESSAGES

Different regions are scaling their renewable energy capacity at different rates, in uenced
by each country’s existing capacity and the urgency with which they aim to achieve
tripling renewable energy capacity by 2030.

There is a strong correlation between increased adoption rates and a reduction in
technology costs. This refers speci cally to technologies that are smaller and with more
modular features, and low design complexity.

Advancing and deploying new technologies can boost renewable energy capacity.
This encompasses innovations in solar, wind, and energy storage technologies.

With the integration of energy storage solutions, electricity systems powered predominantly
by renewables are rapidly becoming not only viable, but also increasingly cost-competitive
when compared with fossil-fuel-based systems. Signi cant progress can be achieved by
prioritizing grid modernization and storage technologies.

A fully integrated energy system, incorporating grid modernization, advanced control
mechanisms, and exible generation and demand resources, can signi cantly reduce

the need for long-term (seasonal) electricity storage. Strategic deployment of storage
remains crucial for grid stability and reliability.



more technologies are produced and used, the cheaper they
is chapter focuses on the adoption of renewable energy techbecome. Behind this experience e ect is learning by doing
nologies, details the pace of renewable energy adoption at ttgeg. on the manufacturing oor), by using (e.g. by operators)
global and the regional level, identi es various challenges arahd through interaction (e.g. between users and producers
highlights the segments of the energy system that can facilitatetechnology), as well as economies of scale (Malhotra and
the expansion of renewable energy. Schmidt 2020). An experience rate (o en also referred to as
the “learning rate”) describes the reduction in a speci ¢ cost
It is important to note that the selection of technologies in thige.g. USD/kilowatt [kW] installed) per doubling of the cumu-
chapter is based on their potential to achieve the tripling of thiative deployment of a technology.
renewable energy goal, their responsiveness to future climate
impacts and consideration of just transition principles, in ad-Recent analyses argue that there are vast di erences in learning
dition to compatibility with both adaptation and mitigation curves between di erent energy technologies. ese di erenc
strategies. As such, this chapter emphasizes the importaneg stem from technology-inherent characteristics, or in other
of tripling renewable energy and its interconnections withwords, characteristics of a technology that cannot be designed
development. is chapter is organized into several sectionsaway easily. While Wilson et £€020) argue that more granu-
It begins with a discussion on the current installed capacity ¢&r (meaning smaller and more modular) technologies feature
renewables and outlines the context for tripling renewable ertigher experience rates, Malhotra and Schmidt (2020) have
ergy. is is followed by an analysis of regional contributions developed a matrix of three technology types (Figure 2.1),
towards achieving this goal, highlighting that some countries/hich are de ned by their design complexity and their need
will require higher growth rates than others. e next section for customization. Type 1 technologies are fast-learning tech-
examines the speci c components of the energy system thablogies (high experience rates of around 20 per cent, but
will play a role in expanding renewable energy. e chaptersometimes even more), which feature low design complexity
concludes with a discussion on the importance of supportivfew components, which interact in simple ways) and can be
grid infrastructure and systems operation. used in many markets or use environments without custom-
ization. Solar PV modules and LED light bulbs fall into this
category. On the other end of the spectrum are Type 3 technol-
Technology adoption rates of renewable energy technologiegies, which feature low experience rates (around 5 per cent)
vary widely. While solar PV, and wind power to a lesser exterand high design complexity (many components that interact in
have seen annual capacity additions which have increasadn-linear ways), which may need to be customized extensive-
their use signi cantly, this is not true for other renewable enly to the use environment. Examples of such technologies are
ergy technologies, such as biopower, geothermal energy @eothermal or biomass power plants. Type 2 technologies fea-
concentrated solar power. ere is a strong correlation be-ture medium levels of complexity and may need to be custom-
tween increased adoption and technology cost reductions (seed, thus have medium learning rates (around 12 per cent).
chapter 4 on improving nance for renewable energy technolCompetition modelling has shown (and been proven correct
ogies). Malhotra and Schmidt (2020) indicated that low-carby the empirical realities) that di erences in experience rates
bon energy technologies with relatively low design complexithetween near-perfect substitutes (such as di erent renewable
such as solar PV modules and LEDs, have bene ted massivelyergy technologies) are a key determinant of which technolo-
from price reductions, primarily through learning by doing gies are more widely adopted and thus outcompete (and even-
and economies of scale in mass manufacturing. To elaborateally lock out) slower learning technologies (Beuse, Ste en
the concept of the experience (or learning) curve is highlgnd Schmidt 2020; Noll, Ste en and Schmidt 2023).
relevant, which describes the empirical observation that the



Figure 2.1 Typology of different energy technologies based on their design complexity and need for customization
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Source: Malhotra and Schmidt (2020).

2.2 CURRENT INSTALLED CAPACITY However, alongside these increases in renewable energy, de-
e pathways assessed by IPCC indicate that the goal of trimand for fossil fuels has remained relatively unchanged over
pling renewable capacity involves increasing it 3.2 to 3.4 timéise past decades. Meanwhile, global energy demand is-expect
compared with 2022 levels to reach 11.5 TW by 2030 (Graatl to increase, creating another uphill battle for higher rates
et al 2024; IEA 2024; IRENA 2024). e amount of renew- of renewable energy capacity in absolute terms (IEA 2023e).
able energy capacity added to energy systems around tlus, in many countries, renewables continue to be at a dis-
world grew by 50 per cent in 2023, reaching almost 510 G\&dvantage when compared with fossil fuels. ese hurdles
(IEA 2023e). At present, the total installed capacity of renewnclude regulatory restrictions, additional charges for the
ables on a global scale is around 3,800 GW, led by solar B&nsmission of green electricity, unfair pricing mechanisms
and wind power (IEA, 2024, IRENA, 2024). Total solar anénd signi cant subsidies going towards fossil fuels. In 2022,
wind capacities in 2022 were 1,185 GW and 906 GW, respebe International Institute for Sustainable Development found
tively (Figure 2.2 and Figure 2.3) (REN21 2023). that G20 countries paid out $1.4 trillion in subsidies to coal,
oil and gas (Laan and Geddes 2023). us, a critical approach
Accordingly, global solar PV and wind energy capacities gremeeds to be taken to re ect on the present ambitions of both
170 per cent and 70 per cent, respectively, between 2015 aul/anced economies and emerging and developing econo-
2019 (Clarke et al. 2022). Linking this to the typology frommies, given that there is a diversion from the commitment
Malhotra and Schmidt (2020), solar PV has been a major drivnade at the twenty-eighth session of the Conference of the
er behind the increase, accounting for three quarters of all tHearties to the UNFCCC (COP 28) to triple global renewable
renewable power capacity additions in 2023 (REN21 2024)power capacity by 2030. To meet such ambitions, renewable
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capacity would need to increase threefold, requiring the armccording to current IEA forecasts, renewable capacity is ex-
nual pace of capacity additions to rise from 336 GW in 202@ected to increase approximately 2.5 times by 2030, reaching
to over 1,250 GW by 2030 — an annual average increaseapproximately 9 TW (IEA 2024). Bridging this gap demands
18 per cent (IEA 2023e). is means that the current pace ofthat renewable energy expands 70 per cent faster between 2022
globally installed renewably energy capacity would certairand 2030 than it did over the past 8 years (Grant 202#4).

ly fall below the goal of tripling renewable energy by 2030.

Figure 2.2 Solar PV global capacity and annual additions from 2012 to 2022
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Figure 2.3 Wind capacity and annual additions from 2012-2022
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Alongside such increases in solar PV and wind energy is tR/ generation. e study nds that lower shares of PV in en-
important recognition of o -grid solar PV installations. It is ergy supply and reliance on wind energy tend to reduce the
widely recognized that o -grid solar PV systems provide rapicdattery storage capacity required.
and scalable access to clean energy in developing countries,
especially in remote areas (Radley and Lehmann-Grube 2022; this respect, the outlook for renewable energy varies
Elizondo and Poudineh 2023} technology is particularly  signi cantly at the national level due to di erences in energy
critical for the Global South, including many African countriesresource availability, projected energy demand and current
which lack grid infrastructure and up-front investment for renewable energy penetration. (see more in Chapter 3, the
the system. (See more on nancing and investment of R&onditions needed to facilitate the feasible deployment of large
technologies in Chapter 4). e importance of channelling scale energy storage, which includes institutional, and legal
nance to these regions to provide o -grid solar energy isframeworks and market mechanisms). In turn, these prospects
imperative in addressing the seventh Sustainable Developméduntther a ect the structure of other elements of the energy
Goal (SDG) of aordable and clean energy. ese systemssystem, including energy storage. Another important aspect
enable faster deployment by avoiding the need for extensiwich in uences energy storage requirements is the legacy
infrastructure. ey also support economic empowerment by power system structure and the level of grid development.
facilitating the productive use of energy for small businesses, introduction of renewable energy capacity in Europe has
and are more cost-e ective in the long term compared wittproven that in a well-developed, centralized energy system
traditional generators that use fossil fuels. (see Chapter Bith strong grids, a substantial capacity of Variable Renewable
the conditions that not only enable the speed of adoption fdEnergy (VRE) can be introduced without the immediate
o grid technologies but also the fair distribution of bene ts expansion of electricity storage being required. However, in
and costs). With the rapid adoption of distributed energyregions with developing power systems, the introduction of
technologies, and renewable sources such as solar PV and wildgtricity storage is crucial, not only for the integration of
energy systems have evolved in a way that requires storageréarewables into mini-grids, but also for reliability.
balancing supply and demand e ectively.

Reducing the use of traditional biomass
Energy storage Focusing on a renewable electricity supply in developing coun-
e growing share of Variable Renewable Energy generatiortries is crucial. ere are signi cant disparities in fuel sources
requires the adoption of technologies to balance any uctuabetween countries, and many developing countries still derive
tions in renewable energy supply. e adoption of distributed a substantial proportion of their energy from traditional bio-
battery energy storage systems is projected to accelerate sigergy sources, such as fuelwood and charcoal (IPCC ARSG).
ni cantly in developed economies over the next decade, witlese energy sources are particularly important in sub-Saharan
a compound annual growth rate of 25.7 per cent. In contrastountries and some Asian countries, such as India, and are used
developing countries are expected to ramp up adoption postiotably for cooking purposes in the residential sector. Africa
2030 as technology costs decrease, especially in regions vdgtktill characterized by a high share of traditional bioenergy
unreliable or costly grid services. Recent analyses indicate tiaboth supply and demand. It is thus important to highlight
the cost competitiveness of solar-plus-storage is improving raphe persistent lack of access to clean, reliable and safe energy
idly compared with diesel generators and grid-supplied eleén sub-Saharan Africa and certain Asian countries. In this re-
tricity in certain parts of the developing world (Elizondo andspect, ensuring access to modern, renewable energy sources
Poudineh 2023). Looking deeper into the details, in terms @ crucial, not only for mitigating climate change, but also for
the types of storage that are likely to be adopted in di ereraiddressing critical issues relating to health, equality and hu-
regions, Bogdanast al. (2021b) had indicated that in the mostman rights. A signi cant aspect of this e ort is the transition
developed regions, such as Europe and North America, distrieway from traditional biomass for cooking, which promises to
uted prosumer batteries, particularly those coupled with higimprove community health in regions without access to mod-
PV capacities, may emerge as one of the most important enegy energy and in areas that are less economically developed
storage technologies. Conversely, in the subbelt countries of thRENA 2024). e goal of tripling renewable energy adoption
Middle East and North Africa (MENA) and the South Asianthus involves not just overcoming technological challenges, but
Association for Regional Cooperation, utility-scale batteriealso addressing issues of access and ensuring that the bene ts
would contribute to balancing the daily cycles of utility-scal®f these technologies are distributed equitably, as highlighted in

SDG 7 (Clarke et al. 2022; Sagar et al. 2023).
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In the Asia-Paci c regionthe 2030 ambitions, led by India
and Japan, represent 15 per cent of the global total. For India,
It is essential to emphasize that attaining the goal of triplinthe objective is to achieve 500 GW of non-fossil-fuel capacity
renewable energy capacity hinges on several factors, includif@mprising renewable and nuclear sources) by 2030, with
the existing installed capacity of various countries, and theenewables accounting for about 485 GW, which equates to
scale and pace at which these countries strive to realize tRi$ times the 2022 level. Japan, on the other hand, is aiming
ambition by 2030. for a 36—38 per cent share of renewable electricity generation,
equating to an estimated 187-201 GW of capacity. While Asia
In terms of the distribution of tripling global installed capacity,is the world leader in renewable energy growth rates, it also
China would hold the largest share, accounting for 40 per cehias the largest number of planned fossil-fuel power plants.
(Figure 2.4). is is contingent upon the country achieving Nearly half of the global gas- red power plant projects are
2.5 times its installed capacity base from 2022. Europedwappening in Asia, along with almost 90 per cent of the global
ambitions target an almost doubling of the region’s renewableoal- red power plant projects (Grant et al. 2024).
capacity, aiming to contribute 20 per cent (1,590 GW) to
the global total. Within Europe, Germany alone represent® United States and Canada are collectively targeting nearly
34 per cent of this target, with almost a quarter of the regionk000 GW of renewable energy capacity by 2030, doubling their
ambition. Following closely behind are Spain, Italy, Franceurrent installed base and constituting 13 per cent of the global
and the United Kingdom, collectively accounting for anothertotal. IEA (2024). In Latin America, the planned increase in in-
third of Europe’s ambitious target. stalled renewable energy capacity by 2030 amounts to 1.4 times
the 2022 installed base if all countries achieve their aspirations.
Notably, Brazil alone accounts for approximately half of the re-
Figure 2.4 The share of tripling renewable energy by region according  gion's total ambition. e remaining regions collectively contrib-
to collective national energy plans ute less than 10 per cent to the total global ambition for 2030,
despite possessing signi cant untapped renewable energy po-
Share of RE in regions tential. Notably, the MENA region exhibits the highest growth
factor, given its relatively modest base at present and ambitious
2030 targets. With a goal of installing 200 GW of renewable en-
ergy capacity by 2030 — 4.5 times its current installed base — the
region is led by Saudi Arabia, Egypt and Algeria (IEA (2024).
Favourable solar resources in the region have resulted in some
of the lowest bid prices globally in recent years, prompting sev-
eral countries to establish renewable capacity goals for the rst
time. Meanwhile, by 2030, sub-Saharan Africa and Eurasia are
aspiring to reach 166 GW and 122 GW, respectively, necessitating
installed base increases of approximately 3.2 times for the former
and 1.3 times for the latter. For comparison purposes, indhe N
robi Declaration on Climate Change, African countries have set
a goal of reaching 300 GW of clean power by 2030, up from just
56 GW. e aim is both to address energy poverty and bolster the

global supply of cost-e ective clean energy for industry (African
Union 2023). However, this is conditional on greater support and

Bchina B %»WME 4E @\VEurGpe assistance from more developed countries.

United States and Canada MENA and SSA . o . o
In sub-Saharan Africa, Nigeria, South Africa and Ethiopia account

Source: Adopted from IEA (2024). collectively for nearly 60 per cent of the region's ambitions, while
in Eurasia, the Russian Federation claims the majority (just over
50 per cent) of the capacity goal, primarily thanks to its existing
hydropower eet. However, only two countries in Eurasia —
Uzbekistan and Azerbaijan — have explicitly announced total

renewable energy capacity ambitions for 2030. IEA (2024)



for heating and transportation purposes, accounted for
In 2020, the global energy supply was predominantl23 per cent of the global energy supply (REN21 2024). is
comprised of direct heat, making up 48.7 per cent of thé&rend underscores the increasing dependence on electricity
total, followed by fuel (including liquid and gaseous fuels foacross all sectors to ful | energy requirements (Figure 2.5).
transport) at 29 per cent. Electricity, which includes usage

Figure 2.5 Total nal energy consumption and their share of modern renewable energy by energy carrier

Fuel 29% Electricity 23%

Source: Adopted from REN21 (2024). 9,9% 3,9% 30% !
Renewable Biofuel Renewable
heat electricity

To keep rising global temperatures below 1.5°C throughout this
In 2020, traditional biomass still accounted for more tharcentury, one suggestion is that renewables should represent 33—
a third of total renewable energy use (Figure 2.6). Betwe@&8 per cent of total energy consumption by 2030 (IEA 2024). In
2015 and 2020, the cost of electricity from solar PV and winother words, this means tripling the current share. In the power
sources decreased by 56 per cent and 45 per cent, respectivsgygtor speci cally, renewables would need to account for 60—
while battery prices fell by 64 per cent (Clagkel. 2022). 65 per cent of electricity generation by 2030 (HEAI. 2024).
At present, the relative cost of electricity generation from P\Reducing GHGs through electri cation also provides known
and wind power is cheaper than fossil-fuel-based electricity ico-bene ts. In particular, shi s to public transport can enhance
many areas.e IPCC Sixth Assessment Report (IPCC AR6), health and employment, while also eliciting energy security and
has noted that the weighted average cost of solar PVs in 2Qddivering equity (Clarke et al. 2022).
was $68/megawatt-hour (MWh), falling near the bottom
of the range of fossiliel prices (Clarke et al. 2022). e Although the share of solar and wind energy has grown over the
reasons for these dramatic reductions in costs, are the reslast 10 years, it remains low compared with other sources, such as
of several factors, including reduced silicon costs, increaséassil fuels, in terms of global electricity generation (Figure 2.6).
automation, lower pro t margins, enhanced e ciency and a Globally, hydropower continues to be the predominant source
range of incremental improvements (Clarke et al. 2022).  of renewable energy, with wind and solar PV following behind

(Figure 2.6). Here, it is important to note that countries which
Cost reductions in wind power are driven mainly byare overly reliant on hydropower for generating energy are
largercapacity turbines, larger rotor diameters and taller hubvulnerable to the impacts of climate change. Speci cally, in
heights. ese developments have not only resulted in reduced.atin America, hydropower accounts for 45 per cent of total
costs, but have also enhanced e ciency and wind capacitglectricity generation (IEA 2021). e impacts of climate change
factors over the last decade. For instance, taller towers provithelude rising temperatures, uctuating rainfall patterns and
access to higher wind speeds, thus increasing the amounttbé increasing occurrence of extreme weather events, such as
energy captured (Beiter aft 2021). oods and droughts. ese all have major knock-on e ects

on stream ow and water availability, which in turn aect

hydropower generation. us, there is a need to re ect on the

sustainability of hydropower as the primary renewable source,

as well as to diversify renewable energy options in the region.
1 Purely from the cost of generation, renewable energy is relatively cheaper than . . i
electricity produced using fossil fuels. However, when including a ordability as a con (see also the socio-cultural and environment trade o s associated

sumption issue, the intermittency of renewable energy may require storage to ensure a . . .
reliable supply. As such, the cost of supply may not be as cheap in comparison. with hydroe|eCt”C power in Chapter 3)
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Figure 2.6 Share of renewable energy electricity generation by energy

) commercial buildings use another 44 per cent of this energy
source in 2022

to heat spaces and water, as well as for cooking, to a lesser
degree. e remaining energy is utilized in agriculture, mainly

for heating greenhouses (IEA 2023d). Fossil fuels (coal, gas
and oil) currently dominate the heating sector, with renewable
energy sources ful lling less than a quarter of the global heat
demand in 2021, of which traditional biomass constituted
half of this portion. e IEA has noted that heat pumps and
district heating networks represent important low-carbon,
high-e ciency heating technologies in reducing greenhouse
gas emissions (IEA 2023a; IEA 2023b). Furthermore,
Bogdanovet al. (2021) have noted that as an increasing
amount of renewable energy is deployed, heat pumps and

electric heating systems are likely to replace oil and gas boilers

I Fossil Fuels Il Hydropower Solar and wind . . . - . . -
in both residential buildings and industrial facilities.
Bioenergy and geothermal Nuclear

Source: REN21 (2023).
ur ( ) Figure 2.7 Share of renewable heat production by energy source in

2020

In terms of net-zero energy systems, an increasing dependency
on the greater utilization of electricity for various applications
is necessary (Clarke et al. 2022cdkding to the IEA (2023e),

the electri cation of energy systems can provide a signi cant
decline in energy intensity, thanks to the e ciency of converting
electricity into energy services, which surpasses incumbent
fossil-fuel technologies. Notably, electric vehicles (EV) are two
to four times more e cient than current internal combustion
engine vehicles. In addition, heat pumps are three to ve times
more e cient than fossil-fuel boilers, while induction stoves
exhibit approximately twice the e ciency of their gas-powered
counterparts (Gielen et al. 201BA 2023e).

W Fossil Fuels and Nuclear [l Traditional biomass

I . . - Modern bi RE electrici
Electri cation and the enhanced integration of the electricity ocern bloenergy electriclty

system with other sectors will fundamentally reshape the
operational and planning framework of future energySource: REN21 (2024).

Solar heat and geothermal

infrastructure (Clarke et al. 2022} ik anticipated that
electricity will meet at least 30 per cent of the world's naRenewable sources contributed a modest 24 per cent to the energy
energy requirements (IRENA 2024). Such an increase utilized for heat, with traditional biomass representing more than
demand for electricity will require generation capacities tdalf of this share, predominantly in sub-Saharan Africa and Asia
be upscaled very quickly. To ful | climate targets and avoidFigure 2.7)When excluding traditional biomass uses and the
stranded fossil-based generation assets, these new capactimbient heat captured by heat pumps (for which data is limited),
must be renewable. Electri cation of the heat and transportirect renewable heat consumption rose by 0.9 per cent year-on-
sectors creates possibilities, but also a need for renewakéar to just over 18 EJ in 2019. is accounted for 10.4 per cent
energy capacities to grow quickly in the coming decade. of the total energy consumed for heat, a mere increase of
2 percentage points in 10 years (i&Aal. 2024).

Globally, heat represents the most substantial energy end ukepking ahead to 2050, heat pumps and electrical heating should
constituting half of global nal energy consumption at 175 E.play a signi cant role in the heat sector (Bogdaetal. 2021b),
(IEA et al. 2023). Industrial processes account for 53 per centith a share of over 40 per cent of heat generation. Heating using
of the total nal energy consumed for heat. Residential andynthetic e-fuels and sustainable biofuels contributes to ful lling



heat demand for industrial processes. Although the heat sectdespite the notable increase in the use of renewable energy
represents the largest energy end use globally, it has receiiedhe transport sector, the sector demonstrated the lowest
minimal policy support regarding energy e ciency, conservationpenetration of renewable energy among end uses in 2020,
and material e ciency. Heat for industrial processes requiringcomprising only 4 per cent of nal energy consumption in
temperatures greater than 150°6uch as those needed in the transport sector globally (Figure 2.8) (REN21 2024). A
cement and steel, for example, are mostly dependent on fossigini cant increase in e ort is thus required to enhance the
fuels (Ghoneim, Mete and Hobley 2022; IEA 2023c). Industrialtilization of renewables in transport and heating, employing
processes of this nature are challenging to decarbonize and brgh direct methods (such as bioenergy, solar thermal and
not typically powered by renewable energy. Instead, they o egeothermal energy, along with ambient heat) and indirect
rely on emerging technologies, such as green hydrogen. Grea@proaches (such as electri cation), while simultaneously
focus is thus needed on the role of renewable heat technologé/ancing energy-conservation measures.
and reducing the ine cient and unsustainable use of biomass.

In net-zero energy systems, it is anticipated that a signi cant

proportion of transportation, particularly road transportation,
Liquid biofuels, primarily crop-based ethanol and biodieselvill become electri ed. is includes two- and three-wheelers,
mixed with fossil-based transport fuels, accounted for 90 per ceat well as light-duty vehicles and buses, which are especially
of the renewable energy used in transportation @E&. 2024).  suited to electri cation. More than half of passenger light-duty
e rest primarily came from renewable electricity powering ve- vehicles across the world are expected to be electri ed in these
hicles and trains, which saw a year-on-year increase of 0.02dydtems (Clarket al. 2022). In this respect, road transport
in 2020, marking the second-largest growth since 1990. isholds the highest potential for electri cation. According to
rise was partly driven by the growing number of EVs, which inlRENAs 1.5°C scenario, key drivers of this growth include the
creased from 7.1 million in 2019 to 11.3 million in 2020. Recetuccessful launch of new EV models, nancial incentives and
advances in battery storage make EVs the most attractive altenprovements in charging infrastructure. At the same time,
native for light-duty transport (Clarke et al. 2028)electric- transport electri cation and the development of the charging
ity for these vehicles is increasingly sourced from renewablésfrastructure may provide multiple bene ts to both the vehicle
with the share of renewable electricity in transport rising fromowners and the system, enabling exible, smart charging of
20 per centin 2010 to 28 per cent in 2020. is growth in renew-vehicles and providing the system with access to part of the
able electricity usage, coupled with a general decline in fossil-fiuehicles’ eet battery capacity (Bogdanov and Breyer 2024).
demand for transport, led to the second-largest annual increase
in the renewable fuel share for transport since 1990, reachifghile transitioning to electrical power is crucial to reducing
4 per cent in 2020, up from 3.6 per cent in 2019. carbon emissions for various applications, certain sectors,

such as long-distance transport (e.g. freight, aviation and
Figure 2.8 Renewable share of total nal energy consumption in shipping), pose challenges for electri cation. For these sectors,
transport in 2021 alternative fuels or energy carriers, such as biofuels, hydrogen,
ammonia or synthetic methane may be necessary (Clarke et
al.2022; Bogdanov et al. 2024). According to most projections,
hydrogen demand is expected to increase gradually, becoming
particularly valuable as the energy system shi s towards
predominantly low-carbon sources. However, there are vast
di erences in the potential for hydrogen to reduce carbon
emissions depending on its production method. Grey
hydrogen made from natural gas or methane has limited
mitigation potential compared with green hydrogen produced
using renewable electricity. However, current availability for
the latter is limited.

96,1%

Il Non renewable energy Il Renewable energy

Source: REN21 (2024).

2 Please see this website for further details: https://www.irena.org/Innovation-land

scape-for-smart-electri cation/Power-to-heat-and-cooling/Status#:~:text=Heat

ing%20and%20cooling%20accounts%20for,energy%?2Drelated%20carbon%20

dioxide%20emissions. 15
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e deployment of integration options hinges on various fac-
tors, such as their relative costs and bene ts, regulatory frame-
A signi cant barrier to the rapid expansion of renewable enworks and the design of electricity markets. Signi cant uncer
ergy is the insu cient investment in grid infrastructure. As of tainties exist concerning future technology costs, performance,
2023, approximately 3,000 GW of renewable energy projecsailability, scalability and public acceptance. Interestingly, the
were stalled in grid queues, highlighting an increasing boteconomic value of renewable electricity can decline as its de-
tleneck in the system (REN21 2024). is issue a ects bothployment grows. is is due to the increased integration of
advanced economies and emerging and developing countriesnewable energy leading to technological, regulatory, market
alike. e development lead times for grid infrastructure im- and operational challenges that create uncertainties about its
provements are substantially longer than those for wind andompetitiveness (Clarke et @022). e literature on 100 per
solar PV projects, thereby impeding the pace of renewabtznt renewable energy systems is an emerging subset of deep
energy deployment (IEA 2023e). Grid bottlenecks are exdecarbonization literature (Breyer 2022; Clarke eR@R2;
pected to create substantial challenges and result in highBENA 2024). ere is broad agreement that more research
curtailment rates in numerous countries, as grid expansiors needed on the role of renewable energy in sectors beyond
struggles to keep up with the rapid installation of VRE sourcedectricity, as well as on alternative fuels for hard-to-electrify
(IEA 2023e). It is therefore essential to prioritize grid expansectors (Clarke et.&022). erefore, the approach to tripling
sion in emerging and developing markets to unlock their rerenewable energy should be pursued in a balanced manner.
newable energy potential and support green industrialization
and development goals. Regional interconnections enable the potential dominance of renewable powered electricity
e cient transmission of renewable energy sources, enhancingystems in the coming decades signi es a progressive shi .
grid stability and supporting the integration of larger sharesdowever, achieving full renewable energy integration across
of renewables across regions and continents. the entire energy landscape poses formidable challenges. For
example, the assimilation of substantial shares of variable so-
lar PV and wind power within electricity grids necessitates a
multifaceted approach. is entails leveraging battery tech-
nology and other forms of storage, augmenting transmission
infrastructure, integrating exible and non-renewable gen-
Accelerating the deployment of renewable energy in electricitgration, deploying advanced controls and fostering greater
heat and transport is essential for achieving universal accessitmand-side responses (Clarke et2a@i22; IEA 2023e). An
a ordable, reliable, sustainable and modern energy. imperative for low-carbon energy system transitions is the en-
hanced integration across energy system sectors and scales.
High penetration of wind and solar power further introduc- Facilitating a synergy between the electricity sector and end-
es technical and economic challenges due to their spatial ande sectors holds promise for the seamless incorporation of
temporal variability, short- and long-term uncertainty, and VRE options. is integration extends across various spatial
non-synchronous generation. ese challenges become in scales, encompassing district, regional, national and interna-
creasingly critical as the share of renewables approaches 1i@dal domains, thereby fostering synergies and cost e cien-
per cent (Clarke et.a2022). Despite the presence of ongoingties in the pursuit of sustainable energy transitions.
operational, technological, economic, regulatory and social
obstacles, various systemic solutions have been devisedEergy-storage technologies, such as batteries, pumped hydro
incorporate substantial amounts of renewable energy. One sforage and hydrogen storage, o er a diverse range of system ser
these solutions involves enabling exible electric loads and théces. While lithium-ion batteries have gained attention due to
strategic use of EVs and smart appliances, for instance, to sifalling costs and increasing installations, achieving very high re-
electricity demand and restore balance to the grid. For an e ectewable shares typically requires either dispatchable generation
tive integration of large shares of renewables, a diverse arrayoofong-duration storage, alongside short-duration options. En-
strategies will be needed. ese include system integration, se@rgy storage technologies are part of a broader range of options
tor coupling, energy storage, smart grids, demand-side manader providing grid services, including synchronous condensers,
ment, sustainable biofuels, and electrolytic hydrogen and its ddemand-side measures and inverter-based technologies.
rivatives, among others (Gielen et2019; Clarke et.aR022).



To balance di erences in resource availability, high renew=
able systems are likely to require investments in transmissioa aim of this chapter was to outline the context in which the
capacity and changes in trade patterns. ese enhancementgoal of tripling renewable energy adoption could be achieved.
may also require the expansion of balancing regions to leverage has several implications, including the need for coun-
geographical smoothing. Sector coupling involves the increasrtes to raise their ambitions for their next set of NDCs and to
electri cation of end uses and pathways for electricity cenverdevelop long-term strategies for low emission development,
sion to other forms (Power-to-X), such as creating synthetialtimately targeting net-zero emissions by 2050. e chapter
fuels like hydrogen (Ueckerdt et @D21). is approach can  speci cally examined the progress that renewable energy has
enhance system exibility signi cantly through the utiliza- made in various parts of the energy system, namely electricity,
tion of advanced technologies. In this respect, implementingeat and transport. Of notable mention is the need to consider
exibility technologies and advanced control mechanisms fohow the adoption of climate technologies, such as renewables,
integrated energy systems — such as those connecting electiitersects with various societal priorities.
ity, heating and cooling, gas and hydrogen, and transportation
— can signi cantly reduce future investments in low-carbonWhile the costs and bene ts of climate mitigation are o en
energy infrastructure. All the balancing options discussed witvaluated purely in terms of the economic outcomes, such
coexist and complement each other in future energy systemss the e ects on gross domestic product or changes in con-
sumption value, it is essential to adopt a broader perspective
Some studies modelling the transition of the energy system behich considers the interlinkages of progress in energy tran-
yond the power sector and considering all the key balancing opitions and development priorities, such as those de ned in
tions show that if the exibility technologies and advanced controthe SDGs. Access to and bene ts from technological advance
mechanisms are introduced and full-sector coupling is reachethents are not neutral; they depend on user access to nancial,
the integrated energy system will not require seasonal electricigcial, physical and informational capital. Moreover, in terms
storage (Bogdanov et 2021b) and may operate with a relativelyof innovation, there is also the importance of the availability
small short-term electricity storage capacity (Bogdanov and Bregf high-quality networked infrastructure, capital intensity and
er 2024). In turn, this will enable a more regionalized system thatgood supply of skilled labour, as well as access to products
is less dependent on grid integration. As such, the more sectand services. us, concentrating mainly on aggregate eco-
coupling and demand response that is enabled, the more battergmic outcomes overlooks the distributional impacts of both
costs are reduced, with fewer interregional grids needed. technology selection and progress.

e de-fossilization of transport via electri cation and synthet e adoption of renewables has advanced signi cantly in the

ic e-fuels, and switching to synthetic e-chemical precursors ielectricity sector. Consequently, there is a pressing need to
the chemical industry, would represent key enablers for theonstruct a substantial amount of new electricity capacity and
exible operation of the energy system and a reduction in théfrastructure to accommodate the demands of these sectors
need for electricity storage capacity. Seasonal uctuations of t{ERENA 2024). Several reports have noted that a substantial
VRE supply may be compensated by the seasonal operatiorgobwth in the role of electricity in total nal energy consump-
electrolysers, peaking in periods with surplus renewable energgn is expected in industry, transportation and buildings, due
and reducing down to zero in periods with a de cit of renew-to trends such as grid expansion, sector coupling and a global
able energy. is may also be achieved by bu ering hydrogenincrease in the deployment of electric appliances and other
storage, as well low-cost e-fuels and e-chemicals storage. enabling technologies over the next 30 years (IRENA 2024;
option to operate in this way will depend on regional renewablREN21 2024). Achieving net-zero energy systems requires a
energy potential and demand patterns. However, even in reshi towards electricity for various purposes. is transition
gions with high seasonality and an energy-intensive economgncompasses the electri cation of passenger transportation,
the renewable energy capacities needed to satisfy the demamcluding light-duty EVs, two- and three-wheelers, buses and
for e-fuels for transport and e-chemicals for industry wouldrail transport. Furthermore, it extends to various energy needs
cover the in exible demand for residential power supply inassociated with buildings, such as heating and cooling, which
de cit periods (Bogdanoet al 2021). Smart charging and ve- are poised to transition to electric power through heat pumps,
hicle-to-grid technologies applied to EVs may partially substifor instance, as well as through district heating and cooling.
tute utility-scale batteries in regions with well-developed griddlevertheless, while expanding the deployment of renewable
and infrastructure (Bogdanov and Breyer 2024). energy presents challenges in fully supplying the energy sys-
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tem, integrating substantial amounts of variable solar PV and
wind power into electricity grids is crucial. is integration

can be achieved by using batteries and other storage technol-
ogies, making improvements to transmission infrastructure,
and utilizing exible non-renewable generation capabilities,
advanced control systems and enhanced demand-side re-
sponses. Substantial investments in grid infrastructure are
essential to increasing exibility while maintaining reliabil

ity concerning voltage uctuations, frequency variability and
VRE support (Renné 2022).

Moreover, it is crucial to acknowledge that a signi cant pro-
portion of renewable energy, primarily traditional biomass,
continues to be utilized. is underscores the persistent chal-
lenge of inadequate access to clean, reliable and safe energy in
regions such as sub-Saharan Africa and parts of Asia.-Ensur
ing widespread access to modern renewable energy sources
is therefore essential, not only to combat climate change but
also to tackle pressing issues, such as health disparities, social
equity and human rights concerns.

In addition to expanding renewable energy beyond electricity,
there is a need to increase the use of renewables in transport
and heating. is can be accomplished through direct means,
including bioenergy, solar thermal energy, geothermalener
gy and ambient heat. Furthermore, Power-to-X technologies,
such as power-to-fuels (involving green hydrogen, synthetic
methane, methanol and other e-fuels), will play a crucial role
in connecting low-cost variable renewable electricity with de-
mand across all energy-sector segments where direct electri -
cation is not possible (Bogdanov et2121b).
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KEY MESSAGES

Countries need to set more ambitious renewable energy targets in their updated Nationally
Determined Contributions. This involves aligning national policies to achieve the goal
of tripling renewable energy capacity by 2030. Hence, institutional capacity, along with
supportive policies, regulations and standards, needs to be strengthened to improve the
overall feasibility of those technologies that scored the least.

Globally, solar and wind power are highly feasible considering institutional, economic,
technological, geophysical, and socio-cultural dimensions. However, data gaps may still
be limiting regional expansion.

Several renewable energy technologies meet both mitigation and adaptation goals, while
also being of benet to the Sustainable Development Goals. This relates to electricity
generation and energy storage, and to the resilience and reliability of these systems.



22

is chapter employs the well-established FA methodology,
is chapter evaluates and updates the feasibility assessmemtriginally used in report SR1.5 from the IPCC. For full de-
(FA) of the adaptation and mitigation technologies compris-+ails on how the FA approach was applied for the purposes this
ing the energy-system transition, as de ned by the Sixth Aszhapter, please refer to the Appendices A ahd B.
sessment Report (AR6) from the IPCC. e Special Report on
Global Warming of 1.5°C (SR1.5) concludes that to complye literature for the FA builds upon the ARG report from the
with the Paris Agreement, emissions need to be reduced BFRCC. As such, the present chapter provides an update, as-
45 per cent by 2030, meeting net zero by 2050 (Intergoversessing the literature available from September 2021 to Sep-
mental Panel on Climate Change 2022). As such, the presaaimber 2024, with a focus on indicating the feasibility of tech-
chapter assesses technologies that are key to this transitionlogies to limit the global temperature increase teClib
Not only does it cover both adaptation and mitigation, butaccordance with the Paris Agreement. e FA has been recog-
it also places an emphasis on technologies with very stromized as being a useful tool for decision-making, as it provides
synergies between mitigation, adaptation and the SDGsnmediate feedback about which technologies are feasible at
ere is also a particular focus on technologies that have thethis particular moment in time, allowing for the prioritization
potential to support the transition away from fossil fuels, asf funding options and implementation. At the same time, this
agreed upon at the COP 28 in 2023 and in line with achievirgpproach provides clear indications of barriers and knowledge
the long-term temperature goals set by the Paris Agreememgaps for options that, although desirable, may be less feasible.
with due consideration of the equitable sharing of bene tsis allows for a speci c consideration of what would be re-
and costs. Speci cally, at COP 28, the Heads of State agdired to improve their feasibility.
governments pledged to triple renewable energy capacity
to at least 11,000 GW and double energy e ciency by 203@s chapter adopts a system transitions framework to provide

(COP 28 2023). a link between adaptation and mitigation responses, and does
so by bringing together the sociotechnical transitions required
is chapter will investigate the following questions: to reduce emissions and the socioecological resilience needed

to lessen vulnerability. e systemtransitions framing is critical
1.What is the feasibility of renewable energy technologies® understanding the role of technologies in achieving the more
What are the demandmitigation side solutions for dif-fundamental climate and sustainable development transforma-
ferent types of energy needs and di erent scales, frortions. is implies shi ing attention away from technologies that
community to global? address opportunities for mitigation or adaptation in the energy
sector to taking a more integrated and systems focused perspec-
2.What are the main opportunities and barriers in im- tive of transitions. us, the technologies are evaluated based on
plementing renewable energies and demand-mitigatiortheir ability to support cross-cutting issues, such as health and
technologies in energy-system transitidns? education, as expressed in the 2030 Agenda for Sustainable Devel-
opment, and their capacity to support a just transition towards net
3.What are the relationships between energy-system trareero (sometimes referred to as “carbon neutrality”) by the middle
sitions and actions in other system transitions, includingof the century is also examined.
those relating to technologies?

4.How can energy-system transitions foster a just energy
transition and support climateresilient development?

3 System transitions involve a wide portfolio of mitigation and adaptation options 4 Appendices A and B are available at https://unepccc.org/climate-technology-preg
which enable signi cant reductions in emissions and transformative adaptation across ress-reports/

all sectors. The systems are as follows: energy; industry; cities, settlements and infra
structure; land, ocean, food and water; health and nutrition; and society, livelihood
and economies.



Table 3.1 shows the technologies that have been selected and
assessed in this chapter. e systems transition frameworks
from the AR6 WG2 and WG3 reports were applied to select
these options from the full list of technologies detailed in the
ARG reports. ese options therefore show strong links be-
tween adaptation and mitigation.

Table 3.1 List of energy technologies considered for the feasibility assessment

Adaptation Mitigation
Resilient power systems Solar energy
Energy reliability Wind energy (onshore and offshore combined score)
Water use ef ciency Hydroelectric power
*Smart grids/digitalization Geothermal energy

Energy storage (pumped storage hydropower [PSH] and battery
energy storage [BES]) for low-carbon grids

Demand mitigation in buildings and public transportation

*While smart grids increase the reliability of energy systems, they are currently listed as a separate option. This is because energy
reliability technology also includes energy generation, not just energy transmission and distribution.

e selection includes technologies that are deemed viable to re-
place fossilfuel generation and reduce demand in the short-terrigure 3.1 illustrates the eight-step process followed using the mul-
Energy sources, such as solar photovoltaics (PV), hydroelecttidimensional FA for di erent adaptation and mitigation technol-
power, wind and geothermal energy, have been selected for thegy options (Singh el. 2020; Steg at 2022). e six feasibility
mitigation potential, as well as their potential to provide broaddimensions (economic, technological, environmental, geophysi-
er bene ts for mitigation and adaptation through supporting acal, sociocultural and institutional) from the global-level analysis
range of technologies. Sustainable water management, eneagynducted by the IPCC in AR6 were applied. Indicators were then
system reliability and resilient power systems, which have bedeveloped for the dimensions, and the adaptation indicators from
evaluated with their adaptation potential in mind, also contrib-WG2 and the mitigation indicators from WG3 were followed.
ute to mitigation strategies. Energy demand management op-
tions, which include several mitigation technologies focusingn Table 3.2, the indicators chosen for the technological feasibil-
on buildings and public transportation, as well as energy stora@g dimensions relating to adaptation and mitigation are shown.
technologies, have also been included in this FA. (See Table 32}i erences between these indicators highlight how key ehar
acteristics di er in terms of evaluating feasibility for adaptation
In-keeping with the theme of the 2024 CTPR, we also exnd mitigation. ese indicators represent the most commonly
amined a subset of technologies through regional perspeitenti ed indicators throughout the literature as a whole, and can
tives. ese are solar PV (Asia and Central/Latin America) be applied to the global context. For simplicity and comparability
and hydroelectric solutions (all regions). e global share of purposes, we also used these indicators for the regional scales
renewables in power generation and heat consumption fdn this report. However, if this exercise were to be repeated for
the year 2022 were 29 per cent and 11 per cent, respectivalgpeci ¢ country or subregion, this indicator list should be re-
(International Energy Agency [IEA] 2024b). viewed to determine its applicability and relevance to the dimen-
sions that are important in that location. One limitation of this
However, renewable power capacity is not distributed equainethodology, as developed and applied by both the IPCC and
ly across the world, with the G20 countries accounting foin this report, is that the indicators used at the global level may
almost 90 per cent of the global share (IEA 2024a). us, itnot always be relevant or important when used with regional or
is important to examine how feasibility varies on a regionabther scales, thus fail to identify speci c local barriers which need
basis across the globe, in addition to identifying barriers antb be addressed. In spite of this, the FA approach serves as a guide
knowledge gaps in the literature. on how to carry out the assessment at di erent levels and with
prioritized indicators for speci ¢ contexts. For full details on the
FA approach, please refer to Appendices A and B.
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transmission and distribution) remain a focus in the face of
In Table 3.2, we show the FA for adaptation (panel A) and mitncreasing extreme weather events and their impacts. However,
igation (panel B), as well as a regional assessment for solar psince the AR6 report, we have seen an increased amount of
els (panel C) as well as Hydroelectric energy (Panel D). Heligerature on the role of distributed generation and long and
we discuss these results and the implications for the feasibil#fortterm energy storage as speci ¢ options to increase the re-
of these renewable energy technology options. silience of power systems, along with their associated synergies
with emissions reductions and the achievement of the SDGs, in
a just, equitable and inclusive manner.
e adaptation options assessed for energy system transitions
are resilient power infrastructure, reliable power systems ararriers remain primarily within the institutional dimensions,
water use e ciency, the latter of which focuses primarily on wahighlighting the need for improved regulatory frameworks
ter e ciency and cooling for the generation of electricity from and codes aimed at making infrastructures more resilient in
all types of sources. Broadly speaking, the FA for these three apehanging climate, in addition to the need for crosssectoral
tions has not changed signi cantly since AR6. Energy reliabikoordination and the prioritization of proactive adaptation.
ity (such as through the diversi cation of generation sourcegror all three options, limited evidence is available for some of
the use of energy storage, robust maintenance and monitoririge indicators within the institutional, social and geophysical
plans, and building redundancy measures, among others) amtimensions, and a knowledge gap thus remains. Furthermore,
the resilience of the power infrastructure (including generationthese three options have been assessed globally as there is no
evidence of regional di erences within the dimensions.



power, where the cost of capital (CoC) is substantially higher due
Solar energy to the complexities involved in construction (for more details,
Overall, solar power generation has a high feasibility. All disee Chapter 4). For onshore and o shore wind power, further
mensions scored highly in this regard, except for institutionatechnological innovations are required for scalable deployment
Our global ndings are consistent with the results reported into meet future energy demands and grid stability requirements
the IPCC’s Working Group 3 contribution to AR6. However, for balancing variable renewable energy (Bianddtiral. 2022;
we have highlighted some additional conditions to enhance théeersetal. 2022; Desalegn at 2023).
feasibility of solar PV to achieve the target of tripling renewable
energy sources by 2030. e e ects of competition for natural Public support for wind energy varies and has been subject to
resources can be reduced by increasing the rates at which pameisinformation (Winter etal. 2022). For onshore wind pow-
are recycled and by enhancing recycling techniques (Teixeirex, local projects can evoke resistance because of the visual and
Brito and Mateus 2024). Given that the full life cycle of a techroise impact, in addition to land use (Sander, Jung and Schin-
nology is considered in this assessment, there is also a needlty 2024). However, job creation and community involvement
minimize any potential negative impacts on the environment ain the planning process can increase local acceptance (Rud-
the end of service life, namely ecotoxicity if solar PV panels adat 2022; Takeuchi 2023). At the institutional level, wind energy
not disposed of correctly (Zhangatt2023). Ecological risks is supported through engagement with local stakeholders, the
extend to the recycling process due to techniques such as thequitable distribution of bene ts (Weber 2023; Zharg.&024)
mal and hydrometallurgical treatments (Martirezl. 2024). and an enhanced legal and regulatory framework (Herrera An-
Additionally, e ective legislation, consistent incentive policies chustegui and Radovich 2022; Nieuwenhout 2023). Wind energy
nancing and proper planning to increase the transmission caprovides environmental bene ts over conventional fossilfuelled
pacity are also needed to support this expansion. power plants, especially in reducing GHGw emissions, air pol

lutants and water consumption (Chen and Su 2022; Rashidi et
We have also extended these ndings to Asia and Latin Americal, 2022; Sander, Jung and Schindler 2024; Saravah&02ap).
where su cient literature exists to carry out a FA. For these twdHowever, the e ects of wind energy on local biodiversity must be
regions, we reveal a lower feasibility in terms of the institutionaddressed through better planning (Galparsoro et al. 2022).
al dimension. is is caused by the need for legal frameworks
(Espinozeetal. 2019) or by the burdensome administrative re-Hydroelectric power
quirements in place at present (Bil. 2020). For example, in  Feasibility for hydroelectric power is provided for the following
China, the Government's supportive policies led to overproduazategories: 1) Conventional power generation at large reservoirs
tion and the curtailment of solar power capacity in some regiorsnd 2) generation at existing infrastructures with runofriver
(Corwin and Johnson 2019). e lower score for simplicity in (ROR) operations or smaller storage that is constrained by other
the Asian region also re ects the lack of standardized technologyrposes (e.g. ood control, water supply). Major distinctions be-
technical experts and limited capacity to produce the specializégleen these categories are evident in the relatively lower number
equipment needed for complex solar photovoltaic technologiesf unexploited sites, lower levels of public acceptance and greater
such as building-integrated solar PV (Shukla et al. 2018). (Afistributional impacts for new facilities with large reservoirs.
explained in Chapter 2, the less complex and smaller and more
modular the RE technology the more likely these are adopted)lechnological feasibility for hydroelectric power in both catego-

ries remains high, with greater e ciencies than other renewables,
Wind energy mature technical solutions and numerous opportunities todever
Onshore and o shore wind energy generation both show meage existing water and civil infrastructure. Drought and extreme
dium to high feasibility for all dimensions. As such, these typasinfall due to climate change leads to a revised feasibility in
of production were combined for the purposes of this FA, irgeophysical resources for large storage or ROR hydroelectricity.
spite of certain unique characteristics. While most indicator#ledium institutional feasibility remains consistent for both cat-
are consistent with AR6, wind energy has become increasingdgories and aligns with the ARG study, with hydroelectricity fre-
competitive in terms of cost and the technology is now globauently not being included in many countries’ net-zero goals and
ly mature (Sergiienko et al. 2022). e levelized cost of energyncentives for renewable energies o en being heavily constrained
for wind power has dropped thanks to improvements in turbingle.g. only applying to certain scales). Environmental-ecological
technology, economies of scale and better grid integration (Irfeasibility for these facilities is lower than in the AR6 study, re-
ternational Renewable Energy Agency [IRENA] 2024). Howevegcting an increasing recognition of greenhouse emissions (es-
discrepancies still exist in terms of nancing for o shore wind pecially methane) from reservoirs in tropical regions.
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Geothermal energy term basis (such as storing energy produced at solar noon until
Geothermal energy has a medium feasibility score overall. Cotive evening when demand peaks) and on a longer-term basis
sistent with the AR6 assessment from the IPCC, the technolofleyond intra-day storage up to and including seasonal stor
ical feasibility of geothermal energy remains high, driven by thage) for many other renewable energy technologies.
simplicity, scalability and maturity of the technology. Unlike
intermittent renewable sources, geothermal energy’s ability tBnergy storage is a broad subject and encompasses many tech-
provide baseload generation presents economic opportunitig®logies and approaches. However, in this FA, we are evaluating
not a orded to wind and solar power. Medium economic fea-those that are used most widely at present, which are electro-
sibility is reported thanks to the overall competitive costs ofhemical battery energy storage (BES) and pumped storage
generation, despite high capital costs and long payback periottydropower (PSH). Electrochemical energy storage can also
e score for geophysical feasibility is medium, characterizedinclude hydrogen fuel cells. However, as their use is still limited
by an abundant physical resource (i.e. heat) at large sites. to specialized scenarios and as large-scale systems of hydrogen
distribution are not yet in place, they were not considered in
e environmental-ecological domain has a medium feasibility, this assessment. Compressed air energy storage, while promis-
representing an increase from the low feasibility level reportedg, is very geographically limited. Geological constraints make
in the ARG report. is is due to the reduced negative impact onfeasibility low in most places. As a result, it was not assessed.
water quantity and quality due to re-injection techniques and
the use of closed-loop systems (United States Department &$ of 2021, PSH accounted for approximately 90 per cent of
Energy 2019; Soltaniadt2021; Sharmin et al. 2023). A medium total global electricity storage (IEA 2023a). From a global per
sociocultural feasibility is reported due to mixed (althoughspective, PSH has a medium feasibility overall. However, its
mostly positive) social acceptability levels. Geothermal energgchnological feasibility is high, as itis a relatively simple, scal-
also o ers other advantages, such as increased energy acedse and mature technology which is deployed widely across
and security (Pellizzone &t 2015; Shortall, Davidsdottir and di erent parts of the world. From an economic perspective,
Axelsson 2015; Hazboun and Boudet 2020; Soltahi2§i21; PSH has medium feasibility due to high up-front costs. How-
Greiner, Klagge and Owino 2023; Krasnod bski 2023; Renotbver, it boasts positive e ects in terms of employment and
etal. 2023; Idroes «dl. 2024). Finally, the institutional feasi- economic growth. PSH has a medium geophysical feasibility,
bility is revised from a high to a medium level, mainly due t@lthough resources are largely limited to areas with a moderate
studies documenting the presence of institutional barriers thab high relief (elevation change) and require large amounts of
are limiting the wider adoption of the technology (Soltaal.et land. Environmental-ecological feasibility is also medium, as
2021; IRENA and International Geothermal Association 2023j3sing concrete for reservoirs could negatively a ect air quality
Krasnod bski 2023; United States Department of Energy 2024and the water systems can be prone to periodic eutrophication
(Ali2023; Altea and Yanagihara 2024). Likewise, sociocultural
Energy storage feasibility is medium as well, as public acceptance can hinder
Energy storage plays a critical role in temporally shi ing elecproject development. Institutionally, PSH is generally accept-
tricity from when it is produced to when it is needed, thused from a political perspective and comes up against few hur
supporting the variable generation arising from wind and sodles in terms of coordination. However, it does face legal and
lar power. To feasibly serve the electricity demanded by soeidministrative challenges, owing to regulatory requirements
ety and the economy, energy storage is needed on both a shainat can sti e project development.



BES is growing rapidly in both grid-connected and stand-aloneorkforce protection have safer manufacturing processes, but

energy systems thanks to the critical role it plays in balancirgen have a lower manufacturing capacity.

intermittent renewable resources. BES is still advancing tech-

nologically, largely because of the electric vehicle industry, amEmand mitigation

such advances continue to bring the cost of BES down (Fae FA shows that demand mitigation has high feasibility for

ghaliet al. 2023; Zhao at. 2023; Chatzigeorgiou et al. 2024). buildings and public transport. ey are both cost-e ective

At present, BES is o en considered to be economically fe@and o er many co-bene ts, ranging from job creation to the

sible or is expected to become so in the near future. Howeduction of energy poverty and improved indoor comfort.

ever, competition for resources and manufacturing capacity

between stationary and automotive battery applications maln the FA, demand mitigation focuses on energy use in build-

slow largescale deployment on the grid. Institutional and legahgs. is is because current building stock is dominated by

frameworks and market mechanisms are evolving to be ablelaildings built before 2010, and their poor energy perfor

accommodate energy storage, but these are currently insumance o ers an untapped potential for energy savings. e

cient in most locations to fully integrate largescale energy storetro tting of existing buildings is assessed to have high fea-

age. As such, BES has the potential to improve resiliency asiility thanks to the positive impact on the environment, lo-

energy equity, but this is not an automatic outcome of usingal job creation, increased indoor comfort and improved air

distributed energy storage and must be addressed deliberatgyality. Retro tting also has strong synergies with adaptation,
by reducing the impact of heatwaves, for example.

Furthermore, the environmental impact of batteries depends

heavily on their composition and where they are manufacAnother advantage to retro tting existing buildings is the poten-

tured and recycled. For example, the extraction of lithiuntial reduction in pressures surrounding land use, by preventing the

is noted as a particular concern to the environment and taeed for new construction. Looking beyond the associated reduc-

those working in mining. Misgivings also surround lead, antions in energy use and GHG emissions, other pollutants (such as

other common battery material, as improper disposal can leaOx) and ne particulate matter (Ph/f) are reduced thanks to

to soil and water contamination. As such, the environmentalhe need for local energy generation being avoidgtbugh the

and working conditions experienced during battery manu-FA shows that political support does exist for energy renovations,

facture very much depend upon the location of the factorythere is a lack of governance, as well as institutional and admin-

Nations with stricter regulations for both environmental andistrative capacity, at the local level in terms of capacity-building,
regulation or code enforcement, and nancing (Bertoldi 2022).
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While the FA concentrated mainly on the energy renovatiorn brief, sustainable public transport can improve livelihoods,
of existing buildings, it also considered technologies for thadaptive capacities and equity (Shari 2021).
construction of new buildings, in particular net-zero energy
buildings. Residual building energy demand should be minHowever, insu cient funding hinders progress. is is especially
imized (Bertoldi 2022) if the global energy supply in 2050 isue in the Global South, despite the presence of climate nanc-
to be fully decarbonized. ing and development assistance which supports transportation
greening initiatives. Infrastructure projects are o en delayed
Public transport is a key mitigation option in demand-side fo-or scaled back due to capital shortages, while the rising costs of
cused technologies and has a high feasibility score. is highmaterials and labour add to the challenges of implementing lar
feasibility is due to improvements in environmental attributesgescale transportation upgrades. Cities, particularly in the Global
(such as improving air quality) and the potential for enhance@outh, are facing several barriers to raising nance for sustainable
mobility, with less congestion and more road space for citizerignsport infrastructure investments, including: reduced nancial
(Anciaes and Alhassan 2024). However, transportation infraautonomy (e.g. the capacity to collect taxes in cities, in addition to
structure in the Global South di ers signi cantly from the public debt limits); a lack of institutional and technical capacity to
Global North. While in the Global North, cars, trains and busegrepare investmentgraded projects, issue green bonds and estab-
are the subject of electri cation, tuk-tuks, boda-bodas, minidish public-private partnerships (PPPs); and low creditworthiness,
buses and twowheelers are more common in the Global Southhich limits access to the international nancial market (Cam-
is brings into focus the di erent technological and economic argo-Diazetal. 2023). However, PPPs have been proven to be a
challenges in these contexts in shi ing from the status quo. Iniable solution for attracting private sector nance for sustainable
this respect, shi s towards electric mobility are accompanied bgublictransport infrastructure (Alnour, Awan and Hossain 2024).
equity concerns, with the success of new transportation systeivislue capture has been a source of nancing for transport in-
hinging on addressing longstanding issues, such as car depénastructures in a few cities in the Global North, such as Lon-
dency, social equity and safety (Siddigail. 2024; Vecchio et don, New York and Copenhagen (van Zoest and Daamen 2024).
al.2024). As such, public transport is not widely evaluated as &imder a value-capture scheme, cities recover part of the value
adaptation. However, it does present substantial cobene ts f@enerated for the private sector by the public investments through
adaptation, as identi ed in the mitigation FA and other linkagegaxes or other mechanisms (Song et al. 2019).
to sustainable development, in particular SDGs 3, 11 and 13.



Table 3.2 Feasibility results

Part A: Adaptation (adapted from WG2)

Resilient Energy Water use Smart grid

-
m

Biodiversity .
0[] Technological Simplicity @
Technological scalability.

FA results for Adaptation power system reliability ~ efficiency digitalization
7N
Feasibility Technology @ @ ”:’
Dimensions
Overall feasibility across dimensions . . . LE
@ Geophysical Phystal feashility/pantal N/A N/A [ ) N/A
Hazard risk reduction potentialN/a N/A . N/A
Landuse , N/A z N/A
4w Environmental Ecological impacts @ NE LE
"~ -ecological Adaptive capacity / resilience LE
)] Technological Technical potential z z : ‘
Risks mitigation potential [ )
€8 Economic Socioeconomic vulnerability reduction poterz' z : NE
Employment, economic growth and productivity enhacement p@gntial @ NE LE
Microeconomic viability . . . LE
Macroeconomic viability [ ) , NE
it Socio-cultural Socio-cultural / Public acceptabilng ‘ LE LE
Social co-benefits . . LE LE
Social and regional inclusivenes. . NE LE
Gender equity @ LE NE NE
Intergenerational equity @ LE NE NE
ﬁ Institutional Political acceptance . . [ ) NE
Legal and regulatory acceptability@ [ ) LE LE
Institutional capacity and administrative feasibi@y [ ) o LE
Transparency and accountability potenti@ NE NE NE
ﬁe?s‘?ﬁﬁ.?ﬁ . PS . N/A =Not applicable
levels Low Medium High LE =Low evidence
NE =No evidence
Part B: Mitigation
FA results for Mitigation Solar  Wind energy ~ Hydro- Energy Demand
energy (off/on shore) electric Geothermal storage Mitigation
e @) @ O @
Ié:iﬁ’]aesrglil(l)tzs 53;?1 Efu:;ver PSHBES Buildinggtprggggort
Overall feasibility across dimensionsg [ I ) [ ) ()
@ Geophysical Phystal feasbility/pantal o0 “ “
Geophyial resource o . o N/A .
Landuse [ ) e @ LE .
4 Environmental Air Polution é o ‘ ) “
-ecological Toxic waste, Ecotoxicity eutrophicatic@ e O [ ] N/A LE
Water quantity and qualit). e o [ ) N/A LE
[ ] [ ]
o0
o0

0000 - 000000 : 0000000

Maturity and technology readine:. ” L. a

€8 Economic Costs in2030andlorg term . FY ) . .
Employment effects and economic grO\. . [ ) . . . o
it Socio-cultural Public acceptance @ e @ ﬁ C X )
Effects on health and well-bein. [ I ) [ ) . . .
Distributional effects, e NE [ ) ° Q
& Institutional Political acceptance @ LE ‘ [ N e @
Institutional capacity, governance, cross-sectorial coordii@tion N ) ® - o .
Legal and administrative capacit@ LE @ e O o0

%ﬁfg;ﬁﬁf . °® . N/A =Not applicable
levels Low Medium High LE =Low evidence

NE =No evidence
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Part C: Solar energy (regional results)

Regional FA results for Solar PV

Feasibility Region CroBAL Ak SOSEE!TAF:\;IAIIE_I/?ICA
Dimensions

Overall feasibility across dimensions . ()
@ Geophysical Physical feasibility/potential . .
Geophysical resources . ()
Land use o [ )
4w Environmental Air Polution ‘ LE
-ecological Toxic waste, Ecotoxicity eutrophication @ N/A
Water quantity and quality N/A
Biodiversity N/A
W[ Technological Simplicity LE

Technological scalability
Maturity and technology readiness

€& Economic Costs in 2030 and long term
Employment effects and economic growth .

vt Socio-cultural Public acceptance ()
Effects on health and well-being
Distributional effects

Institutional Political acceptance ®
Institutional capacity, governance, cross-sectorial coordinatic@

[E-

Legal and administrative capacity @

Assessed N/A = Not applicable
feasibility o @ o op
levels Low Medium Hich LE = Low evidence

NE = No evidence

Part D: Hydroelectric energy

Regional FA results for Hydroelectric power (Large dams)

Feasibility Region GLOBAL AFRICA ASIA AUSTRALIA CENTRAL/ EUROPE NORTH  SMALL
Dimensions SOUTH AMERICA AMERICA  ISLANDS
Overall feasibility across dimensions @ = 2 o a @ © @
@ Geophysical Physical feasibility/potential @ . . . . . ° NE
Geophysical resources @ o o o o o ([ NE
Land use ° ° ° LE ° ° ° NE
4@ Environmental Air Poluton @ [ o NE o [ [ NE
-ecological  1oxic waste, Ecotoxicity eutrophication e NE NE NE NE LE LE NE
Water quantity and quality e ° NE NE NE NE ° NE
Biodiversity ° LE LE NE LE LE LE NE
W] Technological Simplicity . NE NE NE NE NE NE NE
Technological scalability . NE NE NE NE NE NE NE
Maturity and technology readiness. NE NE NE NE NE NE NE
€E Economic Costs in 2030 and long term @ NE NE NE NE NE NE NE
Employment effects and economic growt. LE LE NE LE LE LE NE
vt Socio-cultural Public acceptance ° LE LE NE ° ° ° NE
Effects on health and well-being @ LE NE NE NE NE NE NE
Distributional effects ° ° ° NE LE NE NE NE
ﬁ Institutional Political acceptance  LE NE LE NE NE NE (] NE
Institutional capacity, governance, cross-sectorial coordina@n LE LE NE NE NE [ ) NE
Legal and administrative capacity LE LE LE NE NE NE o NE

Assessed N/A = Not applicable
feasibility o @ [ o
levels Low Medium Hich LE = Low evidence

NE = No evidence



water. A more e cient use of water for the cooling of plants which
generate electricity can pave the way for improved watershed
management and other uses, which also augments the resilience
e systems framework is consistent with the understanding thatof ecosystems. is option also enables plants to reduce their costs.
there is no “one-size- ts-all’ technological solution or transition.
For example, any given technology may dier in the feasibilitysmart grids and digitalizatidechnologies play a relevant role
and e ectiveness of relevant features, such as access, coveragémadaptation as their potential self-healing capabilities can
infrastructure conditions, such as whether a community is isoenhance grid reliability against a backdrop of climate change
lated and o -grid, isolated with distributed generation through (Nyangon 2024). However, the digitalization of the grid could
community systems, hybrid or fully connected to the grid. Takenable an increase in energy consumption (Babazadeh et
ing a systembased approach allows for a more holistic review afla2022), posing potential challenges for mitigation e orts
portfolio of options which can support the transition. without the adequate integration of renewable energy. Inte-
grating renewable energies with a smart grid may be enhanced
is framework also makes it easier to evaluate an energythrough the application of emerging technologies, such as Al,
system transition in relation to other system transitions. e to improve forecasting for intermittent renewable energy sourc-
systemstransition framework can be used to evaluate how & (Meenal et al. 2022). However, reducing the environmental
maximize synergies, while identifying and minimizing trade-impact of these technologies by using smart grids may con ict
o s between energy system technologies and other systemsth minimizing short-term nancial costs (Judgeatt2022;
with respect to how energy transitions link to other systenburillon and Bossu 2024) and will require robust regulations
transitions. In this way, this approach puts energysystem tranvhich account for the longterm economic implications of cli-
sitions at the centre of the transformations that underpin thenate change (See Chapter 5 on innovation and governance
climate-resilient development pathways to achieve the Par digital technologies). ere may also be a tradeo between
Agreement goal of limiting the increase in global temperaeomputational cost and prediction accuracy, adding another
tures to 1.5°C above pre-industrial levels, and comply witlayer of complexity to decisions surrounding smart grid imple-
the 2030 Agenda for Sustainable Development, as a conditionentation (Kaur eal. 2022).
for resilience. For example, this includes the capacity to evalu-
ate the interlinkages between biomass, agriculture and wat&ior mitigation technology groupings, solar and wind energy
the use of stand-alone systems in system transitions, and thepresent the cheapest and cleanest sources of energy in syn-
electricity used for data and earlywarning systems to improvergy with SDG 7 and SDG 13. Compared with other forms of
health in both urban and rural settings. energy generation, these technologies remain less polluting,
despite the possibility of negative impacts on local economic
Annex 1 o ers a more detailed analysis of the main synergiestivities and the environment (see Annex 1), mainly due to the
and trade-o s between mitigation, adaptation and sustainableeed to dedicate large areas to energy production, meaning
development for each technology, highlighting also that a mithat attention needs to be paid to how locations are selected for
of technologies is needed to achieve the various climate goatsergy production structures. Combining solar and wind
and SDGs. Furthermore, it shows how the di erent technolo{onshore and o shore) power generation can improve ef-
gies complement each other. ciency on a large scale, as well as reduce variability, making
those technologies seem quite promising to the system transi-
Resilient power infrastructure and reliable power systems shation (Lopez Prol et al. 2024). Hybridization with conventional
positive e ects on several SDGs when they are well adaptedand PSH may also improve reliability (Rople2022).
the speci c local context (Annex 1). ese types of technologies
align with a trend towards smart cities and have the potential td/hile geothermal power is fairly e cient when compared with
reduce inequality and poverty by reaching informal and marginthe other technologies available, it shows complex linkages
alized settlements. However, whether such systems are usediih the SDGs that hinge on many conditions. Although this
conditioned by a government's capacity to ensure a fair distribderm of energy can increase sustainable management and the
tion of technological resources, as well as its ability to regulate amdient use of natural resources, with synergies to SDG 12,
nance the implementation and maintenance of such technologyhere is a risk of pollution of water sources that needs to be
controlled continuously, as does the high volume of water
Water use e ciencymainly bene ts SDG 6 (clean water and san-required for cooling (Gonzales-Zufigaal. 2018), although
itation) but also has cobene ts with other SDGs that depend othis can be recycled in a closed cycle. Other challenges that
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need to be overcome for the implementation of geotherma:
energy include the initial cost of implementation, the e FA can inform the selection of technologies to be imple-
availability of reservoirs (which is limited) and other risks,mented and data gaps to be addressed. e e ectiveness of
such as rising temperatures in the surrounding area. technologies also depends on a series of enabling conditions
to achieve their potential. Here, we discuss governance, -
Hydroelectric power contributes to the achievement ofhancing and institutions as key enablers. We also highlight
SDG 7 and SDG 13. However, some sociocultural anidnovation, speci cally the potential for Al and machine
environmental trade o s with other SDGs (Annex 1) arelearning (ML), across these enablers.
related to the implementation of huge hydroelectric power
generation structures that require the ooding of large areagzovernance provides a useful lens through which to under
transforming local ecological and cultural dynamics whichstand how decision-making processes and distributions of
a ect local, traditional and Indigenous communities directly. power can a ect the implementation and outcomes of re-
newable energy technologies. Speci cally, for energy transi-
Energy storage technologies can be a decisive factor for resilietioas, governance structures can determine not only the speed
in climate change, considering changes in the availability amaf implementation, but also whether the bene ts and costs
stability of local natural resources, but also during emergen@re equitably distributed (Goldthau 2014). e importance
situations, presenting positive e ects not only for mitigation butof establishing an appropriate governance structure can be
also for adaptation. Both of the technologies evaluated (PStkplored by considering o -grid and on-grid distributed
and BES) have certain negative impacts on the environmegeneration systems. For o -grid systems, communitylevel
which are still relevant. PSH can have a negative e ect ayovernance structures, including associations, committees
the site where the storage structure is located, while BES aamd cooperatives, is critical to their success. De ning the
contaminate the site when disposed of a er use. roles and responsibilities of each member, as well as their
rights, helps to balance the power dynamics within these
Demand mitigation in buildings has benefits for thestructures. is can be especially critical for ensuring more
sustainability of the urban and social environment, both inevenly distributed bene ts between men and women (John-
relation to retro tting strategies and new constructions. e son, Gerber and Muhoza 2019), as well as for ensuring that
adoption of strategies that ensure that all new constructionsarginalized groups and Indigenous Peoples have an equal
meet energy e ciency criteria are key. is requires updating voice in decisionmaking processes. is can be contrasted
urban and building regulations and codes to include adaptiverith renewable energy communities for gridconnected sys-
parameters, control and monitoring mechanisms, and taxtems, such as renewable energy communities in Europe. In a
incentive measures to prevent the cost and responsibility afmilar way to our stand-alone system, governance needs to
reducing energy consumption from falling primarily to the be linked to community decisionmaking and empowerment
individual (Bertoldi 2022; Di Foggia 2018). Further bene ts(Van Veelen 2018). In addition, multilevel governance is also
are achieved by adapting urban form, paying particulacrucial, as islegislation to allow and provide guidance for these
attention to stopping the reproduction of an unsustainablegovernance structures, such as the 2019 European Clean En-
and vulnerable urbanization pattern which, among manyergy Package (Lowitzsch, Hoicka and van Tulder 2020).
other characteristics, produces a fragmented and sprawling
territory. is is also critical to unlocking the bene ts of the e capacity of institutions to support these transitions with
transport sector for urban resilience and sustainability. Whesupportive legislation and policies is especially important.
applied in an articulated and intersectoral manner, propeinstitutions, whether national governments or local regula-
land use, density and transport planning can contribute tdory bodies, play a crucial role in establishing clear regula-
adaptation and mitigation, and can also play a fundamentabry frameworks. For example, permission processes can be
role not only in reducing emissions, but especially in territoriatime-consuming, expensive and complex, causing consid-
and climate justice, improving mobility and access to therable delay to projects (Ele heriadis and Anagnostopou-
city and its services, even in disaster situations. In terms tfu 2015). Other gaps in the regulatory framework can also
mitigation, a common strategy in the transport sector focusesinder the e ectiveness of technologies, including safety and
on replacing the vehicle eet with electric vehicles, which maguality codes and standards, or energye ciency standards.
present trade-o s with equity and the environment. Weak regulatory environments can lead to the installation of



substandard or unsafe equipment, reduced operational e -

ciency and higher longterm costs for energy systems. Similae results of this FA show that some highly feasible renewable
ly, the absence of energy e ciency standards can underminenergy technologies exist for energy system transitions, as do
the potential savings and environmental bene ts of reneweptions with signi cant synergies between mitigation, adap-
able technologies, particularly in energy storage, buildingstion and sustainable development. However, regional results
and grid infrastructure (Seetharamahal. 2019; Ukobat = mostly indicate low or no evidence, pointing to signi cant
al. 2024). In addition to regulatory frameworks, challenge&nowledge gaps. Cobene ts with SDGs highlight that imple-
exist for educational institutions in terms of skill formation menting these technologies can be consistent with expanding
and training to ensure labour capacity, along with issues fgustice and equity by understanding and prioritizing the local
managing cycles in workforce demand context and the needs of the most vulnerable groups.

Finance and investment for the renewable energy sector hassystem transitions approach helps to ensure that mitiga-
been one of the more positive aspects of the energy transitidign and adaptation are considered in tandem, and reduces
with costs falling rapidly (IRENA and Climate Policy Initia- the risk of maladaptation and inequality. For example, energy
tive 2023). In regions with high solar irradiation and strongrenovations for buildings o er an opportunity to combine
complementary policies supporting climate mitigation andmitigation with adaptation, thanks to the synergies being
renewable energy implementation, these technologies aveell aligned with several SDGs. Such renovations also o er the
now cost-competitive with traditional energy sources (Seepportunity to install on-site renewables, particularly solar
more on Chapter 4). However, in many developing counpanels. is FA also highlights supportive technologies and
tries, nancial barriers persist, including perceptions of riskthe enablers needed for renewable energy expansion. To give
and challenges for access to capital, in addition to gaps aad example, for renewable energies to be e ective, national
mismatches in nancial ows (Kreibiehl and Yong Jung 2023)transmission, distribution and storage systems need to be ac-
Addressing barriers to nance and investment in these couneounted for. In many countries, grids are run at full capacity
tries is critical to achieving the potential for these technologiesnd do not allow for any additional generation, thus hindering
to contribute to climate mitigation. For more details about theavailable investment and planning for renewable energy proj-
state and trends surrounding renewable energy and how t&xts, as well as e orts to provide incentives for investment and
improve the enabling environments for investment and - planning in transmission. As a result, expanding capacities
nance see Chaptesn investment and nance. and incorporating smart grids can increase the e ectiveness
of these technologies signi cantly.
Across these enablers is the critical role of innovation in cre-
ating the enabling conditions for progress in climate technolEquity and justice are at the heart of a just energy transition,
ogy. For example, Al and ML have the potential to unloclkand together with a systemtransitions approach, lead us on
new opportunities for renewable energy technologies. Whila path towards climate-resilient development. e focus on
physical infrastructure, governance structures, and accessdoales and local contexts highlights the di erent facets of a
and the availability of nance remain vital to expanding thejust energy transition, ranging from decarbonization and
capacity of renewable energy technology, these innovatioiscreased renewable energy generation to electricity access.
can support the mapping of resources (e.g. roo op solatikewise, the notion of a just transition also encompasses poor,
mapping capacity expansion) and enhance energy access anarginalized and informal areas of the city, to avoid maladap-
e ciency. More information is available in Chapter 5 on in- tation (and thus reproducing inequalities) when technologies
novation and governance. and structures for energy e ciency are introduced into the
urban system. Considering poor, marginalized, vulnerable and
informal communities when designing the implementation of
these technologies helps to make the energy transition more
inclusive, ensuring that no one is le behind.
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KEY MESSAGES

Renewable energy technologies, especially solar and wind technologies, have seen rapid
cost reductions. China, OECD countries and some emerging markets lead in nancial
commitments and renewable energy investments.

Despite technological maturity and ample potential, renewable energy investment remains
very limited in many developing countries and is not growing in other emerging economies.
It's essential to implement policies and regulations that support renewable energy
investments. This includes removing fossil fuel subsidies, setting up effective carbon
pricing, and adjusting market structures to facilitate the deployment of renewable energy.

The persistently high cost of capital in many developing countries is an important
investment barrier. Holistic policy mixes that address the energy sector, the nancial
sector and the economy more broadly are needed to reduce these costs.

Investment support — including through derisking instruments — by multilateral
development banks and climate nance institutions remains crucial for upscaling
deployment of renewable energy technologies in most developing countries.

The current investor landscape is dominated by large private investors, revealing
opportunities for alternative ownership structures that can support communities in
generating broad societal bene ts and fostering just transitions.
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equity by discussing issues of risk and unfair penalties that may
e renewable energy sector has attracted the most nanc-be embedded in these metrics, the bene ts, trade-o s and gov-
ing for climate technologies. With costs falling rapidly, thisernance between public and private sector investment, and the
investment largely aligns with the rst generation of NDCslinks to broader economic and sustainable development. We
and their strong focus on renewable energy technologies tmnclude by discussing how these metrics can inform policy in-
meet mitigation goals (IRENA and IPC 2023). e falling terventions. is chapter paves the way for selecting indicators,
costs of solar PV and wind turbines have rendered these teahnetrics and approaches that can be used in subsequent CTPRs
nologies competitive in many contexts, particularly whereo track nance over a range of climate technologies and within
physical resources are abundant (e.g. regions with high soldwe context of the Global Stocktake (GSTSs).
irradiation), where the negative climate externalities of fos-
sil fuel-based power generation are being addressed (e.g.
carbon taxes or in countries subject to or linked to the
European Union emissions trading system), and where thei@limate technology nance encompasses the allocation of
are complementary policies to lower CoC and risks (Varti-nancial resources from local, national or transnational -
ainenet al 2019). However, the investment gap comparedhancing (from public, private and alternative sources) to
to the potential for these technologies to contribute to clidevelopment and deployment of technologies that are used
mate mitigation remains substantial (Kreibigtlal. 2022) primarily for climate change mitigation. To develop metrics,
— mainly in developing countries with sector-level nancialit is rst necessary to evaluate the structure of the renewable
barriers. us, this chapter focuses on evaluating nance energy technology nance landscape. Here, we discuss our
and investments for key renewable energy technologies selection of three key indicators: the investment volume in
the context of the COP 28 decision to triple current globahsset nance, CoC and the landscape of investor types. We
renewable energy capacity by 2030 and within the conteatso discuss how these measures vary by country and context .
of just transitions by addressing the following questions:

1.What are the key metrics for tracking investment andTwo types of investment capital are employed for climate tech-
nance for renewable energy technologies? nologies: (1) nancing the research and development (R&D)
of new technologies, including during the R&D phase and
2.What are the state and trends of renewable energy tectiuring the pilot/demonstration phase (sometimes termed
nologies investment on these key metrics? “upstream nance”), and (2) nancing assets, i.e. the large-
scale deployment of a technology once it is mature enough to
3.How do these metrics inform investments in renewabldoe commercialized at scale (sometimes termed “downstream
energy technologies to support just transitions? nance”, or simply “asset nance”).

4.What are key policy intervention points for reducing the For the more mature technologies that are the focus of this chap-
CoC for renewable energy technologies and improving ter, downstream nancés critical for ensuring deployment.
nance availability and equity? Compared to fossil fuel-based power generation technologies,
where a substantial share of the levelized cost of electricity is
Selected because of the overall maturity of the technologies dneél cost, renewable energy technologies are very capital-inten-
their importance to the energy transition, this chapter evalusive. us, the availability and CoC for plant investments, or
ates the progress on four key technologies that are critical fasset nance, is vital for understanding deployment, and thus,
meeting GHG mitigation goals: solar PV plants, onshore winthe mitigation progress (Schmidt 2014; Schmidt et al. 2019;
turbines, o shore wind turbines and hydropower plants. ese Ste en 2020; Ameli et a021). Accordingly, the investment
technologies will also have to deliver the majority of capacityolume in asset nance is an important metric for momentum
additions to reach the target of tripling renewable energy capairr renewable energy investments, and hence deployment.
ity by 2030, as per the COP 28 decision. We focus on the metrics
and data that provide insights into key important determinantsPublic R&D and pilot/demonstration nance are the main
for global deployment, including nancial ows, the investor components of upstream nander bringing early technol-
landscape and the CoC for renewable energy technologies. Wies to market. e major renewable energy technologies
also situate these metrics in discourses on just transitions andnsidered in this chapter (solar PV, onshore wind, o shore



wind and hydropower) have reached high technology maGumber, Egli and Ste en 2024urrently, all mature renew-
turity. us, on a global scale, mobilizing upstream nance is able energy technologies are considered “bankable” by the mar
less of a concern, and downstream nance is the appropriatet. is “bankability” is important for the economic viability of
focus. However, upstream nancing is still necessary. As apenewable energy technologies, as debt is generally provided at
proximately 35 per cent of emission reductions by 2050 ar@ lower cost than equity (Egli, Ste en and Schmidt 2018). e
expected to result from technologies under development (IEAebt is typically provided by structured bank loans, with the
2023c), upstream nancing should focus on a smaller numbgparticipation of both state-owned and private banks (Waidelich
of less mature technologies, e.g. oating solar PV or closednd Ste en 2024). However, this may still be more challenging
loop geothermal systems (Technology Executive Committefer countries with the nancing track record and country risks
[TEC] 2021; IEA 2023b). Upstream nance is also needetbo high to justify debt. Equity, in contrast, can be provided
when technologies that might be mature at the global levély a broader set of actors, including public or private utilities,
require substantial adaptation to local contexts due to tecldedicated renewable energy project developers or independent
nology-inherent characteristics (e.g. biomass plants relying goroject developers, non- nancial companies from sectors other
di erent local feedstocks, wind turbines requiring adaptationthan the energy sector that aim to secure electricity provision
for speci ¢ wind classes) (Huenteler, Niebuhr and Schmidfor their operations, nancial companies such as institutional
2016; Ste en et al. 2018). investors, or citizen-led structures such as cooperatives.

A large body of empirical research has evaluated determinants

of CoC in the energy sector and identi ed drivers on di erent
Another implication of the capital-intensity of renewables isevels, with country-level conditions playing an important role
that CoCmatters, since they have a large impact on the lifésee Figure 3.1, based on Ste en and Waidelich [2022]). While
cycle cost of renewable energy technologies. ese values caome drivers at the country level (e.g. macroeconomic condi-
also show substantial variability due to the interest rates aritbns) are not easy to change, many other drivers are a natural
perceptions of risks in di erent markets (Ste en and Waidelichstarting point for policy interventions trying to lower the CoC
2022). e CoC is what capital providers demand for nancing for renewable energy projects, as discussed in Section 4.3, es-
a project or company — that is, the interest rate charged fqrecially since in many developing countries, these conditions
debt, the expected return on equity or the weighted averageadn lead to prohibitively high CoC for renewables (Araeli
both (weighted average cost of capital [WACC]) in case capital. 2021). At the nancial secttevel, the general maturity of
is sourced from both debt and equity nancing (Lonergan ebanks and other nancial actors matters, as does the existence
al.2023). e CoC depends on the perceptions of investmentof national development banks that support renewables. At the
risk, i.e. the likelihood of recouping the investment as planne@nergy sector level, it plays a role in how the electricity market

structure and regulation make revenues predictable. Speci c
While the investment volumes describe outcomes of renevaspects of renewable energy include the design of auctions al-
able energy technology investment and nancing decisions, tHecating power purchase agreements (PPAs), the standardiza-
CoC represents the conditions in which nancing is providedtion of PPAs themselves, and whether PPAs are denominated
is metric provides important information on the underlying in a local or a hard currency. At the technology lexaker
investment risk structures, which can be a key bottleneck féechnologies are subject to higher risk, hence higher CoC.
scaling up investments in some regions. CoC a ects not onlgountries with a track record of investment in renewable
the competitiveness of renewable energy relative to fossil fanergy typically exhibit lower CoC (Egli, Ste en and Schmidt
el-based solutions, but also the overall cost of electricity. Parti2018; Rickman et.a2023). Finally, at the company and proj-
ularly in developing and emerging economies, a high CoC agct levels, many idiosyncratic factors play a role (see Ste en
fects the a ordability of renewable energy-powered electricityand Waidelich [2022] for a more detailed discussion).

Renewable energy technologies are nanced in project nance
structures, involving equity and debt (Ste en 2018). According-

ly, descriptors of the investor landscape can serve as a metric
that captures the roles of di erent actors in providing capital for
renewable energy assets, and a diverse landscape of investors
can add to the resilience of investment ows (Polzin.&0#1,
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Figure 4.1. Determinants of cost of capital in the energy sector

Country level CoC drivers
General country (investment) risk, monetary policy reactions,...

Energy sector level CoC drivers Financial sector level CoC drivers
Structure of electricity markets, design of Financial sector maturity, nancing experience for
renewable energy support policies, expected energy technologies, availability of concessional

stability of energy policies and regulations,... nance,...

Technology level CoC drivers
Maturity of technologies, emission intensity of technologies,...

In case of corporate nance: In case of project nance:
Company level CoC drivers project level CoC drivers
Company track record and local Project-speci c resource risk and opera-
experience, rm ownership and tional risks, project size, project nance

size, ESG characteristics,... structure, governmental guarantees...

Cost of Capital (WACC)

Source: Based on Ste en and Waidelich (2022)

from a multitude of di erent actors, and no central recording is

available. Although some commercial data providers. such as
In this section, we review the available data sources and h@&oombergNEF and 1JGlobal, provide deal-level information on
they inform the current state and trends along the key metasset nance, their coverage is not exhaustive, and investment
rics for the solar PV plants, onshore wind turbines, o shorevolumes are o en unavailable (see, for example, the discussion
wind turbines and hydropower plants. We also evaluate hom Mazzucato and Semieniuk [2018], Larosa, Rickman and
these metrics vary across technologies due to their uniguemeli [2022] and Waidelich and Ste en [2024]). Statistical data
characteristics and market dynamics that have implicationfom o cial government o ces, when available, typically lags
for applicable investor types and, by extension, investmeiuehind by several years, with availability, granularity and format
patterns more broadly. We discuss some important di er varying by country. Hence, to develop a data set that allows us
ences between technologies and regions, including pattertsidentify global patterns, we estimate volumes based on previ-
between Global North and Global South contexts. Manyus analyses from international organizations (IEA and IRENA)
country-speci ¢ contextual conditions can also shed light orand assumptions to address gaps. e data presented here spans
these relationships, which are o en emphasized in the UNF2021-2024, as consistent data is unavailable for earlier years.
CCC decisions; however, these are beyond the scope of this
report. Finally, we situate these metrics within the context dfor these reasons, our estimates should not be taken as precise
just transitions, asking questions about the ows of funds andumbers, although they provide a clear picture of global trends
actors involved, how to connect renewable energy to broadand regional di erences. According to our estimates, global in-
economic development and the SDGs, and the potential farestment in key renewable energy technologies has shown con-
alternative investment and ownership structures. sistent growth, increasing from USD 450 billion in 2021 to an

estimated USD 750 billion in 2024 (see Figure 4.2). is growth

is primarily driven by decreasing technology costs and poli
Accurately describing global renewable energy investment vaty-driven deployment. While the growth in (in ation-adjusted)
umes is a complex task, given that equity and debt are providedestment gures appears to be roughly linear, these volumes



allowed a much steeper increase in capacity additions given thidion in 2021 to approximately USD 440 billion in 2023, rep-
substantial capital cost reduction per megawatt installed, espesenting an increase of more than 100 per cent.
cially in solar PV (see Chapter 2) for an overview of capacity ad-
ditions. Despite experiencing growth rates betwegre8ent At the technology level, we also observe di erences in invest-
and 30per cent in recent years, the investment volume growtiment levels by technology type (Figure 4.3). For solar PV,
appears to have slowed latterly, with investments in 2024 prtstal investments have increased from an estimated USD 255
jected to grow at a lower rate vis-a-vis 2023. However, gloMaillion in 2021 to USD 480 billion in 2023. China dominates
investment volume projections have been consistently undereselar PV investments, accounting for more than 60 per cent
timated in recent years and have o en been corrected upwards. 2023 and driving strong growth. In comparison, invest-
ment levels in Europe (estimated at 16 per cent), the Americas
At the regional level, the uneven nature of investment volumgd2 per cent) and the rest of Asia (8 per cent) have remained
becomes apparent. China, OECD countries and some emergirgjatively stable. A similar pattern for solar PV is observed
markets generally lead in nancial commitments and deployfor onshore wind, with lower investment volumes and more
ment. In contrast, other developing countries face challengesodest overall growth, increasing from USD 110 billion in
related to economic stability, regulatory environments and ac2021 to USD 160 billion in 2023. China also leads in this sec-
cess to capital. In 2023, investments in China (approximatetgr, with more than 60 per cent of the investments in 2023,
USD 450 billion), Europe (approximately USD 105 billion),while Europe (approximately 15 per cent), the Americas (ap-
and the Americas (approximately USD 85 billion) collectivelyproximately 15 per cent), and the rest of Asia (approximately
accounted for almost 90 per cent of the total global investmert. per cent) have seen slight declines. For o shore wind, the
e remaining investments were distributed among the rest of investment landscape has been predominantly shaped by
Asia (approximately USD 65 billion), Oceania (approximatelyChina (approximately 65 per cent in 2023) and Europe (ap-
USD 10 billion) and Africa (approximately USD 10 billion). proximately 25 per cent in 2023), maintaining a steady level in
Notably, the substantial increase in global investment has beegcent years. Finally, hydropower investments have remained
primarily driven by China’s strong growth, while investmentrelatively stable and more evenly distributed across regions.
levels in Europe and the Americas have increased slightly. Ciifthough investment levels are declining in most regions,
na’s investments have surged from approximately USD 2CGfh increase has been observed in Asian countries other than
China. Given the long lead times of hydrodams, however, the
year-speci c estimates for hydropower are likely less reliable

Figure 4.2. Estimates of global annual investments by renewable than for the other technologies.

energy technology

Estimate of global annual investment in RET Economic and market conditions drive many of these i er
800 ences. For example, in emerging markets, the focus may be
720 79 on technologies that o er the quickest return on investment,
700 such as solar power, which can be rapidly deployed (Polzin et
600 585 = al. 2015). However, government policies also in uence these
N investment ows. A rise in investments for o shore wind is
; 500 585 < also expected (and likely not fully re ected in the 2022/2023
g 400 gures shown) in the Americas, as the United States of Amer
= 200 ica has ambitious near-term o shore wind targets (United
States Department of Energy 2023).
200
100 Within these broad technology classi cations, we can also doc-
ument important implications for just transitions. For example,
0 a particular subsegment of solar PV investments is small-scale

2021 2022 2023 2024e solar PV installations for o -grid electri cation, such as in

Solar PV Wind onshore mini-grids, and stand-alone solutions such as solar home sys-
tems and solar-powered productive uses of energy (e.g. solar
pumps). As of 2022, stand-alone systems contributed to twice
Note that 2024 are projections only. Estimates based on IEA (2024), Waqtld h f v electri ed h holds i b-Sah Afri
Energy Investment Report, for global investment, with split between ons| share ol newly electr ed housenolds In sub-saharan Alri-

and o shore wind based on CPI & IRENA (2023), Global landscape of fea compared to mini-grids (IEA 2023d), as the costs of stand-
newable energy nance 2023 report.
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alone systems can be less expensive than the grid expangit8D 3 billion in cumulative investments globally, with the
(Egliet al 2023). e o -grid sector is projected to connect highest ever recorded investment in 2023 amounting to ap-
close to two-thirds of sub-Saharan Africa’s population by 203@yroximately USD 750 million (GOGLA 2024, Lighting Glob-
which accounts for approximately 83 per cent of the global ural/Energy Sector Management Assistance Program, GOGLA,
electri ed population (IEAet al. 2024). While small compared E ciency for Access, Open Capital Advisors 2022). Cumulative
to grid-connected solar PV, this segment is crucial for cost-efavestments in mini-grids have been higher, although estimates
fective electri cation, contributing to multiple SDGs in regions (approximately USD 30 billion in cumulative investment as of
with large distances from existing grids or inaccessible lan@022 [Energy Sector Management Assistance Program 2022])
scapes [28]. However, despite these advantages, investmentalo include many diesel-powered mini-grids, especially before
solar PV-powered o -grid electri cation remain relatively low. 2021. However, the degree of uncertainty in the data precludes
As of 2023, stand-alone systems had received approximatslyowing annual trends such as those in Figure 4.3.

Figure 4.3. Estimates of region- and technology-speci ¢ annual investments in renewable energy technologies
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Note the di erent axes by technology. Estimates based on IEA (2024), World Energy Investment Report, for global investment, with split between onshore
and o shore wind based on CPI & IRENA (2023), Global landscape of renewable energy nance 2023 report. Regional split is calculated based capacity
additions provided by IENA (2024). Renewable Capacity Statistics 2024.

heterogeneity between countries, with the electricity market
Information on the CoC can be very di cult to obtain as structure and the price risk for renewable energy being im-
it is private data, and o en treated as proprietary informa-portant factors. Notably, data are scarce, particularly for the
tion. Nevertheless, data availability has improved in receréast developed countries (LDCs), though some studies esti-
years, driven by academic research (see the review by Steéte it in the same order of magnitude as in emerging econ-
fen [2020]) and dedicated e orts by international organiza-omies (Ste en 2020). e persistently high CoC in developing
tions IEA and IRENA (IEA 2023a; IRENA 2023). Based onountries is a key bottleneck to renewable energy deployment.
a forthcoming meta-analysis, Figure 4.4 shows the typical
CoC for solar PV and onshore wind in major markets. WeComparing across technologies, we show that data availabil-
also observe a clear bifurcation of CoC estimates with OECEy for onshore wind is even more limited than for solar PV,
countries at 2—4 per cent and emerging economies at arourvdth few solid studies on emerging economies. In industri-
9-12 per cent. Political and economic contexts cause somaéized countries, the CoC for onshore wind is now generally



slightly above solar PV, re ecting the slightly higher resourcéo construction complexity and the very large “ticket sizes” for
risk and operational risks. is result di ers from the pattern nancing massive o shore farms (Dukan et aD23; Hansen
when solar PV was less mature, when it featured a higher CeCal 2024). Overall, the persistent CoC di erence between in-
due to pertaining technology risks (Egli, Ste en and Schmidtustrialized and developing countries stands out most starkly,
2018). While not shown in Figure 4.3 due to data limitationswhich is both an indicator of nancing challenges in the latter
o shore wind (which has mainly only been deployed in OECDand a potential policy lever to address, as discussed below.
countries and China so far), has a substantially higher CoC due

Figure 4.4. Weighted averagest of capital (in large economies by renewable energy techfology)
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technology, unlike fossil fuel-based power generation, generally

relies on a diverse set of investors — not just utilities, but also
e capital sources and investor landscape provide a comple-other non- nancial companies, especially dedicated renewable
mentary lens through which to understand progress en reenergy project developers. ere are some distinct regional dif-
newable energy technologies by informing the robustness trences; for instance, utilities play a larger role in the United
the funding. Like the CoC, quanti cation of these aspects iStates of America than in Europe, especially for onshore wind.
not readily available, but research by academics and nanciéh important aspect across all regions is that nancial compa-
data providers endeavors to make it available, combining th@es, especially banks, cover a notable share of the investments.
piecemeal available information and imputing gaps to deds pattern directly links to the fact that syndicated project
scribe overall trends (Gumber, Egli and Ste en 2024). nance plays a vital role in renewable energy technologies (Stef-

fen 2018) and underlines the importance of a mature nancial
Figure 4.5 shows estimated splits between di erent invest@ystem and nancial regulation to foster investments.
types for solar PV and onshore wind, for three regions selected
based on data availability. It highlights that renewable energy

5 These values are broadly the same as reported in the 2023 Emissions Gap Report. Values for Brazil and Mexico are updated to the values from the IEA Cost of Capital Observatory, which
are higher than those reported previously.
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Figure 4.5. Investor landscape for renewable energy technologies vein, we also elaborate on some of the key issues around how
for selected regions . .
these metrics can perpetuate the status quo. We conclude this
section with the research needed to develop holistic metrics

g% describing the investor landscape in renewable energy tech-

Solar PV (utility scale) Onshore wind

nologies, and other climate technologies that may comple-
ment the key metrics above (e.g. Vanegas Cantarero [2020]).

_ _ e data underlying these metrics reveal signi cant trends re-
garding the inclusiveness of renewable energy progress. For

2017 2018 2019 2020 2021 2017 2018 2019 2020 2021 instance, while there has been substantial growth in renewable
100% . . . .
<~ energy capacity worldwide, this growth has not been uniformly

distributed. ese disparities highlight the importance of design-
ing and implementing metrics that not only track progress, but
also ensure that the energy transition is inclusive. For example,
the CoC can provide insight into progress where markets are well

2017 2018 2019 2020 2021 2017 2018 2019 2020 2021 developed — or where there are expectations that reducing risks
100% and perceptions of risks represent a critical strategy for expansion
< (Bachner, Mayer and Steininger 2019). is metric can represent

“unfair” penalties for some developing countries, where the per

ception of risk hinders securement of foreign direct investment
for these projects (Komendantova 2012). Furthermore, we can
ask how useful this metric is as a global statistic for renewable
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2017 2018 2019 2020 2021 2017 2018 2019 2020 2021 energy technology nancing when approximately 10 per cent
of countries that are not covered by these metrics are countries
Il utiites Il 3XLIV XRERGMEP GSQTER M Ithat are more likely to rely on concessional nance (Pueyo 2018).
3XLIV RSR 4“RERGMEP GSQTERMIw Additionally, the available data can make it challenging to disag-
gregate within a technology type, which can also obscure the po-

Unknown/not attributable Banks S N -
tential disparities that are arising, as the market generally favours

Estimates based on Gumber A,, Egli F., Ste en B. (2024). larger company-led projects. For example, we highlight that
stand-alone PV systems that show more favourable economics
in Africa are receiving much less attention than larger projects.

It is also important to acknowledge that the very metrics used

to track progress can, in some cases, perpetuate existing in-
ese metrics can provide the basis for informing the achieve-equalities. Metrics that focus solely on quantitative increases
ment of the COP 28 decision on tripling current global re-in renewable energy capacity, for example, overlook the qual-
newable energy capacity by 2030 in terms of the magnitudiative aspects of who bene ts from the progress in renewable
and geographic distribution of the ows, the relative viabilityenergy technologies. If not carefully considered, such metrics
of these investments and the robustness of the investmeobuld inadvertently reinforce a status quo where predomi-
landscape. ey also provide insights into just transitions nantly Western countries and China continue to dominate
and the role that renewable energy technologies can play tine energy sector without fair returns or bene ts being pro-
these processes. For this report, we focus on discussing whiated to local communities (Newell and Mulvaney 2013). e
these metrics and the data availability for global coverage rigwestor landscape matters not only as a metric for climate
veal about the state and trends of fairness and inclusivenessraince ows, but also for the governance of renewable en-
renewable energy technology progress. Our analysis re easgy projects; the ownership structure determines who has a
the use of the just transitions concept in various internationasay in investment and operating decisions. Hence, it would be
agreements, including the Paris Agreement, which recognizéelpful to have analyses, as shown in Figure 4.5, on a country/
that the energy transition must be managed carefully to avoigchnology level for all relevant markets. However, this would
exacerbating inequalities (Newell and Mulvaney 2013). In thieequire country-speci ¢ data collection.



Alternative ownership models — namely social ownershiOne key barrier is the high CoC in some country contexts — re-
and renewable energy communities — can facilitate just tranecting the high investment risk there, which in turn is caused
sitions, especially in ensuring that the bene ts of nancialby a combination of systemic issues in the energy sector, the
growth are more widely shared (Cherry 2023). Renewablaancial sector, and with respect to the political and regulato-
energy communities are increasingly viewed as an alternative landscape more broadly. us, well-targeted interventions
to the presumption of top-down intervention and providing a for countries where access to capital and CoC are hurdles to
transformational process that foregrounds the priorities of theleployment are needed. is requires a clear understanding
community (Gui and MacGill 2018; Hoicka et2021). How-  of the underlying risks from a nance and investment point of
ever, there are fewer examples of these initiatives in developivigw and, accordingly, regulatory changes. “UNDP’s Derisking
countries. Here, expanding the availability of and, critically, th&enewable Energy Investment” report provides a well-proven
types of nance available will determine the success of thefmmework UNDP (2020). However, depending on the spe-
initiatives, and as such, identifying and including these deveti c context, some country-wide investment risks are hard to
opments in the metrics along with the necessary data colleaddress with energy sector-speci c policy only. In these cases,
tion would provide additional insights into the joint progressmore extensive development of the local nancial system, in-
on renewable energy technology and just transitions. cluding nancial markets and nancial intermediation, is key.
While this generates revenue for renewable energy nance and
Additionally, metrics describing international — public and economic development more broadly, these e orts require
private — capital ows could be added to gain a comprehensiv&ibstantial and long-term engagement.
picture. One (although not the only) aspect that is especially
important for many developing country contexts is the capitalnterventions such as blended nance solutions by internation-
source, i.e., public vs. private nance, or the role of the gowal nancial institutions, most notably multilateral development
ernment as investor and lender (e.g. de Aragdo Fernandesbeinks that can provide low interest loans with guarantees and
al. 2023). First, the energy utility landscape in many countridd NFCCC climate nance institutions, such as the Green Cli-
encompasses private and state-owned utilities, where policiggte Fund, remain crucial for renewable energy technologies.
and institutions play an important role in renewable energyFor example, speci ¢ (international) public support for early
technology investment decisions at the latter (Ste en, Karpluplants that have not been used in a new country could kick-start
and Schmidt 2022). Second, state investment banks can deployment and nancing. While well-developed programmes
important for renewable energy technology investment, inexist (e.g. at the World Bank), adequate nancial resources for
cluding co-investing with private sponsors, especially for riskiending in high-risk countries remain a continuous struggle
ier technologies such as o shore wind (Waidelich and Ste er{Climate Policy Initiative 2024). e opportunities that renew-
2024). ird, international nancial institutions, such as mul- able energy investments provide — for reaching climate goals
tilateral development banks (MDBs) and the Green Climatand SDGs alike — are strong arguments for increasing interna-
Fund, have played a major role in nancing renewable energyonal nance for these technologies, including in discussions
technologies in developing countries in the past. However, thebout the multilateral development banks Capital Adequacy
scale of international mitigation nance falls much short of Frameworks and the mitigation part of the NCQG under the
what would be needed (Ste en and Schmidt 2019; Pachauriaris Agreement. In many cases, public nance from these
et al. 2022; Semieniuk, Ghosh and Folbre 2023). sources can be e ectively used to mobilize private co-invest-
ment, by reducing risk for domestic and international private
investors. One aspect in that regard is addressing foreign ex
change risks, for instance, through credit guarantees that incen-
Despite technological maturity, investment is still very limitedtivize local currency nancing. Identifying ways of measuring
in many developing countries, and needs to grow in numerouhe mobilization e ect of public international nance would
emerging economies, even though there are exceptions withmplement the metrics discussed in this paper.
impressive growth. Accordingly, policy is key for global de-
ployment of renewable energy technologies in the context 8ffe also emphasize the need for supportive policies to ac-
meeting the goals of the Paris Agreement. e metrics bringcelerate the energy transition. Here, we stress the bene ts of
into focus several interventions that can enhance progress multiple and cross-cutting policies that shi the economy
renewable energy technologies and reduce barriers. away from fossil fuels and towards low-carbon sources of en-
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ergy (e.g. Stechemesserl 2024) within a stable regulatory Moving forward for the CTPR and within the context of the
context. Other support for individual technology deployment,GSTs, these ndings have implications for tracking climate
such as subsidies and renewable energy auctions, can also ketnology progress for and beyond renewable energy tech-
address market and non-market barriers. While the technolorologies. First, it is necessary to collect investment volumes
gies selected for this chapter are mature, innovation and R&By region, as they are an important early indicator for climate
are needed for the remaining less mature options. Notably, thechnology deployment. Countries may also consider how
bene ts of these cost reductions in renewable energy techndb collect this information in relevant subnational classi -
ogy could be freeing up investment and nancing capacitiesations — e.g. urban/rural or at the sectoral level — to look
for upstream and other climate actions. Identi cation of pub-for additional patterns of investment that may require policy
lic investment for innovation could be facilitated by resettingalignments. It is also necessary to improve information for the
the balance between the public and private sectors, as te€oC. As these data are held by various players in the nancial
nologies and markets no longer require derisking. Additionaindustry, they can be challenging to collect and validate, espe-
capacity and coordination e orts can also support and createially in smaller markets and many developing countries. As
enabling environments for nance and investment, includingthe CoC captures the market maturity, as well as the state and
coordination of country platforms and the support provid- trends of other key enabling conditions for these investments,
ed by UNFCCC bodies. For example, the TEC can continue t@ving accurate and complete data is important for evaluating
assist in establishing the collaborations among governmentthie near-term expectations for translating nancial ows into
private sector entities and other stakeholders needed to atapacity expansion. We also highlight the importance of mar
celerate innovation and implementation of renewable energket structure and investor type, as understanding the -diver
solutions worldwide. e Climate Technology Centre and sity of actors speaks to the maturity of the markets as well as
Network (CTCN) can also play a role in strengthening dothe choices around policy interventions. However, signi cant
mestic enabling environments through technical assistancgaps remain, particularly in tracking private sector invest-
capacity-building and other activities. ments and understanding the long-term impacts of nancial
ows. Improved data collection and transparency are essential
for more e ective nancial planning and policymaking. e
is chapter reviews the state and trends of renewable energynain issue is that private and commercial nance can be more
technology nance and points ways forward for policy. e dicult to access and to track compared to public nance.
conclusion addresses the lessons learned so far, recommenda-
tions for data and metrics to track renewable energy goals, akéhally, there is still a need to improve the evaluation of renew-
transferable lessons for other technology nance needs withiable energy technology nance and investment and its links
the context of the second Global Stocktake (GST2). to just transitions. ese metrics reveal many aspects of the
inequities within the current systems, namely the high CoC.
Examining mature technologies such as solar, wind and hydowever, these metrics can also obscure important aspects of
dropower reveals that the overall global picture for renewabjast transitions, such as potential alternative ownership models.
energy progress is strong. Cost reductions have ensured thafust transition lens also opens opportunities for metrics that
the available nance continues to lead to capacity additionsapture the e ectiveness of these investments beyond ows into
Financial markets consider them to be mature from both &heir impacts, such as aligning renewable energy investments
technological and nancing point of view, and e cient - with the SDGs (see Chapter 3 on FA) as well as tracking broader
nancing structures and instruments are well establishedocial, economic and environmental bene ts (Karytsas, Men-
ese include classical corporate nance by utilities, but also drinos and Karytsas 2020). While this falls outside of the scope
project nance with high debt shares, tapping into nancial of this initial consideration on key metrics for the COP 28 de-
markets via green bonds, and various types of public nanceisions, measures of e ectiveness that are especially tailored to
Global investment ows have risen consistently and considjust transitions warrant more attention.
erably over the years. In this regard, renewable energy tech-
nologies are among the most advanced climate technologies,
and their nancial development can serve as an example for
many other asset-heavy technologies.
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KEY MESSAGES

Innovative solutions for integrating renewable energy into existing grids help manage
variability and ensure stability. This includes smart grids and advanced energy management
systems. Supported by responsible governance, this can accelerate renewable energy
diffusion, enhance mitigation efforts, and create cross-sectoral bene ts. However, strong
governance mechanisms and circular economy strategies at the national level are needed
to mitigate the increased demand for ICT hardware and infrastructure, which could offset
potential gains.

Context-speci ¢ understanding of digitalization's role in decarbonization pathways,
especially at regional levels, remains inadequate and demands further study from
various perspectives.

Digital technologies are increasingly important for mapping renewable energy potential,
improving ef ciency, and enabling interconnections with other sectors like water and
agriculture. However, they cannot replace the physical infrastructure and governance
systems needed for energy transition.

Robust governance frameworks are necessary to ensure the responsible use of Al in
renewable energy projects, including setting national standards for data privacy and
equitable access. Accessible Al-enabled platforms for all socio-economic groups,
including marginalized communities, are crucial and can be facilitated through subsidies
and a global Al fund promoting digital literacy.

National policies should focus on building digital literacy and skills to generate evidence
on energy and digitalization, promoting country ownership and mobilizing international
funding for digital education and clean energy development in low and middle-income
countries.
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5.1 INTRODUCTION so ware-based tools such as ML can predict energy demand and
Understanding the role of innovation and governance in creadjust supply accordingly, thereby reducing costs and improving
ating the enabling conditions for climate technology progresthe e ciency and resilience of energy systems through advanced
is essential to delivering responsible solutions for low-carbomonitoring (Pallonetto, Jin and Mangina 2022). Without proper
and climate-resilient development (IPCC 2022). e 2024 governance, however, digital change can increase the demand for
CTPR highlights the critical importance of mobilizing climateenergy and materials, exacerbate harmful consumption and pro-
technology solutions to accelerate the uptake of renewable ethuction patterns, and o set potential bene ts (Dauvergne 2022;
ergy in line with pledges to triple global renewable energWwiddickset al.2023). Digital innovation alone cannot replace
capacity by 2030 (IEA 2023). is chapter examines the rolethe physical infrastructure needed for the global energy transi-
of digitalization in the context of the global energy transitiontion. Scaling both digital and renewables requires investment and
and applies a responsible innovation governance approach governance systems that can signi cantly increase their potential,
explore the interlinkages between digitalization and energyimprove e ciency, increase energy access and connect with sec-
tors such as the water and agriculture nexus (Sanchez Santillano
Digital technologies resulting from innovations have distinctiveet al. 2022).
features that enable radically disruptive transitions in the-ener
gy sector. ey o er opportunities to develop new production A key starting point is recognizing that there are di ering ap-
and consumption models reshaping conventional approaches pfoaches to assessing the bene ts and risks associated with the
energy generation and consumption (Nwaiwu 2021). Digital inenergy transition and the deployment of digital technologies.
novations, with responsible governance, can accelerate renewdbte example, the World Economic Forum (WEF) estimates
energy adoption, enhance mitigation e orts and create new ofa potential 20 per cent reduction in GHG emissions (metric
portunities for the energy transition. Chapter 6 explores the ratictcons of carbon dioxide equivalent [MtCO2e]) by 2050 using
nale behind digital innovation and governance, focusing on theigital tools in energy, materials and transport, based on sce-
energy system applications and possible cross-sector bene ts.narios from IEA Net Zero by 2050 and the OECD Environmen-
tal Outlook, and data from WEF, the United Nations and the
Digital innovation refers to the creation and adoption of newGovernment of the United States of America (Vestberg 2024).
and value-adding novelties in products, processes, servicesliorcontrast, the peer-reviewed scienti c literature projects an
business models through the incorporation of digital technolexponential increase in energy consumption and global GHG
ogy (Hund et al. 2021). Digital innovations span both hardemissions due to the expansion of ICT infrastructure and use
ware-based technologies, such as information and communicéreitaget al. 2021; Samuel, Lucivero and Somavilla 2022). is
tions technology (ICT), data centres, robotics and the Internéhherent contradiction underscores the need to closely exam-
of things, and so ware-based innovations, including applicaine the relationship between digitalization and energy systems.
tions, cloud computing and Al. e rapid adoption of digital While the ecosystem of digital innovations is complex and rap-
technologies requires a global understanding of their e ect&lly expanding, it is essential to understand how digital tech-
on energy demand, socioeconomic development and climat®logy solutions can advance renewable energy deployment
impacts (Di Salvo et.a2017; Samuel, Lucivero and Somavillaand adoption. Consequently, this chapter focuses on two specif-
2022). While the rate of digitalization varies from country toic examples. e rst case (global scope) explores the emerging
country, it is a key trend in climate change mitigation, and it isole of Al, particularly ML, combined with geographic infor
crucial to assess the potential of digital technologies and estabation system (GIS) tools to map global roo op solar capacity
lish responsible governance mechanisms to manage associaggansion. e second case investigates the implementation of
risks (Stilgoe, Owen and Macnaghten 2013; Win eld and Jirotpay-as-you-go (PAYG) solar technology in Burkina Faso. Both
ka 2018; Schulz and Feist 2021; Widdicks 20aB). examples of digitalization in energy are highly relevant for en-
hancing global solar capacity and improving electricity access
Digital innovations are recognized for their potential to address Africa. e following section outlines the main challenges
climate-related challenges and are o en highlighted for theiland risks associated with developing digital innovations in the
ability to accelerate the implementation of the Paris Agreememtinergy transition, providing a rationale for assessing their po-
and the SDGs (ITU and UNDP 2023; IEA 2024). For exampliential and o ering policy recommendations.



5.2 OPPORTUNITIES AND CHALLENGES IN gorithmic biases, arising from inaccurate training data, poorly
GOVERNING DIGITAL INNOVATION FOR THE suited models, or di erences between training and application
ENERGY TRANSITION contexts (Arora et a023). ese biases can lead to skewed
Digitalization is emerging as a key driver of energy transitiongutcomes and reduce the e ectiveness of models in real-world
reshaping the way energy capacity is assessed, produced, sitsrations. irdly, information asymmetry poses a signi cant
tributed and consumed. Currently, much of the progress drivenisk for decision makers who wish to use digital innovations in
by the rapid advancement of digital technologies in the corenergy transitions (Meunier 2023; IMF 2024). Disparities in
text of renewable energy transitions remains concentrated ithata access can exacerbate power imbalances and undermine
high-income countries, highlighting the need for greater e ortstrust between stakeholders, thus hindering collaboration. In the
from both the public and private sectors to mobilize investcontext of Al models, data is mainly available in high-income
ments in digital infrastructure in low- and middle-income countries, giving them an advantage and leaving lower-income
countries (IEA 2024; World Bank 2024). countries behind. While some lessons can be transferred, sig-
ni cant contextual di erences can lead to negative outcomes if
As countries develop their low-emission development strateiot addressed in robust national governance strategies.
gies and update their NDCs, signi cant opportunities and pol-
icy momentum could enable appropriate national and regionabiven existing opportunities and risks, e ectively harnessing
pathways that address digitalization as a multisectoral stratedigital innovations to improve access to renewable energy and
for transforming energy systems. Yet, while digital innovatiorexpand its capacity requires responsible innovation gover
holds the promise of facilitating the wider deployment and uphancetailored to the speci c national or regional context in
take of renewable energy systems, it also presents signi camhich digital technologies are deployed (Stahl 2022). It is cru-
challenges and risks (European Commission 2024). ese chaleial to assess how responsible innovation governance can help
lenges are particularly pronounced in contexts where goveidentify the most valuable options for supporting energy system
nance frameworks, socioeconomic conditions and investmenitansformations, while simultaneously mitigating and managing
in infrastructure are insu cient to meet the diverse needs ofrelated risks. e following section outlines the key dimensions
various low- and middle-income countries. Many countriesof responsible innovation governance in the context of the en-
in sub-Saharan Africa face severe energy shortages, resultangy transition, which are then applied to both case studies to
in widespread energy poverty, a problem worsened by rapidentify relevant lessons and policy recommendations.
population growth. e urgent need to expand electricity ac-
cess has sparked growing research interest in innovative way€-1 Key dimensions for responsible innovation
to accelerate the energy transition in the region (Muluggtta 9overnance in the context of digitalization and the
al. 2022). ese challenges present a unique opportunity for€Nergy transition
the continent to harness digital transformation in its energyDigital innovations have the potential to accelerate and scale
systems to meet development needs. However, it is crucialup energy system transformations, provided that robust gov-
weigh up both the bene ts and the risks involved. ernance mechanisms are put in place. ere are two critical
governance aspects at the intersection of digital innovation
Firstly, digitalization in energy systems raises the energy dand energy systems. e rst is sustainable digitalization,
mand for so ware and infrastructure such as data centresyhich highlights the need to ensure the sustainability of digi-
which in turn leads to an increase in carbon emissions an@l innovation processes. e second is digitalization for sus-
resource consumption. Large-scale digital projects drive emainable development, which involves the deliberate design of
vironmental impacts such as water and energy use, minirgjgital solutions to promote sustainable development.
expansion, toxic waste generation and carbon emissions (Dau-
vergne 2022; Schitze 2024). Furthermore, uneven accesset@otential of digital innovations to support the mobiliza-
digital tools worsens the global digital divide (Nyahodza antion and deployment of renewable energy systems is increas-
Higgs 2017), with 2.6 billion people still lacking access to thagly being recognized. is includes co-bene ts and com-
Internet, thus posing an obstacle to achieving many SDGplementarities with other sectors (IPCC 2022; Muench. et al
particularly SDG 9 and SDG 7 (United Nations Conferenc022). Digital technologies o er synergies with the SDGs
on Trade and Development 2024; Vestberg 2024). Secondlyinuesaet al 2020) and can facilitate more ambitious and
digital technologies such and Al and ML can be prone to atransparent NDCs under the UNFCCC process (GESI 2020).
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In the context of this report, this means improving renew-transitions at the national level. e four governance dimen-
able energy systems and services in line with SDG 7 to ensaiens are: risk management, regulatory factors, institutional
universal access to a ordable, reliable and sustainable enerfgctors and innovation management (see glossary in this re-
To address sustainable digitalization and digitalization foport). ese principles have been extracted and interpreted
sustainable development, we provide a set of governanfrem the Sixth Assessment Report (AR6) of the IPCC (2022)
dimensions for understanding and developing a frameworland correspond to key criteria for evaluating digitally enabled
for responsible innovation at the nexus of digital and energgnergy system transitions.

Figure 5.1 Responsible innovation governance for digitally enabled energy system transitions

Governance Dimensions

Core Principles

Risk Management

Alignment, common vision
and objectives of innovation
) Regulatory Factors

Sustainable Digitalisation o
Institutional Factors

Digitalisation for sustainable
Development Innovation Managemen

Source: Authors own elaboration.

Figure 5.1 highlights key areas necessary to maximize ti¢hile the framework is of a general nature, each dimension
potential of digital technological solutions while mitigating will need to be adapted to the speci ¢ needs and context of the
negative socioeconomic and environmental impacts. e di- country in which it is being applied. e authors have devel-
agram emphasizes the need for aligning visions, values aoged guiding questions for each problem area, which serve as
objectives when creating digital technology strategies arehtry points for policymakers to address context-speci ¢ chal-
policies by considering regulatory factors, innovation manienges related to digitalization and energy system transitions.
agement, institutional aspects and risk management.

Table 5.1 Guiding questions for assessing opportunities/risks and improving governance

Problem area Guiding questions for assessing opportunities/risks and improving governance

Which aspects of the technology in question promote sustainable digitalization? If sustainability con-
siderations are missing, how can they be integrated to drive digital innovation towards sustainable
development objectives?

Digitalization and sustainable
development

Regulatory factors and What are the context-speci ¢ requirements, including policy, for the effective governance of this
governance technology? What key regulatory factors and capacities are needed for proper regulation?

What are the main social (diversity, equity and inclusion) and environmental risks associated with the

Risk management . - . S .
g technology in question? Are adequate risk management strategies in place to address these issues?

Which institutional factors can act as barriers or enablers for the mobilization, deployment and
Institutional factors and inno- | implementation of the technology? What processes and resources are needed for effective short-
vation management and long-term technology management? Who are the key stakeholders and how are they informed,

involved or affected by these innovations?



https://developers.google.com/maps/documentation/solar/overview

e following section presents two cases that illustrate how thisSolar PV energy is an important source of renewable energy.
framework can be used to identify potential opportunities andCurrently, about 6 per cent of the world's energy is produced
risks for the responsible governance of digital innovation in they solar PV (IEA 2019). Raw materials to produce solar PV
energy transition. e rst case (global scope) investigates thecells are widely available, and solar cell production is stan-
use of Al, particularly ML, combined with GIS tools to map thedardized, allowing for low-cost scale-up. Signi cant cost re-
global expansion of roo op solar capacity. e second case fo-ductions in solar PV over the past decade (IEA 2019) have led
cuses on established PAYG solar technology and its implemete-an increase in global solar PV capacity of about 41 per cent
tation in Burkina Faso. Together, these examples demonstraggnce 2009 (BP 2018); a further tenfold increase in global solar
how digitalization can accelerate solar capacity growth anelV is expected over the next decade (IRENA 2019), which
improve electricity access across Africa. Both case studies alsmuld make solar PV the largest primary energy source by
address key aspects of digitalization, including challenges a@@40 (IEA 2024).
risks related to regulatory and institutional factors, risk man-
agement and the forward-looking governance of innovation. Several complementary advances using ML and Al have been
developed in recent years to support global solar PV capacity
assessment (see Kruitwagen et al. 2021; losh2021) and
5.3 CASE STUDIES solar PV maintenance e ciency (Oviedbal. 2023). In addi-
tion to large-scale industrial solar PV installations, small-scale
5.3.1 Case study 1: Using arti cial intelligence for 15 op PV accounts for about 40 per cent of global solar PV
rooftop solar capacity expansion capacity (Joshi et al. 2021), and thus represents an addition-

Figure 5.2 How arti cial intelligence and machine learning can support insight and uptake of solar photovoltaic energy

Predicted roo op solar potential over buildings of Sao Paulo.

Source: https://developers.google.com/maps/documentation/solar/overview

al important route for increasing solar PV capacity rapidlygenerating solar PV energy in the built environment. Under
and at low cost in both rural and urban areas. Encouragingtanding roo op solar PV potential can be particularly im-
the deployment of roo op PV thus represents a viable poliportant for individuals or businesses when deciding whether
cy pathway for increasing renewable energy capacity at titds nancially viable to install solar PV; therefore, Al-based
global scale. However, factors such as roo op area, solar riasights help to reduce the uncertainty associated with the
diation and roof angle a ect how much stored energy can bgeneration and cost of solar PV, and can thus signi cantly
generated from sunlight. Di erences in these factors makéacilitate the further adoption and expansion of solar PV in
certain roo ops much more e cient at producing solar PV both urban and rural areas around the world.

than others. Recent Al-based approaches have shed light on

the assessment of roo op potential by predicting the expectUnder the name Project Sunroof, Google created actionable
ed solar PV capacity for individual houses, thus making iinsights by developing an Al algorithm based on satellite im-
possible to assess which houses are particularly e ective agery to predict the roo op PV potential of individual hous-
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es in cities. Users can query the PV potential of their owtries generally have low statistical capacity, resulting in low to
homes on Google’s platform, based on a model that analyses data. While Al-based insight can be used to infer insight
roo op exposure to sunlight, meteorological data and locafor a low-data context from algorithms trained loigh-data
electricity prices, among other factors. Similar informationcontexts, if large heterogeneity exists between the contexts,
is also provided for entire geographic regions, potentiallyhis can lead to unrealistibjased and harmful predictions
giving policymakers new insights into the amount of solafor low-data contexts. For the prediction of roo op potential,
power that could be generated through regional roo op solaground truth information on physical parameters of houses’
PV programmes. Building on Google’s platform, Monaleefoo ops, and associated existing solar PV capacity is required
a climate technology company based in the United States tof infer the former from imagery and subsequently the latter
America and launched in 2022, provides users with individfrom the former.
ual real-time price quotes and customized o ers based on a
homeowner’s speci ¢ roo op solar PV potential. By using the is will be absent or only available in limited amounts for
precision solar PV estimates described above, Monalee haartain countries (especially developing countries), where
been able to o er customers solar PV installations at a lowehe low availability of both data and energy are crucial is-
cost and with much greater price transparency. is examplesues. Hence, while Al-based algorithms can be produced in
shows how precision information provided by Al-based anaany location with cloud and server infrastructure no longer
lytics, and synergies between large technology companies amedjuired to be local, responsible (solar PV) algorithms re-
renewable energy providers, can signi cantly increase the uguire both collection of ground truth information also across
take of existing renewable energy sources. low-data contexts and validation of the produced algorithm
across low-data contexts, especially given vast di erences in
e risk of asymmetry of Al capacity and regulatory re-  physical houses’ morphology, which in uences roo op solar
sponsibility PV potential across countries.
Generating large algorithms requires huge amounts of data
and server capacity. Both are predominantly in the hands of tHeeEagmentation of multisectoral stakeholders as a risk
private sector. is creates a conundrum where the resourcesAs outlined above, in this context of algorithmic insights on
to drive Al’s contribution to the adoption of renewable energyroo op solar PV, Al-based insights cannot replace physical
are in the private sector, while governments and the publiexpansion of energy capacity. However, it can directly assist in
sector are the regulators, who generally do not have accesseducing the uncertainty of the produced capacity and sup-
the algorithms generated. ese discussions on appropriate Alport a more e cient expansion of solar PV. erefore, e -
policy and public regulation of the Al sector are broader tharient adoption of algorithmic insights for solar PV capacity
those applying solely to algorithms produced in the contextequires both insights from the technology sector and action
of energy (see, for example, Centre for the Governance of &bm the energy sector. Where partnerships exist, or where
[2024]). Furthermore, in the context of Al algorithms for en-entities within the energy sector have in-house Al capabilities,
ergy, the entities that produce algorithmic insights are typicallg more rapid synergy between Al insights and physical energy
technology companies, while energy producers are those thaapacity expansion can be achieved. In developing countries,
bene t from the insights. erefore, both the asymmetry be- more transparent insight into roo op solar PV potential of-
tween private sector Al capacity and public sector regulatioffiers a great opportunity to attract funding for further solar
and the sectoral separation between technology compani®¥ projects with less uncertainty, but with the caveat of the
producing algorithmic insights and energy companies witlimportance of algorithmic validation outlined above.
the capacity to physically scale up renewables, highlight the
importance of collaboration between the public and privatdn conclusion, while algorithmic insights cannot replace the
sectors, and between entities across di erent private sectogysical deployment of solar PV, they can signi cantly reduce
to ensure the e cient and frictionless adoption of Al-baseduncertainty and attract more investment from both the pri-
innovations in solar PV (or other technologies). vate and public sectors into roo op solar PV development. As
the capabilities of algorithmic modelling rapidly advance, the
e importance of ground truthing algorithms to reduce e cient use of these insights for renewable energy capacity
global inequities of algorithmic bene ts will require strong collaboration and coordination between
Large Al models require data that are available in large quanfifivate sector entities and with the public sector.
ties and exhibit low (measurement) biases. Developing coun-



5.3.2 Case study 2: Developing last-mile pay-as- and consumer protection (Burkina Faso, Ministry of Energy
you-go energy access innovations in Burkina Faso ang water 2022). Streamlined procedures for permits, inte-
Sahelia Solar, a Burkina Faso-based company, focuses on igietion of mobile banking for payments and grid connection
grating solar PV systems to harness the country’s solar potentisiandards are crucial (IRENA 2022). Additionally, building
reduce energy costs and contribute to climate change mitigatidhe capacity of local authorities and prioritizing rural electri -
(Sahelia Solar 2023). rough a PAYG model, Sahelia Solar hasation policies will help to manage and regulate the technology
launched several projects targeting rural agro-industrial facile ectively (World Bank 2021).
ities (IRENA 2022). However, challenges related to powering
agricultural machinery, identifying the appropriate businesdn this case, several governance and regulatory factors are es-
models for climate- and economically vulnerable populationssential. First, e cient licensing and permitting processes are
delivering solutions e ciently in remote areas where infra- crucial. is involves simplifying procedures to reduce bu
structure and resource access are o en limited, and identifyingeaucratic delays and ensuring that the criteria for granting
speci ¢ energy needs have slowed progress (World Bank 202ligenses are transparent and fair, as outlined by the Ministry
of Energy and Water, Burkina Faso (2022).
To overcome these barriers, technical assistance from the CTCN's
national entity in Burkina Faso aims to enhance technologic&onsumer protection is another key factor. It requires man-
solutions and payment systems for productive uses in agri-pratating quality standards for equipment and services while
cessing applications (CTCN 2023). is includes, on the oneestablishing mechanisms for consumer grievance redressal,
hand, identifying locally led agricultural solutions for implemen-as recommended by UNICEF (2020). Financial integration
tation and, on the other, analysing existing payment challengesso plays a vital role. It includes enabling seamless mobile
developing a new “pay-as-you-use” system and improving systgmayment integration for PAYG systems and supporting ex-
management. e technical support will also address issues sucible micro nancing products tailored to rural communities,
as energy access disparities, equipment quality and a er-sales suggested by Balfour (2018).
services, while strengthening stakeholder engagement, revising
payment models and establishing quality standards. ese e ortslnstitutional capacity-building is necessary to support these
will enable Sahelia Solar to promote renewable energy more e @oitiatives. is involves providing training for regulatory
tively and sustainably in the country (IRENA 2022). bodies and enhancing technical expertise within institutions
to e ectively oversee renewable energy projects (Burkina Faso,
Digitalization: Exploring technology’s role and relevance to Ministry of Energy and Water 2022). Monitoring and evalu-
digitalization ation systems should be implemented to collect and analyse
Initial aspects of the technology related to digitalization in thelata on project performance, which will inform necessary pol-
project include using mobile payment platforms and smarfcy adjustments. Lastly, stakeholder coordination is essential,
metres within the PAYG model. ese tools enable exible which includes promoting interministerial collaboration and
payment and energy usage monitoring, enhancing accessedocouraging PPPs to leverage diverse resources and expertise.
energy services for low-income populations (Balfour 2018).
Risks and stakeholders: Key social and environmental risks
e innovative element in this project includes the contextual and management strategies for technology roll-out
adaptation of the PAYG model, which aligns payment struc-e key social risks associated with PAYG solar technology
tures with the income patterns of Burkina Faso's rural populain Burkina Faso include unequal access, particularly for mar
tions, ensuring a ordability and accessibility for economicallyginalized groups such as women, low-income households and
vulnerable groups; community-centric digital engagemenpeople in remote areas, who may face a ordability or acces-
tools; and the integration of revenue-generating activitiesibility challenges. Additionally, limited digital literacy could
that further facilitate a ordability and accessibility for theseprevent some users from e ectively utilizing mobile payment
economically vulnerable populations (IRENA 2022). platforms. On the environmental side, improper disposal of
solar batteries poses a risk of pollution and soil contamination.
Governance and enabling environment: Speci c requirements
for e ective implementation of technology in Burkina Faso  To mitigate these risks, promoting inclusivity through exible
To e ectively implement PAYG solar technology in Burkinapayment plans for underserved groups and providing digital
Faso, a supportive regulatory framework for renewable enerdiyeracy training is essential. Environmentally, establishing
was essential, with clear policies for o -grid systems, licensingafe disposal and recycling programmes for solar components
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should be prioritized. Engaging local communities throughin identifying areas for improvement and customizing educa-
education on sustainable energy practices is also crucial. tional content to better meet users’ needs (Mulu 2020). Sahelia
Solar’s long-term goal is to integrate localized content ard lan
Currently, key actors include UNFCCC’s CTCN, Sahelia Sauage support into its digital literacy programmes. By devel-
laire, Burkina Faso's nationally designated entity (NDE), andping training materials in local languages and using cultur
international partners such as the French Development Agen@fly relevant examples, the content becomes more accessible,
(AFD). Further involvement from local NGOs, women's groupsdnclusive and relatable to all users (UN-Women 2021).
and environmental organizations would enhance inclusivity
and sustainability e orts. is technology assistance TA is im- To conclude, based on this case study, the following recom-
plemented in collaboration with a private company. e exit mendations can be highlighted: it is crucial to strengthen
strategy involves ensuring the technology is sustainable, allolecal capacity and a er-sales support by establishing local
ing the private company to continue operating it independentlyservice centres that o er technical support, maintenance and
a er-sales services, especially in rural areas. Additionally, en-
Barriers: Institutional factors a ecting nancing, deploy-  hancing digital literacy and access to technology is vital. is
ment and implementation of the technology e ort would empower marginalized groups, including women
Key barriers include digital literacy and technological adoptionand the elderly, to better understand and use mobile platforms
Despite the importance of digital payment systems in the PAY@ssociated with PAYG systems, thereby improving their par
model, low levels of digital literacy in rural areas prevent sontecipation in and access to renewable energy.
users from e ectively utilizing mobile platforms. is issue is
particularly acute for marginalized groups, such as women arll4 CONCLUSIONS
older populations, limiting their participation in the system. is chapter has explored some of the key challenges and op-
In addition, policy and regulatory gaps include the regulatoryortunities of deploying digital climate technologies, provid-
framework for renewable energy in Burkina Faso, particulaing examples and lessons learned to inform the governance of
ly for o -grid solar systems, which remains underdevelopeddigital innovation in the context of energy transition. Digital
Licensing, consumer protection and the integration of mobilénnovation is expected to remain a disruptive force across sec-
payment systems face signi cant gaps, creating obstacles to tbes, particularly at the intersection of energy and digitaliza-

widespread adoption and scaling of this technology. tion. e diverse contexts in which these digital technologies
are applied require tailored approaches to their design and
Strategies to achieve digital literacy governance. Technological change is in uenced either pos

To achieve its digital literacy objectives, Sahelia Solar implemeitisely or negatively by several non-technological barriers,
a comprehensive set of strategies aimed at enhancing users’ difyich would generally fall under the category of socioeco-
ital skills. e rst strategy involves initial onboarding sessions nomic and institutional dynamics and will require appropriate
during the deployment of the PAYG system. Sahelia Solar cogovernance mechanisms to maximize bene ts and minimize
ducts hands-on workshops and live demonstrations to familiarizpotential harm (Knobloch and Mercure 2016).
users with digital tools and platforms. ese sessions teach users
how to operate mobile applications, make payments and accesschapter has identi ed numerous barriers and enablers
marketplaces. that are critical to advancing low-carbon and climate-resilient
development through digitalization.
In addition to onboarding, Sahelia Solar establishes peer suppdu accelerate renewable energy deployment in line with global
networks. ese user groups and forums provide a space for indicommitments to triple renewable energy capacity, countries need
viduals to share experiences, exchange tips and support each oftesng institutional and governance frameworks that integrate
in using the PAYG system. Mentorship programmes pair digitallgnergy and digital strategies. Collaboration between di erent
pro cient users with those requiring additional assistance, fosactors and sectors, each with di erent mandates, preferences or
tering mutual learning and community solidarity (UNDP 2021). expectations, is currently fragmented. It is therefore essential to
address the wider implications of digital technologies for energy
Another key strategy is the implementation of feedbaclsystems and other sectors. It is equally important to recognize
mechanisms. Users are encouraged to o er feedback on traiand address institutional and governance gaps, as these will
ing programmes and digital tools through surveys, suggesave a signi cant impact on the successful implementation of
tion boxes and interactive sessions. is feedback is cruciatross-sector digital capabilities for e ective digital innovations.



In addition, as digital innovation drives new demand for dig-measures will facilitate the responsible and widespread adop-
ital products and services, the need for improved connectiviion of Al and ensure that its impact is managed more ef-
ty, faster data transmission, investment in ICT infrastructurefectively and equitably across di erent regions and countries.
and better applications and digital platforms becomes critical.
ese elements are critical to the transition, which in turn us, while public and private entities focus on greater innova-
accelerates material and energy production and consumptiation and investment in digital solutions (ranging from sensors
— an urgent issue that must be addressed. A context-specite smart energy grids and the use of Al tools for better map-
understanding of the role of digitalization in decarbonizationping and resource management), itis essential for each national
pathways, especially at the regional level, remains lacking aresearch and policy sector to focus on creating digital skills to
requires further research from di erent perspectives. build robust evidence on energy and digitalization, promote
country ownership, and signi cantly mobilize digital literacy
In the global energy transition, understanding the digital aspecfgogrammes at the national and global levels. At the same
of new technologies, while fostering an enabling environment fdime, the international community of donors and technology
e ective regulation and risk management, is critical to assessimgpmpanies must promote coordinated funding for digital lit-
their contributions. Digital tools, from Internet connectivity to eracy and clean energy development in low- and middle-in-
smartphone apps, data sensors and complex ML, o er signi eome countries. ese concerted e orts will enhance the
cant potential for forecasting energy demand, optimizing energskills, awareness and governance perspectives that will guide
supply, and improving system e ciency and resilience. Howevemore informed and responsible digital innovation across the
without appropriate governance, digitalization could exacerbatdigital and energy value chains in low- and middle-income
unsustainable consumption patterns and negate potential e countries, both in the short and long term.
ciency gains by increasing demand for energy and materials.
Current research does not adequately consider the energy imgdigital innovation, supported by responsible governance, can
cations of digital technologies, particularly regarding the energgccelerate the deployment of renewable energy, enhance mit-
demand of digital devices throughout their life cycles (i.e. manudgation and adaptation e orts, and generate cross- sectoral
facturing, use, end-of-life and circularity). Additional research idene ts. However, strong governance mechanisms and robust
needed to understand the role of critical minerals and other raplanning at the country level are needed to avoid increasing
materials in the global energy transition. energy and material demand for ICT hardware, so ware and
infrastructure, which could undermine potential e ciency
While digital innovations cannot replace the need for physicajains. Additional linkages with circular economy planning at
infrastructure and governance systems, they will continue tthe country level are therefore needed.
play an important role in mapping renewable energy poten-
tial, improving generation e ciency and fostering linkages Careful country assessments and advocacy are also necessary to
with other sectors such as water and agriculture. Policies thamnbed responsible governance in national innovation and energy
encourage investment in clean energy are essential to supppdiicies, with a focus on raising awareness and strengthening link-
the infrastructure needed for a green digital economy. ages between the digital and energy sectors. is can be achieved
through nationally owned, actionable principles and policies that
In addition, scaling up Al-based technologies, such as usirdyive cross-sectoral governance arrangements and help mobilize
ML for advanced solar capacity mapping, requires fosteringivestment opportunities in climate technology solutions.
public-private partnership models, promoting transparent
and accessible data, and integrating Al tools, skills and chastly, supporting an enabling environment that embraces
pabilities into national energy strategies. Robust governandegoader systems thinking and emphasizes context-speci ¢ in
frameworks are essential to ensure the responsible use of #dvation and governance processes in pursuit of the SDGs
tools in renewable energy projects. ese frameworks shouldand more ambitious NDCs will be bene cial. Future actions
include national standards for data protection and equitablend decisions should address the speci c risks and uncer
access to data. In addition, it is crucial to make Al-enablethinties of digital innovation, and address national regulatory
platforms accessible to a wide range of socioeconomic grougencerns, while promoting the creation of stronger capabilities
including marginalized communities. is can be achieved and institutions that support a responsible enabling environ-
through subsidies and the creation of a global Al fund to proment for the governance and promotion of digital technology
mote digital literacy and access to digital technologies. Suth drive responsible energy transitions and climate action.
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ANNEX 1 - Interlinkages between key technologies and SDGs

Adaptation technologies

Technology

Mitigation

Adaptation

SDGs

Resilient power infra-
structure (Ahad et al.
2020; Guerrero Delgado,
Sanchez Ramos and wAl-
varez Dominguez 2020)

Reliable power system
(Ahad et al. 2020; Guer-
rero Delgado, Sanchez
Ramos and Alvarez
Dominguez 2020)

Support a reduction in the
emission of all pollutants
and CQ, provided that
renewable energy is used.

Power system remains
functional during emergen-
cy and disaster situations,
reducing the vulnerability
of the urban system.

Can provide reliable elec-
tricity to the urban sys-
tem, including the many
sectors and potentially
also vulnerable popula-
tions and informal areas
that are usually unable to
access reliable sources.

Water use ef ciency
(Padilha Campos Lopes
et al. 2020; Zhou et al.
2020)

Support more ef cient
electricity generation
processes.

Improves water use and
management of the gener
ation plant, but could also
improve the management
of watersheds.

Resilient power infrastructure technologies,
particularly in combination with reliable power
system technologies, contribute directly to
SDG 7 (affordable and clean energy) and
SDG 13 (climate action). They can also
contribute to SDG 3 (good health and well
being) and SDG 6 (clean water and sani-
tation), by guaranteeing the functioning of
other infrastructures and urban facilities and
services, in addition to domestic supply. As a
result, these technologies contribute to a more
sustainable urban system, helping to achieve
SDG 11 (sustainable cities and communities).
Depending on the economic, political and
institutional conditions, such technologies

can not only bene t vulnerable and poorer
populations in terms of domestic consump-
tion, but also provide reliable energy to health
centres, shelters, early-warning systems or
general communication systems, thus helping
to achieve SDG 1 (no poverty). These tech-
nologies also support SDG 6 (clean water and
sanitation) by using it more ef ciently.

Smart grids/digitalization
(Mondejar et al. 2021,
Babazadehet al. 2022;
Judgeet al. 2022; Kaur
et al. 2022; Meenal et

al. 2022; Durillon and
Bossu 2024; Kumar et al.
2024; Nyangon 2024)

Support a reduction in the
emission of all pollutants
and CQ, provided that
renewable energy is used.
Synergies with mitigation
should therefore be consid-
ered in the context of other
enabling technologies, such
as distributed energy re-
sources, advanced metering
infrastructure, communica-
tion networks and electric
vehicle infrastructure.

Can support the provision
of reliable electricity to
the urban system and grid
connected areas.

SDG 7 (affordable and clean energy), SDG

9 (industry, innovation and infrastructure),
SDG 11 (sustainable cities and communities)
and SDG 13 (climate action) can all be sup-
ported through smart grids, as they enable
the integration of renewable energy sources,
improve the energy ef ciency of electricity
transmission and reduce peak demand.
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