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ABSTRACT

wide-Rypging implications for sustainable

Decarbonization is essential for addressing climate change, @
i Qarbonization on key areas of sustainable

development. This paper examines the spectrum of im;
development, such as poverty reduction, job creatio )
It highlights both opportunities and challenges, ingiffdin eed {8fPalance environmental goals with social
equity and economic stability. The analysis show® t

address regional disparities, land-use conflicg$? job
sustainable development goals, this paper ar@ues that the
and prosperous future for all. %

)

s. By aligning decarbonization efforts with
rgy transition can support a fairer, more resilient,
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INTRODUCTIQg
In 2015, two W@ iI§gones were achieved in global sustainability efforts: the launch of

the United ¥ations ustainable Development Goals (SDGs) [1] and the establishment of
the Paris eme . These initiatives, widely endorsed and ratified by UN Member States,
S step forward in international collaboration on sustainability and climate
s represent a holistic framework comprised of 17 objectives, that address key
vironmental and challenges that stand on the path to sustainable development. On
, the main goal of the Paris Agreement is to “strengthen the global response to
ange, reaffirm the goal of limiting global temperature increase to well below 2
degrees Celsius, while pursuing efforts to limit the increase to 1.5 degrees”. In essence, the
Paris Agreement is closely tied to SDG 13: Climate Action, and requires countries to submit
Nationally Determined Contributions (NDCs) every five years in which they state their climate
goals, but also the specific policies and measures (PAMs) they intend on implementing to
achieve those goals.
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While climate change mitigation and sustainable development are historically seen as
district fields, the implications of decarbonization extend far beyond the reduction of
greenhouse gas (GHG) emissions [3]. The transformation of energy systems, industries, and
economies required to achieve net-zero emissions has profound consequences on sustainable
development—both positive and negative. Addressing these implications is critical to ensuring
that decarbonization contributes to a just and equitable global transition, leaving no one behind.
The absence of inclusive policies exposes the energy transition to the risk of social resistance
from certain socio-demographic groups and to “revenge of places that don’t matter” [4].

Energy systems are at the heart of this transition and its decarbonization requires a complete
overhaul of energy generation, distribution, and consumption patterns [5]. This in turn interacts

This paper explores these themes by exammmg the w1de -rang

dependent, influenced by regional dlfferences in resource availability, econo O&yc§Dment,
and governance structures [6]. %

and governance dimensions of this tran51t10n, focusing on key tq

inequality, job creation, the food-water-energy nexus, ecq

g ns of
\ 1c ey ironmental,
Q_as Jpoverty and
coherence. The analysis highlights both opportunities and cif@

for tailored, context-specific strategies to maximize sy i 0 'tlgate trade-offs. By
addressing these dimensions holistically, this pape contribute to a deeper
understanding of how decarbonization can support g sustai

e and Inclusive future.

FRAMEWORKS FOR EVALUATING T
SUSTAINABILITY NEXUS

Many studies explore the interactiggs b

tion [8]. Policymakers welcome systematic
. An example of such an approach is the seven-
h contains seven possible types of interactions.

evel, it is particularly effective at mapping the synergies
targets, making it easier to identify points of collaboration
ing the development of coherent policies and measures relevant
. This scale has been later used by Nerini et al. [10] to evaluate the
g#ate action and the SDGs. The analysis in [ 10] underscores the impacts
imate change, stating that the changing climate could undermine the
argets across 16 SDGs. This aggravates existing challenges related to
g, food, energy and water availability and health. However, their analysis also
rgies between climate action and 134 targets across all SDGs, which notably

and trade-offs be
and competition

Inspired by [9] and [10], Gjorgievski et al. [11] introduce an additional step in which the
synergies and trade-offs are quantified with aggregate score. The quantification exercise has
been implemented for the energy, heating and building sectors in North Macedonia [11]. As
the proposed approach is suitable for stakeholder engagement, Gusheva et al. [12] also
implement it to evaluate how climate policies in the waste management sector contribute to
sustainable development. Gusheva et al. share how the identification of the synergies and trade-
offs, as well as their quantification, can be co-developed with external stakeholders [12]. A
common denominator in the findings within this body of literature is that the synergies tend to
outweigh the trade-offs, but that the latter can have a large impact, particularly in cases where
their long-term consequences are not adequately addressed. For example, hydropower dams,



while improving energy generation and water supply, can disrupt ecosystems and affect
agricultural productivity long-term. The literature further identifies gaps in current
methodologies, particularly in the modelling of SDG interlinkages. While many studies focus
on historical data, there is limited exploration of future projections and the transboundary
impacts of SDGs [13]. Transboundary spillovers—where one country’s policies affect the SDG
progress of neighbouring countries—are particularly important in environmental contexts,
where regional cooperation is essential for managing shared resources like water and air
quality. Additionally, the issue of intergenerational spillovers emphasizes the need to account
for long-term environmental and social impacts, particularly in relation to climate change.
These concepts suggest that current research methodologies may overlook the broader, more
distant impacts of policy decisions.
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Potential trade-offs

son et al. [9]

seful when engaging stakeholder,

, Iitdex of Sustainable Economic Welfare, Happy
Planet Index, Measured Econ dex, Index of Sustainable Economic Welfare,
Genuine Progress Indicato ¢ Development Index, Sustainable Prosperity Index and
others. Beltrami et al. [14 i
EU countries under d¢ MS. Their findings show that energy self-sufficiency of
countries can improve iy performance.

SYNERGIES A

The impgrtan grated, systems-based approaches is emphasized in the literature to
better un d afl manage the interaction within the energy sector [15] and between the
er sectors [16]. Energy system models and integrated assessment models

e ing traction for their ability to assess the synergies and trade-offs across

ctys, providing policymakers with a more comprehensive understanding of the
tcomes of different policy choices [11]. However, the models still face challenges
in captufing uncertainties, particularly in relation to transboundary and intergenerational
effects, which are critical for accurate assessments of SDG progress [17] [18].

The output of these models can be used to simultaneously evaluate the implications of
decarbonization on multiple SDGs. In [19] it is found that decarbonization pathways based on
wind and solar energy are more effective at reducing the negative health impacts than energy
transition pathways that are not based on renewable energy. They also lessen ecosystem
damage and fossil resource depletion, though they require more critical mineral extraction. In
the EU, early decarbonization reveals synergies with health and agriculture but also trade-offs
with poverty, hunger, and economic growth, necessitating corrective policies [20]. The IAM



community's Shared Socioeconomic Pathways (SSP), based on five socio-economic narratives,
were evaluated by six IAMs to assess energy, land use, and emissions.

The authors of [21] show that mitigation costs and societal impacts depend heavily on
socioeconomic and policy assumptions, highlighting the need for more detailed research. This
section reviews the estimates of synergies and trade-offs between decarbonization, and SDGs
obtained from various computational models, some of which are shown in Fig. 2.
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Figure 2. Synergies and trade-offs between d W SDGs

Health and wellbeing
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The 2023 Lancet Countdown report on hea
co-benefits of decarbonization. Analyzing t
nine countries, it sheds light on the potengd
in the form of reduced air pollutio

premature mortality can b
that is aligned with the

While there are
phasing-out of co,

. Lower-GDP countries are disproportionately impacted by the
s@iffCoal. As air pollution health problems reduce economic productivity
ountries with low GDP can potentially lose up to 8% of GDP [25]. Thus,
P is especially beneficial in emerging economies, such as India and China,
nomic benefit from health co-benefits and the costs of coal plant shutdowns
to 0.5% of GDP, respectively [26]. Access to electricity and clear cooking also
ortant role for improving health and wellbeing in low-income countries, especially
in women. Results from international panel data spanning over 26 years and 155 demographic
and health surveys reveals that clean electricity and cooking, together with improved education
positive impact women’s wellbeing, empowering them in their reproductive choices, which is
often reflected in falling birth rates [27]. At the European level, co-benefits from reductions in
PM2.5 due to air quality policies and stringent climate mitigation could offset at least 85% of
the costs of climate policy [28]. Similar findings are supported by analyses of individual
countries such as China [29][30], South Korea [31] and North Macedonia [32], among others.



Poverty and inequality

The 3.5 billion people (44% of the global population) that live with less than 6.85$ per day
[33] will probably be among those who are disproportionately affected by the negative impacts
of climate change [34]. While this damage can probably be minimized by rapid climate action
[35], most climate models indicate that there is an intrinsic conflict between climate action and
short-term poverty reduction. In other words, the cost of climate change mitigation will mostly
be borne by the poorest [36]. This trade-off, together with the growing energy demand in
developing countries and their struggle to raise capital [37] leads to an important conundrum —
those that need climate change mitigation the most are also those who can least support it.
There are two subproblems to address with regards to this issue.

Firstly, it is worth reviewing how lifting people out of poverty impacts cli

he poverty line also
portance of supporting

emissions released in 2019. However, the authors note
increases the environmental impact. These results emph
developing countries to avoid lock-in with fossiygfagl in
energy. Achieving climate and poverty redugti@g goMg
tailored to each country's economic and social@fructuig

tro

reqitires comprehensive policies
. Key lessons include the need for

collaboration is essential for navigati n transition [40].

It is equally important that cli ction doeshot impair the economic wellbeing of people.
Climate policies that mandate s, carbon pricing or other instruments can be
regressive in that they asymugme those with lower incomes [41]. Addressing this
concern, Ram et al. [42] sKg ments to Afful-Dadzie’s criticism [37], stating that

M@telecom industry, when many developing countries skipped
@jght into using mobile phones [42]. One specific policy

implemented. The rationale for this idea is that in low-income countries, fossil fuel
n is predominantly associated with wealthier individuals. So, while the costs are
paid by the richest citizens, the equal per capita tax refunds progressively improve the
wellbeing of the bottom quintiles in the income distribution. In line with this finding, a global
comparative analysis of poverty and distributional effect of carbon pricing finds that
“mitigating climate change, raising domestic revenue and reducing economic inequality are
not mutually exclusive, even in low- and middle-income countries” [43].

Job creation

An important question pertinent to the energy transition is whether decarbonization creates
more jobs than it destroys. The jobs in the energy sector can be classified as direct, indirect and



induced. Ram et al. [44] estimate that a global decarbonization of the electricity sector should
create 14 million jobs by 2050, raising the total number of direct jobs from 21 to 35 million.
When also accounting for the heat, transport and desalination sectors, this global number of
jobs grows from 57 million in 2020 to nearly 134 million by 2050 [45]. This finding is justified
given that $1 million spent on renewables or energy efficiency creates about 7.49 and 7.72 full-
time equivalent (FTE) jobs, respectively, while only 2.65 FTE jobs in fossil fuel industries
[46].

In the case of the US, the energy transition is estimated to support the creation of 3 million
jobs in the 2020’°s and 4-8 million jobs in the 2040’s [47]. While “boom-and-bust” cycles are
expected in the labour market, the Mayfield et al. [47] estimate that the jobs created by the

such as local procurement preferences, unionization, minimum wage standg
equality, incurs only a small additional cost which does not significantly affect
of solar and wind energy in the energy transition. They also argue thaf’the
premiums can potentially be counterbalanced by improvements in labou

In China, Zhang et al. [49] find that clean energy generation gro
0.013 % employment rise. In absolute numbers, this is equivale

For Europe, Fragkos et al. [51] esti
compatible with the targets outlined in
energy supply side jobs to be created

solar energy playing a signific Iso find that the job creation increases to 15.5

mil. jobs if the heating, trangpoRggti alination sectors are considered along with the
electricity sector. Using i® analysis and Mote Carlo simulation to account for
uncertainty, the assess id@’ct al. [52] results in lower estimates — between 0.88-

1.43 mil. job-years i eated by 2030. The studies also diverge in their conceptual
findings. Comparg $44], Koasidis et al. [44] find that wind generation, biofuels
and small nucled g will have the greatest impact on job creation. Nevertheless, the
key messag drgy transition has a net positive impact on jobs, is further reiterated

. [55].

re distributional nuances that cannot be captured by aggregate numbers.
ite the net-positive job creation on aggregate during the 1995-2009 energy
e EU, 6 of the 27 EU Member States were worse-off. Regional disparities were
n the Chinese case, with jobs shifting from Middle to East China and leaving coal-
dominant regions worse-off [49]. To address this challenge, the energy transition should be
based on concepts of distributional fairness and address vulnerabilities, which in nature are
geographically concentrated [56]. This often requires dealing with place-based power struggles
and challenging corruption, as shown by the experiences in South Africa [57]. At an individual
level, the energy transition leads to job uncertainty for many workers. Analysing micro-data
from over 130 million work profiles, Curtis et al. [58] report that less than 1% of workers
leaving carbon-intensive jobs move into green employment. In general, older workers and
those without university degrees tend to switch from one carbon-intensive job to another within
the fossil fuel sector. Furthermore, some authors argue that accounting for both direct and
indirect jobs, the energy transition would lead to a loss of 4.45 million jobs globally [59]. The



divergence of these findings is an indication of the complexities that need to be anticipated and
the need for further research on the topic.

Water-energy-food nexus

The water-energy-food (WEF) nexus refers to the interconnectedness of water, energy and
food systems, highlighting the complex relationships and trade-offs that exist among these
resources [60], as shown in Fig. 3. As global populations grow and climate change exacerbates
resource scarcity, understanding and optimizing these interconnections becomes essential for
achieving sustainability and reducing carbon emissions. The concept of the WEF nexus
emphasizes that energy production, food security, and water availability are not isolated sectors
but rather interdependent systems [61] — energy is required for food productio
management, while food and water systems also influence energy consumptio
This interdependence requires a holistic approach to resource mana
decarbonization efforts in one sector can have significant implications
example of this are certain alternative fuels, such as biofuels [63]. In t | )
production, Delucchi [64] calls for policies for sustainable bigiue tion, since
“conventional agricultural practices will not mitigate the impacts d y N ge and will
exacerbate stresses on water supplies, water quality, and lan
fuels”.

—"

EF systems are strongly emphasized in the developing world. By
2050, Afri ater demands are expected to increase by 80% and 55%,
respectively§ whi g food needs will require agricultural production to grow by
approxim 50%gpompared to 2017 levels. With the continent’s population continuing to
ds pose significant risks to the security, access, and availability of water,
, ecosystem resources [65]. To address this, Apeh et al. [65] highlight the need
, cross-sectoral planning aligned with the SDGs, supported by coordinated
, especially in transboundary water management. They note that effective
implementation requires strengthened institutional cooperation, harmonized data sharing, and
inclusive stakeholder engagement. Advancing technical and scientific capacity through
targeted education, local expertise development, and involvement of think tanks are also seen
as essential for evidence-based policymaking. Digital tools, such as the one described by
Pulighe et al. [66], combined with water diplomacy and regional collaboration, are some of the
tools that can be used to addressing these resource interdependencies.

Water availability and electricity generation are highly interconnected. Stunjek et al. [67]
study the impact of water availability on power generation, evaluating various water stress
indices for the electricity generation fleet in the Balkan Peninsula. In that direction Farfan et
al. [68] note that water scarcity may significantly affect not just the reliability of hydropower

The trade-of




plants, but also of thermal power plants based on coal, gas or nuclear energy. They find that
approximately 65% of global generating capacities depend directly on freshwater for cooling
or energy generation, with low-resiliency capacities expected to increase from 9% in 2020 to
over 24% by 2030 under various scenarios. The authors conclude this by using a novel method
which incorporates water stress scores for individual power plants. This bottom-up approach,
based on matching thermal and hydropower plants with regional water stress projections
assesses the risk to generating capacities based on water availability.

On the other hand, renewable energy can be used to tackle some of the challenges of the
WEF nexus. Desalination offers a cost-effective way to reduce water shortages, especially in
remote islands where tourism exacerbate the challenge of freshwater scarcity. Stunjek et al.

water supply infrastructure through reverse osmosis desalination and
emphasizing the role of power-to-water solutions. Placing solar PV §
reservoirs and lakes is another measure with co-benefits, imp
reservoirs, tackling water scarcity, enhancing the productivity o

concepts emphasize that renewable ene
opposing goals of different societal s

at 1 e mining, landscape adaptation, processing and
ig@ftnd installation of net-zero energy technologies will

mpd biodiversity. For instance, throughout their lifecycle, PV
o the depletion of the ozone layer and water toxicity, biomass can

Itfe on land or life in water.

1, it is also very important to highlight that the net-zero energy transition accelerates
the phase out of fossil fuels, whose negative environmental impacts are far more severe [76],
as they pose greater risks to biodiversity [77] and require more mining [78]. For example, an
evaluation of China’s energy transition shows that the uptake of renewable energy not only
reduces biodiversity risk but also increases economic complexity [79], leading to multiple
benefits of the net-zero energy transition.

Renewable energy sources have a lower spatial energy density compared to fossil fuels
[80]. This makes renewable infrastructure more land-use intensive, which may eventually lead
to an overlap between conservation areas and renewable energy projects. The latter challenge
is emphasized in the work of Rahbein et al. [81] which identified a total of 2,206 fully



operational renewable energy facilities and an additional 922 facilities under development that
are within the boundaries of conservation areas. Analyzing the American Weste, Patankar et
al. [82] find that while the potential for renewable energy is vast, only less than 4% of the solar
potential and less than 17% of the wind potential is good quality and cost-effective. Within
these potential sites, <53% solar and <83% wind sites demonstrate developmental risks,
indicating an increased potential for conflict over land. In a similar analysis of 11 Western U.S.
states suggests that not considering land availability in energy planning may increase
uncertainties and the challenges of reaching climate targets [83]. In Europe, the network of
conservation areas which are legally protected spans over 18% of Europe’s area. Case studies
of a hydroelectric dam in Portugal and a tidal barrage in the UK demonstrate that the EU’s

TOWARDS GREATER POLICY COHERENCE

Policymakers face the challenge of ensuring horizo olicy coherence for
sustainable development. Horizontal coherence involves licies across sectors and
government levels, while vertical coherence focuscsomn tion from local to international
governance. Both are essential for addressing®§
development. Frameworks like the EU ang
Development (PCSD) promote collaboggki

development policies, is also considered
icies that are most adequate are also most
ing practices that are deeply rooted in economic
and cultural traditions. Such riculture practices and nitrogen pollution [89].
Nitrogen pollution has gro hallenge, because the nitrogen can react with almost
any compound, thus ag : y climate change, but also air and water pollution and
biodiversity loss [90 Bglicymakers are faced with the “carrot vs. stick” dichotomy,
where traditiona T8 Clwpolicies penalize polluters financially and information-based
approaches that pollution reduction by leveraging consumer demand for
environme

considerations, such as linking clima
very important [88]. However, s
difficult to implement, since th

Pfoaches are effective for GHG emissions reduction. They found,
co@imand-and-control approaches achieved this goal by stimulating
)anovation, while market-based approaches achieved it through affecting

coherence, on the other hand, ensures that national policies align with local needs
tional commitments, such as the 2030 Agenda. Mechanisms for communication,
participatory governance, and frameworks like the WEF nexus enhance policy integration and
resource management [93]. Normative coherence further supports sustainable development by
addressing trade-offs between policy objectives and ensuring equity. Participatory approaches
are vital for resolving conflicts and incorporating stakeholder perspectives [94].

Frontiers for future research

While the literature on the implication of decarbonization on sustainable development is
vast, there are areas that have received less attention and could be improved.



For example, refining and comparing various post-GDP indicators and evaluating indirect
effects, including rebound impacts and socio-economic co-benefits, can contribute to a more
thorough assessment of sustainability [14]. This opens new avenue for research in the field of
indicators on sustainable development.

Furthermore, the works studying the impact of decarbonization on labour mostly focus on
aggregate national number of jobs that are created or lost. However, the reviewed literature
provides limited insight into the geographic and sectoral dimensions of job creation in the low-
carbon energy transition. Future research should not only examine the displacement and
substitution of employment in high-carbon sectors, but also address the spatial distribution of
job losses and gains—factors that aggregate figures alone cannot capture.

Jobs, along with land use, GHG emissions, resource availability and otherg®pect of

while preserving their temporal and spatial resolution advantages.
Finally, the climate-economy interactions go beyond prodygti

CONCLUSION

The decarbonization of eif§ggy &y is crucial for mitigating climate change and
achieving global sustainaba . Hgwever, its wide socio-economic and environmental
implications, require a ho 1 ated approach to ensure that this transition supports

the broader objectiveg
presents both oppay

evelopment. As discussed in this paper, decarbonization
hallenges that must be carefully navigated to maximize

bnt, decarbonization can drive job creation and economic growth,
particularlyfin reneWgflgfenergy and related sectors. However, these benefits are unevenly

inequalities, and support underserved communities. Similarly, while
n can enhance energy access and alleviate poverty, the affordability and equity
y systems must remain a central point within decarbonization strategies.
ironmental implications of decarbonization are equally complex. Transitioning to
low-carbOn energy systems reduces greenhouse gas emissions and mitigates climate change
impacts, but it also introduces challenges related to land use, competition with agricultural land,
and biodiversity conservation. Many works argue that even with this in mind, the potentially
negative implications of decarbonizing energy systems are smaller than the environmental
harm of a fossil fuelled society.

Finally, the governance of decarbonization requires fostering policy coherence across
sectors and scales. Integrated planning and multi-stakeholder collaboration are essential to
align decarbonization with sustainable development goals, ensuring that policies are inclusive,
equitable, and effective. Lessons from successful case studies underscore the importance of



balancing competing priorities, leveraging innovative funding mechanisms, and embedding
social and environmental safeguards into policy frameworks.
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