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Digital transformation refers to thewidespreaduseofdigital technologies inways that reshapesocietal
and economic activity, with significant impacts on sustainable development and climate challenges—
both for better and for worse. Using statistical models calibrated to historical evidence in 62 countries
across 12 world regions, we project future digital transformation within the Shared Socioeconomic
Pathways (SSPs), adding contextual richness to this scenario framework used extensively in global
climate research. In somescenarios,we findapervasive andprolongeddigital dividewith up to 45%of
the assessed population by mid-century still residing in countries with relatively low levels of digital
transformation despite ever-deepening digitalisation in wealthier countries. We set out six use cases
for how our explicit representation of digital transformation within the SSPs enables quantitative
assessment of digitalisation’s impact on energy, emissions, climate policy, and Sustainable
Development Goals. We also discuss challenges with using empirically calibrated models to project
digital transformation given its rapid evolution and socioeconomic implications.

The digital era is changing norms in communication, business and invest-
ment, policy reform and social interaction. Digitalisation is the use of data
and digital technologies1, ranging from the internet, cloud computing, and
social media platforms to automation, digital twins, and artificial intelli-
gence. Digitalisation improves process and system efficiency, enables data-
drivendecision-making, and enhances effectivemonitoring and reporting of
climate-related action2.On theflip side, digital technologiesmayalso amplify
climate-related and other environmental risks, as well as societal risks. These
include the displacement of workers due to automation, the spread of
misinformation, heightened cybersecurity vulnerabilities, increased elec-
tricity consumption from expanding information and communication
technology (ICT) infrastructure and a rapid increase in electronic waste and
other environmental footprints (energy, water, critical minerals)3.

Digital transformation means the increasing penetration of, and
dependence on, digital technologies across economic sectors, government
and public services, and societal functions1, including information dis-
semination. The speed and extent of digital transformation varies globally,
but with a clear general trajectory towards both widening applications and
deepening dependence4,5.

Scenario assessments help explore andunderstandpotential futures for
digital transformation and its implications for climate change mitigation
and adaptation6. In turn, this facilitates proactive climate risk mitigation,
helping society adapt to new realities while ensuring the benefits of digita-
lisation are widely accessible. This aligns with the Intergovernmental Panel
on Climate Change (IPCC)Working Group III report7,8, which emphasises

that digitalisation supports decarbonisation only if appropriately governed.
The EU’s twin transition agenda9 further reinforces the entwined green and
digital transitions while taking key actions to prevent tensions between
them. Similarly, the German Advisory Council on Global Change
(WBGU)10 underscores the urgent need for formative political action to
ensure that digitalisation serves sustainable development and that a growing
digital divide is contained. The importance is also reflected in the Global
Digital Compact’s emphasis on aligning digital cooperation with sustain-
ability goals (e.g. addressing digital divides)11.

Projecting alternative futures for digital transformation is more com-
plex than in other clearly defined sectorswith tangible outputs. As a general-
purpose technology with applications across sectors, activities and scales,
digitalisation poses unique measurement challenges. There is no single
consistent way to quantify physical output, performance or levels of digital
transformation. A range of different proxy variables have been proposed in
current and historical assessments including: ICT infrastructure (e.g. the
number of secure internet servers, installation of industrial robots or robot
intensity); access and use (e.g. individuals using the internet, number of
devices, broadband and mobile subscriptions); innovation and economic
activities (e.g. the number of patents, ICT service exports); knowledge and
literacy (e.g. ICT skills); and composite metric-based indicators such as the
E-Government Development Index (EGDI) (Supplementary Table 1).
Though introduced for other purposes, these variables are also useful for
exploring potential future digital transformation within the framework of
Shared Socioeconomic Pathways (SSPs).
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The SSPs define different reference scenarios for global and regional
socioeconomic development based on five narratives that span a range of
plausible futures and examine resulting challenges and opportunities for
climate mitigation and adaptation. The five SSPs are defined by different
assumptions on high-level drivers of change: economic growth (GDP),
demographics (population), and urbanisation rates. A wide range of addi-
tional elements are characterised inbothnarrative andquantitative formsby
numerous studies12–14 that interpret the implicationof thefiveSSPnarratives
for the energy system, land use change, pollution and health, and green-
house gas (GHG) emissions (Table 1).

More recently, several studies have extended the SSP narratives and
their constituent elements to assess implications for governance15, extreme
poverty16, gender inequality17, income inequality18, net migration and
remittances19, structural change20, the human development index21 and
armed conflict risk22,23, which involve highly nonlinear phenomena.
Resulting ‘SSP extension variables’ are typically based on statistical rela-
tionships observed historically with SSP drivers and elements that can then
be used to generate future projections based on how these drivers and
elements change under the different SSP storylines. All these SSP extensions
are designed to enrich the SSP narratives and strengthen their usefulness
without altering their fundamental architecture or quantitative
interpretation.

Despite how widespread digitalisation is today and its anticipated role
as a transformative force shaping economic and social life, it is not explicitly
mentioned in the SSP narratives. (One small exception is a mention of
digitalisation in the SSP5 narrative with reference to global institutions and
coordination24).

This remarkable omission is evident both in the SSP storylines and in
their quantitative elements and interpretations, including the thousands of
scenarios using the SSP framework that were reviewed in the IPCC’s recent
2022 assessment25. As a dimension of technological change, digitalisation is
implicitly included in the broader context of technological development that
varies across the SSPs (Table 1), but this is concernedprimarilywith energy-
related innovation that has a more direct bearing on GHG emissions.

Digital transformation introduces significant GHG mitigation
opportunities and challenges through the economic and social activities it
enables, as well as its direct energy consumption footprint. The lack of
quantitative elements in the SSP framework makes it difficult to assess the
enabling or exacerbating effect of digitalisation in uncertainty analyses of
climate mitigation futures, including those used to inform policies for
achieving national net-zero commitments under the Paris Agreement.

In this study, we assess global trends in digital transformation and
explore alternative plausible futures within the SSP framework. We model
the historical relationship between socioeconomic and demographic vari-
ables (our independent variables) and digital transformationmeasured by a
widely-used UN index26 (our dependent variable), across countries and
through time. These statisticalmodels guide our projections of future digital
transformation, taking into account variation across the SSP storylines.

As an extension to the SSP framework, our quantitative projections
show relative differences in the pace and depth of digital transformation
between countries in an uncertain long-term future. Coupled to interpretive
narratives informed by an expert workshop, our projections enrich the
plausible futures characterised by the SSPs and expand their applicability to
assess the implications of digitalisation for energy use, material consump-
tion, GHG emissions, and the achievability of climate targets.

The fast-moving pace and varied application of digital technologies
make it hard to anticipate future digital transformation, particularly in the
long-term27. These uncertainties are magnified by the potential for dis-
ruptive technological breakthroughs such as generative AI, or even future
artificial general intelligence (AGI)28.

Despite these uncertainties, the highly consequential nature of digita-
lisation for climate change invites initial efforts to fill a knowledge gap that
can be critiqued and strengthened within the large SSP community29. We
contribute our results as an enabling framework, including six defined use
cases for further quantitative analysis of GHG mitigation and adaptation

challenges affected directly or indirectly by digitalisation under the societal,
economic and demographic influences on global development explored by
the SSPs. An important stream of further analysis would specifically
examine future discontinuities with observed historical trends, building on
initial analytical work in this area30.

Results
Digital transformation historically
Given its extensive scope and complexity, digital transformation and its
dimensions can be conceptualised in many ways. We use the UN’s EGDI26

as our dependent variable. The EDGI combines information from three
subindices measuring: ICT infrastructure, access, and use; digital skills
proxied by human capital; and online service availability and accessibility
(Supplementary Table 4). Compared to other indices or measures sum-
marised in Supplementary Table 1, the EGDI has better representativeness
by covering multiple dimensions of digital transformation, and provides
broader temporal and spatial coverage.

Using the EGDI as a measure of digital transformation, we show his-
torical trends aggregated to 12 world regions common to global SSP
modelling. Our aggregations use population-weighted averages for coun-
tries in each region (Fig. 1a). Over the period to 2020, the digital transfor-
mation level of North America is generally higher than that of the other 11
regions, with the Pacific OECD catching up and Sub-Saharan Africa the
lowest.

We tested a range of socioeconomic and demographic factors as pre-
dictors (Supplementary Table 5) of country-level digital transformation
using a panel dataset of 62 countries over the period 2003–2020. Our
econometric model shows that digital transformation historically can be
explained by GDP per capita, R&D expenditure, and population size as
independent variables with fixed entity (country) effects to control for
unobserved heterogeneity (see ‘Methods’ and Supplementary Table 6), such
as trust and cultures.

These independent variables in our model proxy the economic capa-
city (GDP/capita), technological innovation (R&D) and market demand
(population) that drive digital transformation. As well as controlling for the
wide variation in country size in our sample, the population variable proxies
not just aggregate demand for digital services but also the availability of
human capital.

Future digital transformation within the SSP framework
Using country-level projections for the three independent variables in our
model, we project digital transformation levels to 2050under eachof thefive
SSP narratives. We limit our projections to 2050 as uncertainties amplify
over longer time periods, particularly for fast-changing phenomena like
digitalisation. However, our model can be used to project out to 2100 if
needed to link digital transformation to long-term carbon budgets (see use
case discussions and Supplementary Fig. 1).

Our projections of digital transformation go beyond the 0–1 range over
which the historical EGDI is normalised, so they should not be interpreted
as future values of the EGDI (Supplementary Table 4). However, our
measure of digital transformation serves the same function in showing
variation between countries and over time (‘Methods’ and Supplementary
Table 10). As with the EGDI, absolute values of digital transformation are
hard to interpret as they are based on a basket of different subindices and
indicators. It is more meaningful to interpret quantitative changes in a
relative sense: for example, digital transformation in Sweden is 0.94 in 2020,
increasing to 1.25 by 2050, which is in the top percentile of all 62 countries
worldwide in our sample. Higher values of digital transformation imply
more ICT technologies and infrastructure, stronger human capital and
digital skills, and more widespread access to digital services.

Our projections of digital transformation show disparities across
storylines as expected (Fig. 1b; Supplementary Fig. 1 and Supplementary
Excel Sheet 4 for other regional projections). SSP3 (‘RegionalRivalry’) shows
the lowest level and SSP5 (‘Fossil-fuelled Development’) the highest,
aligning with its storyline of rapid economic and technological progress.
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North America demonstrates the highest level of digital transformation,
generally above the population-weighted world average, based on 62
countries representing 12 regions with available data. Using North Amer-
ica’s 2020 digital transformation level (0.92) as a benchmark, we can use our
projections to estimate when other world regions will reach or surpass that
level under different scenario assumptions. In an SSP2 future, for example,
regions will ‘catch up’ by 2025 (Pacific OECD, Western Europe), by 2035
(centrally planned Asia, former Soviet Union), or by 2050 or later (Latin
America, Middle East). The longest lag is for Sub-Saharan Africa, which
surpassesNorthAmerica’s 2020 digital transformation level only by 2085. It
is important to note that for Sub-SaharanAfrica, theMiddle East andNorth
Africa, and Other Pacific Asia, as presented in Supplementary Fig. 1, the
subset of countries included in the analysis represents less than 70% of each
region’s total GDPwhen compared to the 180 countries dataset used for out
of sample generalisation projections (Supplementary Information—Sup-
plementary Table 14). Within this subset, Sub-Saharan Africa and Other
Pacific Asia are more strongly represented by countries with relatively
higherGDPpercapita,while theMiddleEast andNorthAfrica areprimarily
representedby countrieswith lowerGDPper capita.As such, projections for
these regions should be interpreted with some caution due to limitations in
regional coverage.

Ranking the twelve regions by their 2050 digital transformation levels
in SSP3 and SSP5 shows both convergence and divergence (Fig. 2). The two
highest and the two lowest ranked regions remain unchanged by 2050
(North America and Pacific OECD, and Middle East and Sub-Saharan
Africa, respectively). Despite Sub-Saharan Africa being represented by
countries with relatively high GDP per capita—potentially leading to an

overestimation of its digital transformation ranking—it consistently ranks
lowest across scenarios, suggesting that the overall regional ranking remains
valid. Some regions, such as SouthAsia, showa significant change in rankby
2050 (to sixth in SSP3 but tenth in SSP5). This is primarily due to the slower
population growth assumed for South Asia under the SSP5 assumptions.
These relative changes in digital transformation levels over time between
regions can be used in various ways as reference points or modifiers when
assessing the implications of digital transformation forGHGmitigation and
adaptation challenges (see ‘Discussion’).

Uneven digital transformation across world regions
We use percentile categories15 to group countries into five categories from
very low to veryhighdigital transformation level basedon thedistributionof
projected values from 2020 to 2050 across all the assessed countries. A
country is classified as relatively ‘very high’ if its digital transformation value
exceeds the 90thpercentile (>1.22)—meaning its level is in the top 10%of all
observed values regardless of scenario (Supplementary Table 11). By mid-
century, the proportion of countries categorised as having low (blue) or very
low (light blue) levels of digital transformation ranges from 9.7% (under
SSP5 ‘Fossil-fuelled Development’) to 29% (under SSP3 ‘Regional Rivalry’)
(see Fig. 3a and Supplementary Table 12). This translates into 5–45% of the
population of the 62 countries in our sample living with relatively low levels
of digital transformation in 2050. Conversely, the share of the population in
countries with high (orange) or very high (red) levels of digital transfor-
mation ranges from 15 to 53%.

The average differences between SSPs shown in Fig. 3 can strongly
exacerbate underlying inequalities if these are a salient feature of the SSP

Fig. 1 | Relative digital transformation level of 12 world regions. a Historical
digital transformation level based on the E-Government Development Index
(EGDI) with representative countries shown for each region, and b Projected digital
transformation levels up to 2050 for world average (population-weighted) and
North America as an example region. Countries shown in grey on the map were not

included in the direct analysis. Solid lines show central estimates. The inset high-
lights digital transformation levels at 3 selected years, along with upper and lower
bounds representing 95% confidence intervals for the predicted value based on the
uncertainty in estimated coefficients. This shows modest differentiation across SSPs
over the long term (see text for discussion).
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storylines—as with SSP3. Figure 3b shows that among the 45% of the
assessed population with low or very low levels of digital transformation
under SSP3 assumptions, none are in countrieswith averageGDPper capita
over $50,000, and themajority are in countrieswithGDPper capita between
$20,000–$50,000. These trends in the digital divide between high-income
and low-income countries are generally consistent across different SSPs,
although varying in magnitude.

These results for our 62-country sample (Fig. 3) are biased towards
countrieswith data availability. Toprovide a full projected global picture, we
extend our dataset to 180 countries, but with caution in interpreting these
out-of-sample projections (see Supplementary Tables 13 and 14, Supple-
mentary Fig. 8, for approach and limitations). By mid-century, under SSP3
assumptions, we find that 47% of all countries and 35% of the world’s
population (~3.5 billion) in 180 countries (see Supplementary Fig. 2a) have
access to very low or low levels of digital transformation compared to the
other countries.

Digital transformation as an extension to the SSP narratives and
elements
The SSPs comprise both qualitative narratives (or storylines) and quanti-
tative drivers, elements, and other variables. Our quantitative projections of
digital transformation in each of the SSPs are summarised in Table 1
alongside the most relevant SSP elements, including demographics, eco-
nomic development and technological change24.

For example, SSP3 ‘Regional Rivalry’ is characterised by relativelyweak
digital transformation and high digital inequality—a digital divide—in
which a significant proportion of the population (~45%) remains at low or
very low levels of digital transformation. We also show how digital

inequality interacts with income inequality across SSPs with different eco-
nomic growth and convergence assumptions. For example, SSP3 has the
highest proportion of the population facing digital inequality even in
countries with higher GDP per capita (using USD 20,000 as a threshold).
This is consistent with a storyline in which economic growth does not
automatically translate into digital progress, with digital stagnation
exacerbating socioeconomic inequalities.

Drawing on insights from an expert workshop on digital and climate
futures (see ‘Methods’), we also provide qualitative interpretations of these
projections that emphasise how digital transformation interacts with other
aspects of the SSPnarratives (SupplementaryTable 2).As an example, in the
SSP4 (‘Inequality’) narrative, digitalisation amplifies the high-growth global
knowledge economy with rapid structural change among ‘winning’ coun-
tries, firm types, and population segments, but with strong negative effects
on job losses, skills displacement, and income polarisation as well as the
concentration of power undermining political agency.

Discussion
Digitalisation is not currently represented within the SSP framework. Our
quantitative projections of digital transformation levels across countries and
time allow the impacts of digitalisation on GHGmitigation and adaptation
challenges to be modelled and assessed consistently and comparatively
across SSPs. This adds an important new dimension to the characterisation
of reference or baseline scenario uncertainty in global development relevant
to climate futures. Explicit representation of digital transformation also
improves the SSP framework’s wider policy relevance beyond climate, in
linewith recommendations byO’Neill6.Digital transformation is an integral
element of Sustainable Development Goals (SDGs)31 on innovation, labour

Fig. 2 | Digital transformation by 2050. Regional ranking under SSP3 (Regional
Rivalry) and SSP5 (Fossil-fuelled Development) scenarios based on projections for
62 representative countries. The values in parentheses in the legend represent the
digital transformation levels corresponding to their respective ranks. For Sub-
Saharan Africa, the Middle East and North Africa, and Other Pacific Asia, the

countries included in the analysis account for less than 70% of each region’s total
GDP when compared to the full 180 country dataset (see Supplementary Infor-
mation). In this subset, Sub-Saharan Africa and Other Pacific Asia are pre-
dominantly represented by countries with higher GDP/capita, while theMiddle East
and North Africa are represented by countries with lower GDP/capita.
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markets, and accessible infrastructure (SDG8,9), and a cross-cutting enabler
of many other goals, including those on education and cities (SDG4,11).

Here we set out five use cases for how our projections can enrich
understanding of GHG mitigation pathways and policies, with an illus-
trative sixth use case for GHG adaptation (Table 2).

Assessing direct energy andmaterial consumption and resulting
GHG emissions from ICT infrastructure
The data centres, networks and devices that comprise ICT infrastructure
have a direct energy consumption footprint estimated at 1000 TWh in 2023,
equivalent to 4% of global electricity use32. This is projected to increase
rapidly in the next 5 years in some locations33 due to energy-intensive

training and inference of generative AI, including large language models.
The material needs of ICT infrastructure are small relative to bulk material
flows globally, but account for significant shares of certain critical minerals,
including rare earths like indium, gallium and germanium34. Our long-term
projections of digital transformation levels can be coupled to analyses of the
energy and/or material consumption of the continuing expansion of ICT
infrastructure across countries and regions under SSP storylines. For
example, the marginal effect of digital transformation on energy demand
growthobservedhistorically (controlling for other drivers of demand) could
be estimated across different time periods and regions. Resulting elasticities
of ICT energy demand to deepening digital transformation in turn would
enable longer-term projections under different scenario assumptions,

Fig. 3 | Number of countries and population by digital transformation level in
2050 based on our 62-country sample. a SSP1-5 and b SSP3 byGDPper capita. The
percentile-based categorisation is based on the 2020–2050 digital transformation

level: Very high (>90th percentile), high (>75th and ≤90th percentile), medium
(>50th and ≤75th percentile), low (>25th and ≤50th percentile), very low (≤25th
percentile), see Supplementary Table 11.
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including those in the SSPs. Existing SSP variables refine this analysis by
contextualising the carbon intensity of electricity and manufacturing
activities across different regions (Table 2). Insights on future energy con-
sumption and GHG emissions from ICT infrastructure across countries
under SSP storylines, as well as the extent of dependence on rare earth
materials, water or recoverable electronic waste, inform policymakers
concerned with resource uncertainties and resilience linked with digital
trends.

Assessing the indirect impact of specificdigital applications (e.g.
teleworking) on energy consumption and resulting GHG emis-
sions through changes in behaviour, economic activity or soci-
etal functions
Digitalisation impacts energy consumption and GHGs indirectly by influ-
encing or changing household and firm behaviour and so the structure of
social and economic activity. Compared to direct impacts, indirect impacts
are larger in magnitude, more uncertain, and harder to model for metho-
dological reasons, including difficulties in clearly defining system
boundaries35,36. Impacts can be net energy-reducing (through substitution,
efficiency, optimisation) or net energy-increasing (through rebound,
induced demand)37. Our projections of the relative levels of digital trans-
formation across different regions provide a means of scaling and extra-
polating estimates of indirect impacts from specific digital applications. For
example,Hook et al.38 synthesised data showing that teleworking results in a
net reduction in overall energy use in transport and buildings sectors ran-
ging from −15% to −0.01% accounting for variation in study design,

context, andgeography.These estimates of indirect impacts of energy canbe
combined with SSP variables capturing heterogeneity in relevant adoption
conditions across countries (Table 2) to project future indirect impacts of
specific digital applications on energy, consistent with SSP storylines. This
helps understand their contribution to mitigation goals or the mitigation
challenges they pose.

Assessing the indirect impact (enablingeffect) of digitalisationas
a general-purpose technology on energy consumption and
resulting GHG emissions
Econometric models identify relationships between digital transforma-
tion and energy demand across the whole economy or in industrial
sectors. For example, Briglauer et al.39 found a small but significant
negative elasticity of CO2 emissions with respect to broadband connec-
tions in OECD countries over the period 2002–2019. Kopp et al.40 found
that a 10% increase in firms’ ICT investments was associatedwith a 0.29%
decrease in emissions, with a stronger effect in higher-income countries.
These statistical models of the aggregate energy impacts of digitalisation
typically control for variation in country size, development stage, trade
relationships, and other factors explaining energy demand or GHG
emissions. A general finding is that additional digitalisation reduces
energy demand at the margins, with a stronger effect in more developed
economies. These elasticities identified historically can be integratedwith
our projected levels of digital transformation across different regions to
understand the future economy-wide impact of digitalisation for miti-
gation goals within different SSPs (Table 2).

Table 2 | Applications of projected digital transformation levels within the Shared Socioeconomic Pathways (SSPs)

Use case Quantitative elements needed for assessment

1. Assessing direct energy and material consumption and resulting GHG
emissions from ICT infrastructure.

Digital Transformation within SSPs [our projections].

Energy and material intensity or incremental expansion of ICT infrastructure.

SSP variables include C intensity of electricity and the global distribution of
manufacturing and infrastructure.

2. Assessing the indirect impact of specificdigital applications (e.g. teleworking) on
energy consumption and resulting GHG emissions through changes in behaviour,
economic activity, or societal functions.

Digital Transformation within SSPs [our projections].

Indirect impact assessment of net energy-reducing (substitution, efficiency,
optimisation) and net energy-increasing (rebound, induced demand) effects of
specific digital applications.

SSP variables on technological change, economic growth, plus specific variables
related to the use of digital applications (e.g. for teleworking: share of services in
economic output, urbanisation, travel distances).

3. Assessing the indirect impact (enabling effect) of digitalisation as a general-
purpose technology on energy consumption and resulting GHG emissions.

Digital Transformation within SSPs [our projections].

Statistical relationships between digitalisation and economy-wide (or industry
sector) energy demand, controlling for country characteristics.

SSP variables on country characteristics (e.g. GDP, trade intensity, economic
structure).

4. Assessing the interaction between digital transformation and the stringency of
climate policy required to reach emission reduction targets.

Digital Transformation within SSPs [our projections].

Levels of carbon price or other measures of climate policy for reaching defined
climate stabilisation targets (e.g. 2 °C) or emission targets (e.g. net-zero).

SSP variables on country characteristics affecting policy capacity (e.g. government
effectiveness) and digitalisation (e.g. R&D intensity).

5. Informing global initiatives to ensure universal and equitable access to digital
transformation opportunities as part of the SDG agenda.

Digital Transformation within SSPs [our projections].

Linkages between digitalisation and SDG outcomes.

Metrics of digital divide by socioeconomic group,marginal cost of expanding access
to ICT infrastructure.

6. Assessing digital climate services for adaptation planning. Digital Transformation within SSPs [our projections].

Measures of climate impact and adaptation planning or resilience strategies (e.g.
drought frequency and intensity, climate impact on agricultural yields, agricultural
diversification, improved access to markets).

Links between digital climate services and adaptation planning (e.g. weather and
climate prediction tools, yield modelling tools, geospatial analysis of climate
vulnerabilities, ICT availability to farmers).
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Assessing the interaction betweendigital transformation and the
stringencyof climatepolicy required to reachemission reduction
targets
By design, SSP reference scenarios assume no additional or new climate
policies, and varywidely inGHGemission trends resulting fromSSPdrivers
and other elements. This allows climate policy assumptions to be layered in
to identify the stringency required to achieve net-zero or other defined
emission reduction or climate stabilisation targets under different SSP
uncertainties25. As digitalisation will have significant direct and indirect
impacts on energy demand, varying across sector and region, digital
transformation will interact with climate policy assessments as both enabler
and potential exacerbator. Our projected digital transformation levels allow
this to be explored explicitly and quantitatively, including by specifying the
relationship between the extent of digitalisation and the carbon pricing
levels (or the de-risking of finance) needed to achieve net-zero targets. SSP
variables related to governance conditions and effectiveness15 provide
additional context, helping to tailor policy insights to the specific capacities
of different regions41 (Table 2).

Informing global initiatives to ensure universal and equitable
access to digital transformation opportunities as part of the
SDG agenda
Digital transformation plays a fundamental but complex role in progressing
towards SDGs31,42. Global modelling analyses quantify the synergies and
trade-offs of different strategies across the SDGs43 but have not been able to
include the interacting effects of digitalisation. Our projected digital trans-
formation levels allow analysis of relationships between SDG indicators and
digitalisation across countries under SSP storyline uncertainties. An
important example is the digital divide between countries and over time that
is shown clearly in our projections (Fig. 3).Modelling the progression of this
divide, and how it can be strategically tackled through digital access and
infrastructure investments can improve understanding policy capacity (and
coherence) to address specific SDG concerns associated with digitalisation
(Table 2).

Assessing digital climate services for adaptation planning
Effective climate change adaptation depends not only on traditional resi-
lience strategies but also on the use of digital technologies to improve
responsiveness and decision-making. Our example use cases for SSP-
consistent projections of digital transformation levels have emphasised
impacts on GHG mitigation challenges and opportunities (via energy
demand andGHGemissions). However, there aremany examples of digital
applications both strengthening adaptation planning to climate impacts44

(e.g. early warning systems for extreme weather events) but also adversely
affecting resilience (e.g. over-dependence on digital infrastructure, digital
divides). Our projections can be used to explore how digitalisation influ-
ences climate change, adaptive capacity and adaptation planning. For
example, empirical studies that show how farmers’ practices are affected by
access to accurate weather prediction models or real-time information on
market prices for agricultural commodities can be coupled to our projec-
tions of how the underlying digital capacities to access and use such tools
vary across countries and time (Table 2). This adds a newdimension to SSP-
consistent analysis of climate adaptation challenges while emphasising how
marked regional variation in digital transformation interacts with the geo-
graphy of climate impacts. The digital divide potentially adds an additional
vulnerability to impact hot spots already subjected to multiple climate
stressors45.

The digital transformation level projects change in future digital
infrastructure, activities, and services, as well as the capacity, including
human capital, to support increasing digitalisation. While high digital
transformationhas thepotential to enable sustainable development andnet-
zero transition pathways, it does not guarantee such outcomes. Digitalisa-
tionhas its own energy and resource consumption footprint, exacerbated by
high carbon intensities of electricity in some futures (e.g. SSP5). Digitali-
sation also has powerful adverse as well as beneficial impacts across

application domains and economic sectors, from governance and societal
interactions to industrial processes, jobs and livelihoods.

There are two important limitations and considerations for our SSP-
consistent projections of digital transformation. The first concerns uncer-
tainty; the second concerns endogeneity.

Projections basedon econometricmodels using panel data assume that
historical relationships observed between variables will hold in the future.
While these models can often account for dynamic changes in the short
term, uncertainties compound and amplify over the long term. This is
particularly the case for digital transformation given its fast-moving inno-
vation cycles, speed of deployment, and potential for surprises27. Our main
projections only run to 2050 and emphasise uncertainty around our central
estimates.

Some of these uncertainties relevant to digitalisation are represented in
the SSP framework and the quantitative projections of drivers, elements and
extensionvariables in thedifferent SSPs.These include ratesof technological
change and economic growth, and between-country inequalities (Table 1)
that indirectly flow through into our projections via their impact on the
independent variables in our model.

However, additional uncertainties are specific to digitalisation, parti-
cularly those related to breakthroughs in AI46 that may result in dis-
continuous change or even systemic disruption30, rather than the smooth
path-dependent trajectories projected by our historically calibrated panel
models using future GDP, population, and R&D intensity trends.

Against these smooth trajectories, the effects of AI, generative AI, or
other digital advances not captured in historical relationships can be
explored using sensitivity analysis, sector-specific projections, or further
what-if scenario analysis—all of which can be nested within the SSP fra-
mework’s long-term variation of macro uncertainties relating to the econ-
omy, demography, urbanisation, and technological change.

These issuesof uncertainty are arguably less fundamental than issues of
endogeneity. Our approach treats digital transformation as an internally
consistent outcomeof socioeconomic development already characterised by
different SSPs.However, it is not only an outcome.Digital transformation is
also adriver or amplifier of socioeconomicuncertainty, as our analysis of the
digital divide compounding income inequality shows. At the same time,
digitalisation can contribute to productivity gains and accelerate economic
growth.

This two-way endogenous relationship—digitalisation as both driver
and outcome of change—was also emphasised in our expert workshop
mapping of linkages between digital transformation and SSP elements
(Supplementary Table 3).

As our approach takes the SSP framework as given—both as a set of
future narratives and as derived demographic and economic variables used
in our modelling—we do not capture the feedback effects of digital trans-
formation on social and economic development. The same limitation
applies (by design) to climate impacts on the socioeconomic development
pathways, which determine GHG emissions but do not co-evolve with the
resulting changes in climate.

Other SSP extensions, such as gender inequality and the rule of law,
also face this endogeneity problem as they both impact and are impacted by
socioeconomic development. As with our projections of digital transfor-
mation, the value of these SSP extensions is in making important uncer-
tainties explicit in order to open up further avenues for policy-relevant
analysis (see our use cases).What is distinctive about digital transformation,
however, is the speed and magnitude of its potential disruptiveness.

As an example, digital transformation as a driver of change may
undermine governance institutions and political agency through mis-
information, unchecked market power of tech companies, and social
polarisation under assumptions of weak global oversight3. Generative AI
could turbocharge this challenge to the governance landscape necessary for
concerted action on global commons problems like climate change, high-
lighting risks similar to the tragedy of the commons47. To some extent, this is
captured implicitly in the SSP3 storyline of fragmentation, divergence, and
weakened global institutions. But could AI accelerate and amplify this effect
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to the point at which it destabilises the fundamental socioeconomic
assumptions and relationships on which the SSP framework is built? This
eventuality is explored by Carlsen et al.30 in the case of a breakthrough on
AGI28. Resulting systemicdisruption could require a reimaginingof awholly
new scenario architecture for understanding future uncertainties relevant to
climate goals.

Methods
Our methodology (Supplementary Fig. 3) begins with the pre-selection of
independent variables hypothesised to have a relationship with our digital
transformation dependent variable. We then build stepwise regression
models testing the predictive ability of each independent variable (Supple-
mentary Table 5), yielding a viable historical model for SSP-consistent
future projections.Our emphasis in the specification of this historicalmodel
is to identify independent variables for which SSP-consistent projections
either already exist (e.g. GDP growth as a core SSP driver) or can be esti-
mated indirectly through their observed associations with SSP drivers or
elements (e.g. R&D intensity as a function of GDP growth). We can then
couple our viable historical model to SSP-consistent projections of the
independent variables to estimate within-country change over time in
digital transformation in each of the five SSP pathways. Finally, we propose
simple narratives to help interpret these quantitative projections of digital
transformation, drawing on stakeholder input collected from an expert
workshop.

Historical data
Ourdependent variable is theEGDI26,whichweuse as an indicator of digital
transformation across diverse countries. Publishedby theUN, theEDGIhas
the advantage of broad representativeness (extending beyond ICT infra-
structure) and the availability of panel data, both in terms of year and
country coverage. It combines three components—the telecommunication
infrastructure index, the human capital index and the online service index—
into a weighted average of normalised scores (Supplementary Table 4). The
EGDI is not designed to capture development in an absolute sense; rather, it
aims to provide a comparative performance rating of countries. This is
consistent with the purpose of our study. The EGDI consists of components
that assess the readiness of the digital economy, including infrastructure,
human capital, and the prevalence and acceptance of online services. For
model estimation, we use data for 62 countries for which there are no
missing observations for any variables over the timeframe 2003–2020.

To present historical data (and projected results), we group countries
into 12 world regions, matching those commonly used by the global Inte-
grated Assessment Models used in quantitative analyses of SSPs (Supple-
mentary Fig. 4). We use population-weighted averages to aggregate digital
transformation from countries to world regions. Some regions are repre-
sented by a small number of countries—for example, Sub-Saharan Africa is
represented by two countries that tend to have a higherGDPper capita than
the regional average. This is further detailed in Supplementary Fig.
4 and Supplementary Information. To expand country coverage, we con-
ducted out-of-sample generalisation based on 180 countries instead of the
original 62. However, since the model was trained on only 62 countries, we
present these extended 180 country results only as Supplementary Infor-
mation, with potential limitations of this generalisation discussed and
visualised.

Our independent variables are a range of country-level economic,
technological and sociodemographic characteristics associated with digital
transformation, drawing primarily on data from the World Bank (Supple-
mentary Table 5).

Historical model
We use stepwise panel data regression to add or remove independent
variables systematically based on criteria including statistical significance
(p < 0.05) and hypothesised associations with the dependent variable
(Supplementary Table 5). Multicollinearity between independent variables
was a persistent problem, particularly with GDP per capita and other

economic measures. We use a variance inflation factor (VIF) threshold of
<5, iterating between alternative model specifications to find a good model
fit with clear interpretability. We test and compare ordinary least squares,
fixed effects (fixed entity or fixed time), and random effect models. We use
the Breusch-Pagan Lagrange Multiplier test and the Hausman test to sta-
tistically justify the appropriateness of eachmodel, supported by theoretical
considerations (Supplementary Table 6).

We select a fixed effect model as our preferred final viable model with
the form shown in Eq. (1). The overall model has an R2 = 0.777 (F-statis-
tic = 86.279, p < 0.01), with coefficients given in Table 3. The independent
variables are GDP per capita, population, and R&D intensity (Supple-
mentary Table 6).

Digital Transformationit ¼ αi þ β1GDPit þ β2Popit þ β3R&Dit þ εit
ð1Þ

in which αi represents the fixed effect for country i, εit is the error term for
country i at time t, β1 = coefficient for GDP per capita, PPP (2017), β2 =
coefficient for population, β3 = coefficient for R&D expenditure (% GDP).

We validated our model fitted to 2003–2020 observations using the
2022dataset as a test year to compare actual versus projected values.Overall,
the projection error remained below 3%, and regional rankings were
unchanged or in two cases differed by one rank. Details are provided in
Supplementary Fig. 7 and Supplementary Table 7. We conduct additional
global sensitivity analysis on the explanatory variables using permutation
importance and moment-independent importance measure (see Supple-
mentary Table 8). This shows GDP per capita to be the most influential
variable on model projections of digital transformation. This is consistent
with expectations given the role of economic growth in driving both supply
of digital infrastructure and demand for digital services, as well as enabling
human capital (the three constitutive elements of the EGDI).

SSP-consistent projections
In our future projections we refer to ‘digital transformation levels’ as our
dependent variable to distinguish it from the historical EGDI which has a
scale of 0–1. Our future projections are not constrained by this cap (Sup-
plementary Table 10).

We project future changes in relative levels of digital transformation in
line with the five SSPs using projected future values of our independent
variables extracted from the SSP Public Database or its extension explorer48.
However, not all independent variables have projected future SSP data
available, e.g. R&D expenditure (Eq. (1) and Supplementary Table 5). In
such cases, we follow the approach used by Leimbach et al.20 which uses
historical regression to explain non-SSP variables as a function of variability
in core SSP elements, particularly GDP. The steps and models involved in
this procedure, including robustness checks, are shown in Supplementary
Fig. 3 (Step 4) with results and robustness checks in Supplementary Fig. 5
and Supplementary Table 9.

Our SSP-consistent projections of digital transformation levels are
limitedby their reliance onhistorical relationshipswithpredictors (GDPper
capita, population, R&D expenditure) and fixed entity effects. They do not
capture uncertainties not evident in the historical observations such as the
impact of crises or disruptive innovations (e.g. AI growth).

Our projections run from 2020 to 2050 at 5-year intervals with indi-
cative extendedprojections to 2100 in Supplementary Fig. 1.Within the SSP
framework and its quantification,most of the SSP elements aremodelled by

Table 3 | Fixed effect model—digital transformation (EGDI)
historically

Independent variables VIF (multicollinearity) Coefficient p value

GDP per capita, PPP (2017) 3.807 (<5) 1.04e-05 0.0000

Population 1.099 (<5) 0.0472 0.0001

R&D expenditure (% of GDP) 3.997 (<5) 8.296e-10 0.0003
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using historical data from 1980 to 2015, with projections extending from
2020. We use 2020 as a calibration point to align observations with the
projected data. This alignment updates the SSP data for consistency with
recent trends, an approach also utilised in Hoy et al.49. Full details of the
alignment procedure are in Supplementary Fig. 6.

We categorise digital transformation levels into percentiles-based
group using the projected distribution of digital transformation across all
scenarios from 2020 to 2050, with the cut-off for each category stated in
SupplementaryTable 11. Thefive categories are defined as: very high (>90th
percentile), high (>75th and ≤90th percentile), medium (>50th and ≤75th
percentile), low (>25th and ≤50th percentile), and very low (≤25th per-
centile). A country with a score or level above 90th percentile is classified as
‘very high’, meaning its digital transformation level is higher than 90%of all
country-year scores across 2020–2050 period. Countries in the ‘very low’
category fall within the lowest 25%.This categorisation is used to analyse the
distribution of countries and their populations under different scenarios,
along with their associated GDP per capita.

SSP narratives
O’Neill et al.24 is the principal reference point for SSP narrative descriptions.
Since the SSP narratives nor derived quantifications capture digitalisation
trajectories, we interpret our projections of relative digital transformation
level alongside the storylines described in O’Neill et al.24 and extend these
storylines specifically fordigitalisation (SupplementaryTable 2). For this,we
draw on insights from stakeholders at an expert workshop on digitalisation
and climate narratives (Supplementary Table 3). The workshop50 was held
onMay 13–14, 2024 and brought together 35 researchers and practitioners
working on digitalisation’s impacts on energy, the economy, markets,
society, and governance.

Data availability
Data are providedwithin the Supplementary Information files. The Python
code (standard regression analysis) used in this study is available from the
corresponding author upon request.
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