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Abstract 30 

Projections of greenhouse gas (GHG) emissions are critical to better understanding and 31 
anticipating future climate change under different socio-economic conditions and mitigation 32 
strategies. The climate projections and scenarios assessed by the Intergovernmental Panel on 33 
Climate Change, following the Shared Socioeconomic Pathway (SSP)-Representative 34 
Concentration Pathway (RCP) framework, have provided a rich understanding of the constraints 35 
and opportunities for policy action. However, the current emissions scenarios lack an explicit 36 
treatment of urban emissions within the global context. Given the pace and scale of urbanization, 37 
with global urban populations expected to increase from about 4.4 billion today to about 7 billion 38 
by 2050, there is an urgent need to fill this knowledge gap. Here, we estimate the share of global 39 
GHG emissions emanating from urban areas from 1990 to 2100 based on the SSP-RCP 40 
framework. The urban GHG emissions are presented in five regional aggregates and are based on 41 
a combination of the urban population share, 2015 urban per capita CO2eq emissions, SSP-based 42 
national CO2eq emissions, and recent analysis of urban per capita CO2eq trends. We find that 43 
urban areas account for the majority of global GHG emissions in 2015 (61.8%). Moreover, the 44 
urban share of global GHG emissions progressively increases into the future, exceeding 80% in 45 
some scenarios by the end of the century. The combined urban areas in Asia and Developing 46 
Pacific, and Developed Countries account for 65.0% to 73.3% of cumulative urban emissions 47 
between 2020 and 2100 across the scenarios. Given these dominant roles, we describe the 48 
implications to potential urban mitigation in each of the scenario narratives in order to meet the 49 
goal of climate neutrality within this century.  50 

Keywords: urban emissions, climate change, emission scenarios, emissions mitigation, 51 
greenhouse gases, climate neutrality 52 

1. Introduction 53 

Scenarios of future greenhouse gas (GHG) emissions remain a critical element in climate change 54 
research and policymaking, providing a means to better understand the relationship between key 55 
drivers of socio-economic activity, atmospheric concentration targets, and integrated emission 56 
outcomes. For the last decade researchers have developed the Shared Socioeconomic Pathway 57 
(SSP)-Representative Concentration Pathway (RCP) framework (O’Neill et al., 2020) as 58 
assessed by the Intergovernmental Panel on Climate Change (IPCC). The framework provides a 59 
common approach that combines pathways for radiative forcing (RCPs) and five SSPs that 60 
represent varying projections of societal factors such as demographics, development, 61 
governance, and technological change (van Vuuren et al., 2014). Shared Policy Assumptions 62 
(SPAs) were further incorporated into the working scenario framework to offer additional insight 63 
and outcomes associated with policy actions (van Vuuren et al., 2014; Kriegler et al. 2014; 64 
O'Neill et al., 2020). The SPAs range from early to late accession for developing countries as 65 
well as delayed transitions to global cooperation (Riahi et al., 2017; Kriegler et al., 2014). When 66 
incorporated into a suite of Integrated Assessment Models (IAMs), the scenarios provide 67 
depictions of the future reflecting the combination of underlying socio-economic conditions, 68 
physical targets and policy action (van Vuuren et al., 2017a). We refer to the particular 69 
combination of SSP, RCP, and SPA values used here as the “SSP-RCP-SPA framework.” 70 

The degree of urbanization is a key factor within the SSPs owing in part to the large share of 71 
global emissions that emanate from, or are indirectly driven by, urban activities globally. For 72 
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example, work by Moran et al., (2018) found that 68% of the global carbon footprint (CF, also 73 
sometimes referred to as Scope 3 or consumption-based emissions) was driven by urban areas in 74 
2015. Moreover, the top 100 emitting cities worldwide account for about 18% of the global 75 
carbon footprint. Regional estimates have found similarly large proportions. In China, 76 
Wiedenhofer et al. (2017) found that urban households drive 75% of the national CF in 2012, a 77 
share similar to that of Feng and Hubacek (2016). In the U.S., Jones and Kammen (2014) 78 
estimated that the CF of urban areas (“metropolitan statistical areas”) accounted for 80% of the 79 
national CF in the year 2007. In the US, Gurney et al., (2020) found that the urban emissions 80 
share ranged from 45% to 87% depending upon the definition of emissions scope and urban 81 
boundary.  82 

In addition to the climate implications, urbanization has wide-ranging consequences for the 83 
Sustainable Development Goals (SDGs) and the opportunities in urban areas can either 84 
accelerate or hinder sustainability transitions (Seto et al., 2017). Urban planning decisions 85 
simultaneously determine the level of access to basic services and housing (Brelsford et al., 86 
2017) as well as the ability of urban areas to provide greater social welfare while lowering 87 
emissions and improving environmental quality (Kılkış, 2019). The consumption-based 88 
emissions impact of urban areas are also not confined to local emissions and reach across the 89 
globe (Harris et al., 2020). Collaboration across a global system of urban areas is vital for 90 
safeguarding planetary resources (Seitzinger et al., 2012) while enabling effective climate 91 
mitigation pathways.  92 

There has been growing recognition of the importance of cities for climate change mitigation 93 
over the past decade (Gurney et al., 2015; Hsu et al., 2015). For example, the first standalone 94 
chapter on urban mitigation of climate change was published in the IPCC Fifth Assessment 95 
Report (Seto et al., 2014). Cities were further highlighted during the 43rd Session of the IPCC in 96 
2016, when the plenary voted for a Special Report on Climate Change and Cities in the IPCC 7th 97 
Assessment Cycle and co-organized the first Cities and Climate Change Science Conference. 98 
Moreover, the Special Report on Global Warming of 1.5°C identified urban and infrastructure 99 
systems as one of the four systems needing to undergo transformative systemic change if the 100 
world is to limit global warming (de Coninck et al., 2018). Yet, despite this growing recognition, 101 
there is a significant gap in knowledge about the urban share of global GHG emissions, 102 
especially in the coming decades. 103 

Within the SSP-RCP-SPA framework, urbanization was singularly accounted for by defining the 104 
share of national population residing in urban areas in each of the five SSPs (Jiang and O’Neill, 105 
2017). The degree of urbanization that is reached differs widely across the SSPs (Jiang and 106 
O’Neill, 2017). Urbanization is also incorporated indirectly via its effect on consumption 107 
patterns, income growth, as well as the efficiency with which energy is being used (Jiang and 108 
O’Neill, 2017). For example, the urban population share will indirectly influence scenario 109 
elements such as urban-versus-rural population, the rate of technological development, the 110 
direction of technological progress (e.g., environmental or efficiency and productivity oriented), 111 
and other societal factors based on lifestyles and policies, urban planning, and energy and 112 
environmental policies (O’Neill et al., 2014).  113 

Other than the urban population share within the SSP-RCP-SPA framework, explicit 114 
representation of urban emissions has been limited in the literature. For example, recent work 115 
used various datasets to estimate urban energy use in 2050 (Creutzig et al., 2015) and savings in 116 
direct final energy use considering systemic infrastructural and behavioral changes for low-117 
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carbon development (Creutzig et al., 2016b). Annual and cumulative urban energy use for 118 
heating and cooling based on operational energy were also projected out to 2050. Other studies 119 
estimated emission reductions from existing as well as new urban infrastructure (Creutzig et al., 120 
2016a). Finally, scenarios were considered for urban density and building retrofit options for 121 
energy efficiency (Güneralp et al., 2017).  122 

None of these studies, however, have explicitly quantified a complete urban emissions trajectory 123 
within the global context - within the SSP-RCP-SPA framework or otherwise. This lack of 124 
explicit treatment of urban areas within the emissions scenario research makes it difficult to 125 
understand the key dynamics in the evolving contribution of urban areas to global GHG 126 
emissions, particularly given the growing urban share of global population and GDP. This 127 
hampers an understanding of the limits and opportunities for mitigation and adaptation in this 128 
crucial portion of global emissions. 129 

This work aims to address this gap in representing urban emissions within the projected global 130 
context by using recent related research on urban emissions combined with the existing 131 
underlying dynamics of the SSP-RCP-SPA framework to quantify urban GHG emissions 132 
regionally and globally out to 2100. We do not explicitly incorporate urban mitigation or 133 
adaptation in the scenario outcomes but discuss the implications of urban policy for the projected 134 
results.  135 

Hence, the practical outcomes reported here quantify the urban emissions share by 136 
geographic/developmental region within the total emissions at a global scale in a way that is 137 
consistent with the scenarios in the scenario matrix architecture. We further use the results to 138 
discuss the potential for including regional urban-specific strategies that can further alter future 139 
GHG emissions. This paper outlines the methods used to quantify urban GHG emissions within 140 
the SSP-RCP-SPA framework, presents the results, and discusses these outcomes in the context 141 
of urban climate change policy. 142 

2. Methods 143 

In its simplest form, the method employed here to estimate the urban component of 144 
consumption-based GHG emissions within each of the SSP-RCP-SPA scenarios combines three 145 
data elements: 1) estimates of the 2015 urban per capita GHG emissions; 2) a time series that 146 
characterizes changes in the urban per capita GHG emissions into the future; and 3) a time series 147 
of urban population. This can be expressed in general as, 148 

𝐸(𝑐, 𝑦, 𝑠) = 𝑒!"#$(𝑐) ∗ 𝛿(𝑦, 𝑠, 𝑟) ∗ 𝑃(𝑐, 𝑦, 𝑠) (1) 149 

where the urban per capita GHG emissions, E, for a specific country, c, a specific year, y, and a 150 
specific SSP-RCP-SPA scenario, s, is equal to the per capita urban emissions in 2015, e2015, 151 
multiplied by a temporal adjustment, 𝛿, specific to year, scenario, and global region or country, 152 
r, multiplied by urban population, P. 153 

The changes in urban per capita emissions and urban population, in turn, are derived from a 154 
series of additional datasets. Among these are national emissions data (aggregated from the 155 
downscaled and spatially-explicit SSP projections of CMIP6 by Gidden et al., (2019)), recent 156 
analysis of urban emission trends, estimates of national population, and the urban population 157 
share by country. Hence, input data to the urban GHG estimation procedure includes seven 158 
publicly available datasets (Figure 1, Table 1).  159 



 
 

5 

 160 
Figure 1. Schematic representation of the numerical method to estimate global urban GHG 161 
emissions, 1990 to 2100. Red flowchart symbols denote input datasets (see Table 1). Green 162 
shaded areas denote population data and processing; blue shading denotes per capita emissions 163 
data and processing; yellow shading denotes emissions data and processing; purple shading 164 
denotes the final outcome. 165 

2.1. Historic and future urban population 166 

The share of national population projected to reside in urban areas is critical to estimating the 167 
total urban population by country. The urban population share data starts in 2010 and is projected 168 
to 2100 as rapid, moderate, mixed, and slow urbanization rates in five-year increments, for each 169 
of the five SSPs (Jiang and O’Neill, 2017). The years 2010 and 2015 are replaced by observed 170 
urban share data (described below). A total of 55 small island nations and territories were 171 
missing from the urban population share dataset and were filled using regional values 172 
constructed from the population-weighted mean percentage urban share in each of 20 global 173 
regions. The regional aggregate definitions used here and in other points within the estimation 174 
procedure include a 5-, 10-, and 20-region aggregate grouping of countries (see supplementary 175 
information for further details). The final results for urban GHG emissions reported in this study 176 
are for the 5-region grouping.  177 
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Table 1. Input data used to estimate global urban GHG emissions with core characteristics and 178 
data sources. 179 

Input data Timespan Key attribute Missing data filling (see 
supplementary Information) Reference 

Urban 
population share 

2010-2100  
(5-year 
increments) 

5 SSP 
projections 

55 small island nations and 
territories were missing, filled with 
population-weighted mean regional 
aggregates. 

(Jiang and O’Neill, 
2017) 

Historic national 
population 

1950-2020 
(annual)  

14 small island nations and 
territories were missing, filled with 
data from online resources. 

(UN DESA, 
2019a) 

Future national 
population 

2010-2100  
(5-year 
increments) 

5 SSP 
projections 

55 small island nations and 
territories were missing, 2015 & 
2020 filled with historic data. 
Constant at 2020 value for 2020-
2100. 

(KC and Lutz, 
2017) 

Historic national 
CO2 emissions 

1959-2019 
(territorial); 
1990-2018 
(consumption) 

Consumption 
and territorial 
CO2 emissions 

32 countries were missing from 
territorial, 130 missing from 
consumption. Used for national-
scale ratio of consumption-to-
territorial emissions. Ratios filled 
as “1” in most missing cases and a 
regional aggregate mean in 
remaining. 

(GCP, 2020) 
(Friedlingstein et 
al., 2020), updated 
from (Peters et al., 
2011) 

Historic urban 
population 

1950-2019 
(annual 
increments) 

By nation 
16 small island nations and 
territories were missing, filled with 
data from online resources. 

(UN DESA, 
2019b) 

Urban per capita 
CO2eq emissions 
sample 

2015 13,063 cities Aggregated to national via 
population-weighted mean. 

(Moran et al., 
2018) 

Historic and 
future national 
GHG (CO2, 
CH4) emissions 

1990-2100 

By country past 
and future (7 
SSP-RCP-SPA 
combinations) 

28 small island nations, territories 
and countries missing. No filling 
performed 

(Gidden et al., 
2019), (IIASA, 
2019) 

Historic national population is retrieved from the United Nations World Population Prospects 180 
data archive, providing population from 1950 to 2020 (UN DESA, 2019a). A total of 14 small 181 
island territories were missing and manually added using estimates from online resources. 182 
Similarly, historic urban population (within nations) from 1950 to 2019 is retrieved from United 183 
Nations statistics (UN DESA, 2019b). A total of 16 small island territories were manually added 184 
using estimates from online resources (see supplementary information for further details).  185 

The future national population is retrieved from the SSP web-database hosted at IIASA (IIASA, 186 
2018; KC and Lutz, 2017). These contain national population projections according to the five 187 
SSP scenarios, spanning the 2015 to 2100 time period (five-year increments). A total of 55 small 188 
island nations and territories were missing. The year 2015 and 2020 of the missing data were 189 
filled with the 2015 and 2020 values from the national historic population data and maintained at 190 
the 2020 value to the year 2100 (see supplementary information). The 55 small island nations 191 
and territories only account for 0.5% of 2020 global population and hence, have little impact on 192 
the results presented here. 193 

The combination of the urban population shares and the future population allows for an 194 
estimation of the future urban population according to the five SSP scenarios or P, in equation 1.  195 
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2.2. Emissions data, conversion and trends 196 

Two datasets supplying GHG emissions were used. The first, from the Global Carbon Project 197 
(GCP), provided estimates of national historic anthropogenic carbon dioxide (CO2) emissions 198 
(no CH4, no biogenics) from 1959 to 2019 for territorial emissions (emissions directly emanating 199 
from a geographic location - often referred to as “Scope 1” or “direct” emissions) and 1990 to 200 
2018 for consumption-based emissions (often referred to as “Scope 3” emissions) (GCP, 2020; 201 
Friedlingstein et al., 2020 updated from Peters et al., 2011).  202 

The GCP data were used to construct a historic (1990 to 2018) national-scale ratio of 203 
consumption-to-territorial emissions. These historic ratio values were extrapolated to 2100 using 204 
linear regression of the national ratio trend over the 1990 to 2018 time period. To ensure that the 205 
global total consumption-based emissions maintained consistency with the territorial emissions, 206 
the consumption-based emissions were scaled by the ratio of the global territorial-to-207 
consumption emissions value (see supplementary information for further details).  208 

The second data set used for GHG emissions was the harmonized and downscaled data produced 209 
for the Coupled Model Intercomparison Project Phase 6 (CMIP6) (Feng et al., 2020). This 210 
national-scale territorial GHG emissions dataset ensures consistency among historical emissions 211 
(Hoesly et al., 2018) and future emission trajectories with 2015 as the transition year (Gidden et 212 
al., 2019; IIASA, 2019). The emissions time series represent national emissions historically and 213 
for the future (1990 to 2100) according to seven SSP-RCP-SPA variants. The low near-term 214 
climate forcing, and the overshoot scenarios are not included in the present study. The 215 
simulations were produced by the five different IAMs described in Table 2. The emissions 216 
include numerous sector categories and multiple gases. For the purposes here, the national 217 
emissions were summed across all CO2 and CH4 emission categories except those for aviation 218 
and marine bunker fuels and biogenic (e.g. land use, grassland, and peat burning) sources. 219 
Nitrous oxide (N2O) is not quantified at the country scale in the dataset and hence, not 220 
considered here (Gidden et al., 2019). A 100-year global warming potential (GWP) value of 25 221 
was used for CH4 (Gütschow et al., 2016) to maintain consistency with the data sources used to 222 
generate the urban per capita GHG estimate though recent guidance from the IPCC recommends 223 
a value of 34.75. These emissions are transformed to represent national consumption emissions 224 
via the national-scale ratio of consumption-to-territorial emissions, estimated from the GCP 225 
results. A total of 220 countries were present.  226 

Table 2. Summary of the marker models and scenario matrix architecture and urbanization 227 
inputs 228 

Model / 
Reference 

Scenario Framework Description Input 

SSP RCP /Radiative 
Forcing Level 

SPA  
(Kriegler et al., 2014) 

Urbanization  Rate 
(Jiang and O’Neill, 2017) 

IMAGE 
(Rogelj et al., 
2018)  

SSP1  
(Green-growth, 
Sustainability) 

1.9 W/m2  
(Highest 
stringency) 

SPA1 (Cooperative 
world, broad and rapid 
participation) 

Rapid  

IMAGE 
for IMAGE 
(van Vuuren et 
al., 2017b) 

SSP1  
(Green-growth, 
Sustainability) 

2.6 W/m2  
(High stringency) 

SPA1 (Cooperative 
world, broad and rapid 
participation) 

Rapid  

GCAM4 
(Calvin et al., 
2017) 

SSP4 
(Inequality) 

3.4 W/m2  
(Intermediate 
stringency) 

SPA4 (Partial 
participation/ regional 
differentiation) 

Moderate (high-income) 
or Rapid (middle and 
low-income countries) 
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MESSAGE-
GLOBIOM 
(Fricko et al., 
2017) 

SSP2 (Middle 
of the Road) 

4.5 W/m2  
(Less stringency) 

SPA2  
(Geographically 
fragmented with 
delayed convergence) 

Moderate  

GCAM4 
(Calvin et al., 
2017) 

SSP4 
(Inequality) 6.0 W/m2 

SPA4 
(Partial participation/ 
regional 
differentiation) 

Moderate (high-income) 
or Rapid (middle and 
low-income countries) 

AIM/CGE  
(Fujimori et al., 
2017) 

SSP3  
(Regional 
Rivalry) 

7.0 W/m2  
SPA0 (Exogenous 
emissions pathway/ 
baseline)† 

Slow  

REMIND-
MAgPIE 
(Kriegler et al., 
2017) 

SSP5  
(Fossil-Fuel 
Development) 

8.5 W/m2  Baseline Rapid  

†AIM/CGE SSP3-7.0-SPA0 is matched with SPA0 rather than SPA3. 229 

Historic and future national per capita GHG emissions were calculated as the ratio of the national 230 
GHG emissions (1990-2100) divided by the national population for each scenario in Table 2. 231 
Missing values (due to 28 missing national emission entries) are filled using the 20-region mean 232 
national per capita CO2eq emissions (see supplementary information for further details). 233 

Finally, the non-zero urban per capita GHG (CO2, CH4, N2O) emissions were retrieved for 234 
13,063 individual cities and these reflect the individual per capita urban CF for the year 2015 235 
(Moran et al., 2018). A weighted mean (by population) is used to aggregate these values into 236 
national representative values for 2015 (e2015 in equation 1). The urban per capita CO2eq values 237 
were extended into a time series using additional datasets (representing 𝛿 in equation 1). For the 238 
time period from 1990 to 2000, the trends of national per capita GHGs were used. For the 2000 239 
to 2014 and 2016 to 2020 time periods, we use the urban per capita CO2 trend values as 240 
developed in (Luqman et al., 2021) in which all countries within each of the 10-region 241 
aggregates were operated on by the same trend value (see supplementary information for trend 242 
values). For 2020 to 2100, urban per capita CO2eq emissions were adjusted following the 243 
increments in national per capita CO2eq emissions under the seven SSP-RCP-SPA scenarios. 244 

The national-scale urban per capita consumption CO2eq emissions, according to the seven SSP-245 
RCP-SPA scenarios, are combined with the five national-scale SSP urban population projections 246 
to achieve the urban consumption CO2eq emissions at the national scale. These national-scale 247 
values are then summed into global regions according to the 5-region aggregate definitions.  248 

To account for numerical instability in two of the scenarios that transition from positive to 249 
negative emissions (e.g. carbon capture or biotic strategies) in the future (IMAGE SSP1 1.9 250 
SPA1 and IMAGE SSP1 2.6 SPA1), small adjustments were made such that the urban emissions 251 
did not exceed the global value at those singular junctures. 252 

The analyses conducted here based on the results include comparisons across scenarios and 253 
regions on an annual urban emissions basis. In addition, the implications of the urban emission 254 
scenarios results are discussed along with the annually accumulated urban emissions.   255 

3. Results 256 

The outcome of these calculations provides explicit consumption-based urban CO2eq emissions 257 
by region from 1990 to 2100 under each of the seven scenarios outlined in Table 2. Because the 258 
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historical time period is constructed somewhat differently from the future time period, we 259 
provide separate presentation and discussion of each.  260 

3.1. Regional urban emissions, 2000 to 2015 261 

An examination of the observationally based results for the 2000 to 2015 time period offer 262 
insights into existing trends and dynamics (Figure 2). The most significant change in emission 263 
metrics occurred between the Asia and Developing Pacific and the Developed Countries regions. 264 
Urban population, urban CO2eq emissions and national CO2eq emissions increased between 265 
2000 and 2015 as a share of the global total in the Asia and Developing Pacific region while the 266 
same metrics declined for the Developed Countries region. All regions witnessed an increase in 267 
the urban share of CO2eq emissions. Urban per capita CO2eq and national per capita CO2eq also 268 
increased in all regions except for the Developed Countries region, for which urban per capita 269 
CO2eq value declined slightly. All regions showed convergence of the urban and national per 270 
capita CO2eq, with the exception of Africa and Middle East region that showed a very small 271 
divergence of per capita CO2eq between 2000 and 2015. These dynamics are not surprising as 272 
the urban share of national emissions increases over the time period.  273 

Across all regions and both years, except for the Asia and Developing Pacific region, the urban 274 
per capita CO2eq value is smaller than the national CO2eq value. In Africa and Middle East, the 275 
urban per capita CO2eq value is slightly higher in 2000 and 2015. The regions in which urban per 276 
capita values remain smaller than national per capita values confirm the emission efficiency of 277 
urban residents as suggested in other studies (e.g. Wang et al., 2017; Ou et al., 2013). 278 
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279 
Figure 2. Changes in six metrics associated with urban and national-scale emissions for the 5-280 
region aggregation. a) 2000; b) 2015. The dataset is provided in the supplementary information.  281 
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The global urban share in 2015 is 61.8%, a value somewhat lower than the mean result of the 282 
IPCC AR5 report and some literature estimates (Marcotullio et al., 2013; Seto et al., 2014). This 283 
is primarily due to the fact that the consumption emissions in this study represent the 284 
combination of CO2 and CH4 as opposed to just considering CO2 emissions. Anthropogenic CH4 285 
emissions are often dominated by sources outside urban areas, such as gas well leakage 286 
locations. The Moran et al. (2018) study, upon which the 2015 urban per capita CO2eq values are 287 
based in this study, estimated the global urban share in 2015 as 68%, higher than the share found 288 
here, though both studies use the same CO2eq basis. This is likely due to differences in the 289 
aggregation of the individual urban per capita values.  290 

3.2. Drivers of urban emissions, 1990 to 2100 291 

Figure 3 compares the urban CO2eq emissions and their two key drivers (urban population and 292 
urban per capita CO2eq) for the SSP-RCP-SPA scenarios aggregated to the globe and normalized 293 
to 1990 values (i.e. ratio of given year emissions to 1990 emissions). Figure 3a, based on SSP1, 294 
represents the scenario in which divergence of urban emissions from increases in urban 295 
population takes place most rapidly, with a peak in global urban CO2eq emissions in 2020 and 296 
sharp declines thereafter achieving neutrality (and then negative emissions) around 2065. This is 297 
driven by the decline in urban per capita CO2eq, which is moderated by a rising urban population 298 
reaching a maximum value in 2070. The same SSP but with a larger RCP value (2.6 W/m2 299 
versus 1.9 W/m2) shows the same urban population profile but a delayed decline in the urban per 300 
capita CO2eq emissions (Figure 3b), achieving neutral (and then negative) urban emissions near 301 
2080.  302 

Figure 3c and 3e show the SSP4 results with two different RCP values of 3.4 W/m2 and 6.0 303 
W/m2, both simulated by the GCAM model. The more dramatic decline in urban per capita 304 
CO2eq emissions, necessitated by the lower RCP goal, results in neutral urban CO2eq emissions 305 
(and negative thereafter) around 2080. In the case of the higher RCP 6.0 scenario, the urban per 306 
capita CO2eq values show a much more gradual decline resulting in urban CO2eq emissions that 307 
do not achieve neutrality prior to 2100 and only reaching a maximum value in 2060. 308 

Figure 3d shows SSP2 results for the RCP value of 4.5 W/m2. With a similar urban population 309 
profile to SSP4 at the global level, the urban emission results are driven by an urban per capita 310 
CO2eq profile intermediate between the RCP 3.4 and 6.0 W/m2 and hence a peak in global urban 311 
emissions approximately ten years before the GCAM SSP4 6.0 scenario (Figure 3e). 312 

Figures 3f and 3g present the SSP3 and SSP5 scenarios, respectively. These are linked to the 313 
largest RCP values of 7.0 and 8.5 W/m2. Unlike all other scenarios, these show increases in the 314 
urban per capita CO2eq emissions combined with moderate urban population levels. This results 315 
in the highest urban CO2eq emissions of the scenario set with urban emissions reaching about 8 316 
times 1990 values in the REMIND MAGPIE SSP5 8.5 scenario by the end of the century. 317 

 318 
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 319 
Figure 3. Urban CO2eq emissions aggregated to the globe (black line) with the two key drivers: 320 
urban population (red) and urban per capita CO2eq (blue) where (a) IMAGE SSP1-1.9-SPA1, 321 
(b) IMAGE SSP1-2.6-SPA1, (c) GCAM4 SSP4-3.4-SPA4, (d) MESSAGE-GLOBIOM SSP2-4.5-322 
SPA2, (e) GCAM4 SSP4-6.0-SPA4, (f) AIM SSP3-7.0-SPA0 and (g) REMIND-MAGPIE SSP5-323 
8.5. Note that the y-axis scale on 3f and 3g is different from other panels. The underlying data 324 
are provided in supplementary information. 325 
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3.3. Urban emissions to 2100  326 

Figure 4 subdivides the global urban CO2eq emissions into the 5-region aggregates and places 327 
them within the context of the global total CO2eq emissions. In the first three scenarios (Figures 328 
5a-5c) with more stringent reduction pathways and RCP targets, the share of urban CO2eq 329 
emissions on an annual basis rises to values ranging from 84% to 100% of the global total CO2eq 330 
emissions by 2100 (the 100% urban share values are an artifact of the passage from positive to 331 
negative global CO2eq emissions). Furthermore, all three scenarios require negative emissions 332 
with a crossing point in the last two to three decades of the century. These negative emissions are 333 
dominated by the Developed Countries. In the SSP1-1.9-SPA1 scenario, for example, the urban 334 
emissions in all regions peak in 2020 at 28.6 GtCO2eq accounting for 71.4% of the global total at 335 
that point in time. Net-zero GHG emissions are reached around 2065 followed by negative 336 
emissions, particularly for the Developed Countries region with a sizeable contribution from the 337 
Asia and Developing Pacific region in SSP1-1.9-SPA1 and SSP4-3.4-SPA4.  338 

The SSP1-1.9-SPA1 shows the most precipitous urban emissions decline at 0.64 GtCO2eq/year 339 
between the peak in 2020 and the zero-crossing point around 2065. In comparison, the decline in 340 
SSP1-2.6-SPA1 is about 0.48 GtCO2eq/year until the zero-crossing point later in the century. In 341 
contrast, urban emissions under the SSP4-3.4-SPA4 scenario have the overall largest absolute 342 
decline of 41.3 GtCO2eq between the maximum and minimum of emissions, owing to its larger 343 
negative emissions value at the end of the century. 344 

The next two scenarios, SSP2-4.5-SPA2 and SSP4-6.0-SPA4, also show declines over the course 345 
of the 21st century but with a peak emissions coming later (34.0 GtCO2eq in 2050 and 40.7 346 
GtCO2eq in 2050, respectively) and never crossing zero. The urban share is 71.9% and 82.4% at 347 
the end of the century, respectively. The peak emissions in all regions occur just after the mid-348 
century mark except for the Africa and Middle East region, which delays the peak emissions by 349 
two decades. 350 

The final two scenarios, SSP3-7.0-SPA0 and SSP5-8.5, show an urban share of 63.1% and 351 
77.0%, respectively, by the end of the century accompanied by a much higher RCP value. This 352 
results in emissions increasing through nearly all decades of the 21st century (SSP5-8.5-SPA2 353 
shows peak emissions in 2080 with a slight decrease in 2100). Urban emissions for the SSP3-354 
7.0-SPA0 and SSP5-8.5 scenario reach 53.8 GtCO2eq and 98.8 GtCO2eq, respectively. 355 
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 356 
Figure 4. CO2eq emissions from urban areas in seven Model/SSP/RCP variations spanning the 357 
1990 to 2100 time period where (a) IMAGE SSP1-1.9-SPA1, (b) IMAGE SSP1-2.6-SPA1, (c) 358 
GCAM4 SSP4-3.4-SPA4, (d) MESSAGE-GLOBIOM SSP2-4.5-SPA2, (e) GCAM4 SSP4-6.0-359 
SPA4, (f) AIM SSP3-7.0-SPA0 and (g) REMIND-MAGPIE SSP5-8.5. Urban areas are 360 
aggregated to 5 regional domains. Global total CO2eq emissions are shown based on the dashed 361 
line. Note that the y-axis scale of the 4f and 4g are different from the other panels. The 362 
underlying data are provided in supplementary information.   363 
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4. Discussion 364 

Based on the increasing dominance of the consumption-based CO2eq emissions impact of urban 365 
areas across all the scenarios, mobilizing urban emissions reductions within the next decade will 366 
be instrumental for achieving climate targets. Figure 5a provides a comparison of the total annual 367 
urban emissions across the seven scenarios while Figure 5b shows the emissions changes 368 
projected by the scenarios between 2020 and 2030. Based on Figure 5b, lack of progress (SSP5-369 
8.5) would result in a near-term increase in CO2eq emissions of 9.7 GtCO2eq. Moderate progress 370 
(SSP2-4.5-SPA2) would allow for a near-term increase in emissions of about 3.4 GtCO2eq. 371 
Aggressive progress (SSP1-1.9-SPA1), by contrast, would result in a 9.8 GtCO2eq decline in 372 
urban emissions and has been identified with the reduction level necessary to stay within a 373 
warming of 1.5 °C relative to pre-industrial levels (Rogelj et al., 2018; Tebaldi et al., 2021).  374 

375 
Figure 5. Comparison of the total annual urban emissions across the scenarios (a) and the 376 
change in absolute emissions between 2020 and 2030 (b) in GtCO2eq per year. The underlying 377 
data are provided in supplementary information.  378 

4.1 Implications for urban mitigation    379 

Considering that urban areas represent a large and increasing share of global GHG emissions, the 380 
outcomes of climate mitigation action will be largely contingent upon the contribution that urban 381 
areas can make to global reductions. These implications are summarized in Table 3. The 382 
urbanization typology are based on Jiang and O’Neill (2017) while the adoption rates of the 383 
urban emissions mitigation approaches are synthesized based on the marker model 384 
implementations of SSP1-SSP5. This will require contributions from both high emitting urban 385 
areas as well as urban areas that are yet to be planned and constructed to accommodate increases 386 
in the urban population. Trends established in the next decade following SDG11 criteria and its 387 
interlinkages (Kabisch et al., 2019) can also continue to provide benefits for more sustainable 388 
urbanization throughout the century. The way that urban areas are designed, built, and managed 389 
in all regions will determine resource usage patterns, material demands, energy choices, and co-390 
benefits for urban inhabitants such as air quality (Fujimori et al., 2020) for much longer periods 391 
of time. 392 
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Table 3. Synthesis of the urbanization typology and adoption levels in urban emissions 393 
mitigation approaches for the SSP-RCP framework 394 

SSP-RCP 
Scenarios 

Urbanization 
Typology 

Urban Emissions Mitigation Approach 

Electrification 
(a) 

Energy 
and material 
efficiency† 

(b) 

Technology 
development
/ innovation 

(c) 

Renewable 
energy 

preferences 
(d) 

Behavioral, 
lifestyle  

and dietary 
responses‡ 

(e) 

Afforestation 
and re-

forestation 
(f) 

SSP1 
RCP1.9 
RCP2.6 

Resource 
efficient, 

compact and 
sustainable, 

rapid 
urbanization 

Highest/ 
High 

Highest/ 
High 

Highest/ 
High 

Highest/ 
High 

Highest/ 
High 

Highest/ 
High 

Implications for urban climate mitigation include: 
→ Electrification across the urban energy system while supporting flexibility in end-use (a, d) 
→ Resource efficiency from a consumption based perspective with cross-sector integration (b) 
→ Knowledge and financial resources to promote urban experimentation and innovation (c) 
→ Empowerment of urban inhabitants for reinforcing positive lock-in for decarbonization (a-f) 
→ Integration of sectors, strategies and innovations across different urban areas in all regions 

    → Compact urban form for sustainable urbanization with sustainable development co-benefits 

SSP2 
RCP4.5 

Moderate 
progress Medium Medium Medium Medium Medium Medium 

SSP3 
RCP7.0 

Slow 
urbanization, 
poor urban 
planning 

Medium Low Low Medium Low Low 

SSP4 
RCP 3.4 
RCP6.0 

Rate of 
urbanization 
differs with 
inequalities 

Mixed Mixed Mixed Mixed Mixed Mixed 

SSP5 
RCP8.5 

Rapid 
urbanization 
with carbon 
lock-in (*) 

High (§) Low High (§) Low Low - 

† Based on autonomous energy efficiency improvement related to the reduction in energy intensity over time considering reasons 395 
that are not related to energy prices and the intermediate input of materials decrease rate that relates to the rate at which such 396 
intermediate inputs as steel, non-metal and minerals, including cement, are decreased in production sectors. 397 
‡ Dietary responses reflect preference for less meat-intensive diets. Information is synthesized from marker model descriptions.   398 
§   Electrification and technology development is indicated to be high although strongly representative of carbon lock-in. 399 

Within SSP1, the SSP1-1.9-SPA1 scenario requires the greatest mitigation contribution of urban 400 
areas in meeting a net-zero emissions target. In order to meet such rapid reductions, GHG 401 
emissions per capita would need to diverge significantly from increases in urban population. 402 
This, in turn, would require deep decarbonization based on renewable energy sources which 403 
could potentially increase co-benefits for the health and well-being of urban inhabitants. 404 
Alongside decarbonization, reductions of this magnitude would also likely require reductions in 405 
urban extent growth to reduce energy use, support from urban nature-based solutions to increase 406 
co-benefits, limitations on use of materials, and behavioral changes of urban consumers.  407 

Based on the narrative of this scenario, urbanization under SSP1 takes place rapidly across all 408 
countries driven by environmentally-friendly urban living and resource efficiency derived from 409 
compact urban form (Jiang and O’Neill, 2017). In the context of a green growth paradigm, there 410 
is rapid technological development and improved efficiency, sharp increases in the share of 411 
renewable energy with high learning rates and low integration costs as well as rapid 412 
electrification with a high share of electric transport (van Vuuren et al., 2017b). These trends 413 
take place alongside investments in education and human development that reduce increases in 414 
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population as well as pressures on land use with additional strong regulations. The focus of the 415 
policy framework is on global cooperation that further supports cost-optimal solutions for 416 
resource efficiency. There is lower intensity for the demand of cement and steel (van Vuuren et 417 
al., 2017b), which implies changes in the material demands for urban infrastructure development. 418 
Overall, SSP1 reflects a major shift to resource-efficient, compact and sustainable urbanization 419 
around the globe on the path towards sustainable development. Such a scenario would require 420 
the most significant shift in the trends over the last decades as well as a reversal of declining 421 
urban densities across regions and income levels as observed in (Güneralp et al., 2020). It would 422 
further require implementing compact urban form in new urban areas and upscaling an integrated 423 
mix of solutions, including those for decarbonizing the electricity supply, realizing deep energy 424 
savings and supporting behavioral change (Goldstein et al., 2020). In addition, concerns for the 425 
impacts of the pandemic on urban form and spatial planning would need to be overcome while 426 
ensuring that the co-benefits of urban infrastructure for wellbeing can be maximized. 427 

In contrast, SSP2 depicts a future that more closely builds upon - but is not a direct extrapolation 428 
of - existing trends (Fricko et al., 2017). Improvements in energy intensity more closely 429 
represent continued advances that are not markedly different than existing trends in energy 430 
efficiency, technology development, as well as behavioral and lifestyle preferences (Fricko et al., 431 
2017). Convergence across regions based on socio-economic and technological development is 432 
moderate. Increases in the electrification rate in residential and commercial buildings as well as 433 
transport are at medium levels and there are moderate levels of renewable energy exploitation 434 
(Fricko et al., 2017). One of the characteristics of the SSP2 marker scenario is the surge in final 435 
energy demand in both developed and developing countries with a quadruple increase in the 436 
latter (Fricko et al., 2017). This has implications for the ability of urban development to manage 437 
increases in final energy demand although urbanization under SSP2 proceeds at a moderate pace 438 
(Jiang and O’Neill, 2017). In this context, it is envisioned that there would be moderate co-439 
benefits with SDG thresholds only being possibly met, including those for SDG11. Moreover, it 440 
is estimated that the stock of materials in the construction of residential buildings will double by 441 
2050 under SSP2, including concrete, steel, and aluminum. Such an increase is attributed largely 442 
to residential buildings in urban areas (Marinova et al., 2020). 443 

Urbanization under SSP3 is slow across all countries of the world due to poor urban services and 444 
spatial planning and subsequent limited migration (Jiang and O’Neill, 2017). SSP3 involves 445 
regional rivalry that is accompanied by large population increases and lagging income growth 446 
(Fujimori et al., 2017). Energy outcomes include a slow advance in renewable energy cost 447 
reductions due to slow technological development with a medium electrification rate (Fujimori et 448 
al., 2017). This implies similarly low levels of such opportunities in urban areas. There are also 449 
limited reductions in intermediate material inputs, including steel (Fujimori et al., 2017) such as 450 
would be used for urban infrastructure development. In addition, low levels of improvement in 451 
emissions and energy intensity lead to weak levels of air pollutant emissions control (Fujimori et 452 
al., 2017) that would have impacts on the health and well-being of urban inhabitants. SSP3-7.0-453 
SPA0 represents an increase of 5.7 GtCO2eq in 2030 over 2020 levels (Figure 5) without setting 454 
broader trends for sustainable urbanization into motion. 455 

SSP4 represents a mixture of urbanization paces where moderate rates of urbanization occur in 456 
the high-income countries and rapid rates of urbanization occur in the middle and low-income 457 
countries (Jiang and O’Neill, 2017). Moreover, aspects of inequality not only take place across 458 
regions but also within urban areas, including inequalities between the urban elite and urban 459 
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inhabitants in informal settlements (Jiang and O’Neill, 2017). In this context, SSP4 represents 460 
stark inequalities within and across regions. There is prosperity in high-income regions with 461 
continued growth in electrification while low-income regions stagnate with increases in 462 
population rather than increases in energy per capita driving the emission increases (Calvin et al., 463 
2017). Energy demand due to increases in per capita floor space is limited due to saturation in 464 
high-income countries versus stagnation in low-income countries. While the preference for 465 
renewables is high across countries, implementation is constrained by apparent inequalities and 466 
progress on technology development (Calvin et al., 2017). Another aspect is regional 467 
afforestation versus deforestation in different income levels with no land policy in low-income 468 
countries (Calvin et al., 2017).  469 

Such a narrative has ramifications on urban areas, including limitations on the benefits that urban 470 
areas can provide for increased access to electricity (Aklin et al., 2018) and other basic human 471 
needs, including food, water, sanitation and health care for the vulnerable. Another ramification 472 
is the inability of urban planning to address distributional aspects among the urban population, 473 
including lack of policies to simultaneously address energy poverty and climate mitigation 474 
(Colenbrander et al., 2016) as well as solutions that avoid possible green gentrification (Padeiro 475 
et al., 2019). Limited co-benefits are envisioned for this scenario with SDG11 and related SDGs 476 
mostly not being met across the urban areas of the world despite different RCP levels. By 2030, 477 
urban emissions are estimated to reduce by 0.4 GtCO2eq in SSP4-3.4-SPA4 and increase by 7.1 478 
GtCO2eq in SSP4-6.0-SPA4 over the 2020 levels of these scenarios while not addressing broader 479 
societal concerns. 480 

Urbanization under SSP5 takes place rapidly across all countries of the world based on the 481 
ability of urban areas to attract residents due to high economic growth and technological change 482 
(Jiang and O’Neill, 2017). Like SSP1, this scenario involves rapid urbanization across all regions 483 
but under different conditions. Technological change under SSP5 leans towards large-scale 484 
engineering projects and technological improvements in agriculture that increases migration to 485 
urban areas (Jiang and O’Neill, 2017). In addition, SSP5 involves both rapid energy and 486 
material-intense fossil-fuel development. Global food demand is doubled based on high meat-487 
based diets and greater amounts of food waste with implications for land use (Kriegler et al., 488 
2017). In addition to large amounts of waste, energy demand is tripled with both high energy 489 
intensity in transport and medium energy intensity in buildings without resolving carbon lock-in 490 
(Kriegler et al., 2017). This would similarly correspond to energy intense and fossil fuel-based 491 
modes of transport in urban areas, particularly car dependency, as well as high CFs across global 492 
supply chains. Another aspect is the peaking of natural gas supply as late as 2070 that is used in 493 
the energy mix for electrification as well as space heating (Kriegler et al., 2017), which 494 
represents a persistent carbon lock-in for urban energy supply (Seto et al., 2016) with additional 495 
ramifications for CH4 emissions (Riahi et al., 2017). Moreover, SSP5 assumes low public 496 
acceptance and policy support for renewable energy. While the world is set to reach income 497 
convergence among regions at the end of the century in SSP5, such risks as undernourishment 498 
and other concerns remain (Kriegler et al., 2017) that would also imply failures to address basic 499 
human needs in urban areas.  500 

Against these consequences, urban emissions are estimated to increase without any mitigtion in 501 
the near-term by 2030 with continued increases across the rest of the century (Figure 5). Overall, 502 
the baseline of the SSP5 scenario leads to the worst outcome with a corresponding global mean 503 
temperature increase greater than 5°C (Kriegler et al., 2017) under the assumed climate 504 
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sensitivities. For this reason, the SDGs would not be met considering the severe impacts of 505 
climate change that would be felt under this scenario. 506 

Across the scenarios, aspects of technology development as well as their penetration within the 507 
energy system are among the key energy-related uncertainties (van Vuuren et al., 2011). In this 508 
context, urban areas can reinforce positive trends in technology development acceleration and 509 
innovation for climate mitigation as well as lifestyle changes that can support attaining positive 510 
lock-in (Ürge-Vorsatz et al., 2018). Taking advantage of the urban demand to provide flexibility 511 
in energy systems with a high penetration of renewable energy for deep decarbonization can be 512 
shaped with urban policies, including policies that target net-zero emissions (Seto, K. C., 2021). 513 
Urban areas can also be innovation hubs for upscaling niche solutions that are important for 514 
green growth sustainability paradigms. For the realization of such paradigms, positive 515 
correlations between urbanization levels and economic growth (Chen et al., 2014) would need to 516 
be decoupled from consumption pressures, including through behavioral and lifestyle changes. 517 
The proximity of actors in urban areas (Lee and Erickson, 2017) as well as urban 518 
experimentation (Peng and Bai, 2018) is further known to have a positive effect on technology 519 
diffusion and adoption. The ability to steer urban areas towards sustainability based on 520 
renewable energy, resource efficiency and compact urban form across the regions of the world in 521 
a coordinated way will be a key aspect for reaching net-zero emissions with sufficient pace and 522 
timing for climate mitigation.  523 

Based on the suite of urban mitigation strategies, scenarios with the same rapid, moderate, 524 
mixed, or slow urbanization rates are found to have different urban emission outcomes (see 525 
supplementary information). Especially in the scenarios that involve rapid urbanization, some 526 
countries will experience significant increases in the urban population share. This includes India 527 
and Uganda where increases in the urban population share are projected to increase by 51.1% 528 
and 67.0%, respectively between 2020-2100 under rapid urbanization (Jiang and O’Neill, 2017). 529 
Such population share increases, however, will have starkly different outcomes in scenarios with 530 
and without carbon lock-in during the same timeframe (see Figure S1). For example, while India 531 
will have lower urban emissions in 2100 than in 2020 under the SSP1-1.9-SPA1 and SSP1-2.6-532 
SPA1 scenarios, the change in urban emissions over the same time period will be about 11.7 533 
GtCO2eq in SSP5-8.5. Given rapid urbanization under both scenarios across all regions of the 534 
world, major transformations in new urban areas can avoid the negative consequences of the 535 
latter scenario. Other scenarios that involve moderate, mixed, and slow urbanization rates also 536 
represent differences. Urban mitigation policy has a pivotal role in constraining emissions on an 537 
annual basis and within remaining budgets.     538 

4.2 Cumulative urban emissions 539 

Based on the above results and discussion, the cumulative sum of annual urban emissions 540 
provides additional insight on the urban emissions share in relation to longer-term climate 541 
targets. Figure 6 provides net cumulative emissions from 2020 onward for urban and/or rural 542 
areas in the context of the total global cumulative emissions for each scenario. Such a 543 
comparison is also relevant given that decisions regarding urban form and infrastructure can 544 
contribute to cumulative reductions or increases over longer periods of time. The top panels 545 
(Figure 6a,b) represent scenarios that achieve net-zero emissions within this century while the 546 
bottom panel (Figure 6c,d) represents scenarios that do not. 547 
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The minimum and maximum cumulative urban emissions in 2100 across the scenarios in the top 548 
panel range between 293.8 GtCO2eq and 922.4 GtCO2eq. The urban share of the cumulative 549 
global total ranges between 66.6% (SSP1-1.9-SPA1) and 75.4% (SSP1-2.6-SPA1). Rural areas 550 
have shares of, at most, 33.4% by 2100 (Figure 6). In comparison, the minimum and maximum 551 
cumulative urban CO2eq emissions in scenarios without net-zero emissions crossing points 552 
ranges between 2,218.9 GtCO2eq (SSP2-4.5-SPA2) and 6,021.8 GtCO2eq (SSP5-8.5). The urban 553 
share of the cumulative global total emissions ranges between 62.6% (SSP3-7.0-SPA0) and 554 
79.6% (SSP4-6.0-SPA4) while those of rural areas have shares of, at most, 37.4%.  555 

Urban areas would need to achieve large savings in cumulative urban emissions close to the 556 
thickness of the wedges in Figure 6a and 6c in order for the globe to achieve the target of staying 557 
within 1.5°C of warming above pre-industrial levels (lower bound in Figure 6a). Moreover, the 558 
role of resource efficient and compact urban areas would be particularly significant for driving 559 
the reductions that are associated with this most stringent climate mitigation scenario. Despite 560 
the rapid urbanization in this scenario, cumulative urban CO2eq emissions (orange circle in 561 
Figure 6b - 293.8 GtCO2eq) are 7.6 times lower than the cumulative urban CO2eq emissions of 562 
the moderate scenario with moderate rates of urbanization (SSP2-4.5-SPA2 in Figure 6d – 563 
2218.9 GtCO2eq).  564 

 565 
Figure 6. Global cumulative (between 2020-2100) urban CO2eq emissions for scenarios that 566 
achieve net-zero CO2eq emissions (top) and those that do not (bottom) within this century. 567 
Orange shaded areas represent the minimum and maximum values of cumulative urban 568 
emissions in the three SSP-RCP-SPA scenarios that achieve net zero emissions (a) and the four 569 
scenarios that do not (c). Cumulative rural (beige shaded areas and markings) and total 570 
cumulative emissions (grey colored markings on the right) are given for comparison. Note:the  571 
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y-axis scale on panels a) and c) and the x-axis scale on panels b) and d) are different. The 572 
underlying data are provided in supplementary information.   573 

Under different conditions and continued lock-in, rapid urbanization in SSP5-8.5 leads to total 574 
cumulative emissions that are about 2.7 times larger than the cumulative emissions of the 575 
moderate scenario (SSP2-4.5-SPA2). In contrast, differences in the cumulative emissions of rural 576 
areas across scenarios are considerably smaller. Due to relatively steadier dynamics across time, 577 
the maximum values of cumulative rural emissions in scenarios with and without net-zero 578 
emission crossing points respectively, range between 317.1 GtCO2eq and 2031.8 GtCO2eq 579 
during the same timeframe.  580 

Figure 7a plots the share and magnitude of cumulative urban emissions on a regional basis. The 581 
regional share of cumulative urban emissions has the highest variation across the scenarios for 582 
the Asia and Developing Pacific region (span: 18.4%) and the Developed Countries region (span: 583 
14.7%). The Asia and the Developing Pacific region also have the greatest share of cumulative 584 
urban emissions in SSP1-1.9-SPA1 (52.9%) and when combined with the Developed Countries 585 
region, accounts for 65.0-73.3% of the cumulative regional share of the urban emissions budget 586 
across the scenarios.  587 

The timing of net-zero urban emissions shows a similar division when expressed in combination 588 
with the cumulative emissions budget (Figure 7b). The Asia and Developing Pacific and 589 
Developed Countries regions both show early net-zero crossing times combined with large 590 
cumulative CO2eq emission budgets. This emphasizes both the large increase in emissions in 591 
these regions and the policy focus in reducing these regional emissions rapidly. In contrast, urban 592 
areas in two regions (Africa and Middle East, Eastern Europe and West-Central Asia) have a 593 
difference of more than 20 years in reaching net-zero CO2eq emissions.  594 

At a global level, annual urban emissions reach net-zero emissions by 2064 under the SSP1-1.9-595 
SPA1 scenario. The peak cumulative urban emissions between 2020 and this net-zero emissions 596 
year is 468.2 GtCO2eq. In comparison to the cumulative urban emissions under the next scenario 597 
that is representative of the 2oC pathway based on known climate sensitivities (SSP1-2.6-SPA1), 598 
such a budget would be consumed about 28 years earlier in 2036 given that 469.8 GtCO2eq of 599 
cumulative urban emissions would be reached under this scenario. Other scenarios further 600 
suggest that the cumulative urban emissions budget for SSP1-1.9-SPA1 up to the net-zero year 601 
would already be exceeded as early as the year 2033 excluding negative emission options. These 602 
findings underline the crucial importance of the next decade and a half in setting and realizing 603 
the trends that can direct urban areas to remain within the bounds of a safe and just planet. 604 

These comparisons further underline the importance of urban areas in general and the Asia and 605 
Developing Pacific and the Developed Countries regions, in particular, in driving and enabling 606 
effective climate mitigation.  607 
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 608 
Figure 7. Regional cumulative (between 2020-2100) urban CO2eq emissions and regional share 609 
of cumulative urban emissions for all scenarios (a). Regional cumulative (between 2020-2100) 610 
urban CO2eq emissions and the timing of the net-zero CO2eq emissions crossing point for 611 
selected scenarios (b). Symbol shape denotes scenario, color denotes region (see legend). Light 612 
dotted connecting lines are included for guidance in locating scenarios or regions. The 613 
underlying data are provided in supplementary information.   614 

5. Conclusions 615 

There has been limited analysis to date on how the urban portion of global emissions is 616 
quantitatively related to scenario projections of global emissions. Because the current share of 617 
global emissions in cities worldwide is large (~70%), the expectation is that this share will 618 
continue to grow placing a greater emphasis on urban areas as locations where GHG emissions 619 
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mitigation must occur. This study attempts to fill that knowledge gap by explicitly quantifying 620 
urban CO2eq emissions in the SSP-RCP-SPA framework, used by the research community to 621 
understand the possible future emission conditions. Using existing data and assumptions about 622 
changes in per capita CO2eq urban emissions over time, we quantify urban CO2eq emissions 623 
within seven SSP-RCP-SPA scenarios and five global regions, using the scenario storylines to 624 
develop a deeper understanding of how urban areas can mitigate GHG emissions. The narratives 625 
of the scenarios can also provide direction into achieving climate mitigation more sustainably.  626 

The quantification of urban GHG emissions regionally and globally out to 2100 has specific 627 
significance for at least three reasons. First, quantifying urban emissions within the SSP-RCP-628 
SPA framework can significantly enhance analytical support for decision-making at all levels 629 
and provide direction to the climate mitigation focus of urban areas. Second, a better 630 
understanding of this crucial portion of global emissions in each scenario can guide the 631 
differentiation of possible outcomes for urban emissions and mitigation according to different 632 
emission drivers and urban narratives. Third, the results of the research work can better support 633 
urban decision-makers by quantifying the implications of the outcomes of a wide spectrum of 634 
urban mitigation possibilities.  635 

We find that the dominant driver in our estimation approach when combined with the SSP-RCP-636 
SPA framework is the urban per capita CO2eq value. In the near term, between now and 2030, a 637 
total decline of 9.8 GtCO2eq would be required in urban areas necessary to stay within a 638 
warming of 1.5 °C relative to pre-industrial levels.  639 

With the explicit identification of urban emissions regionally, narratives of urbanization are now 640 
matched with quantified urban emissions under each scenario with extended discussions on their 641 
implications for urban mitigation. Urban emissions under scenarios with the same urbanization 642 
rate can differ widely due to urban mitigation strategies. The urbanization typology has a central 643 
role in shaping the future of urban emissions. The rapid uptake of electrification, energy and 644 
material efficiency, technology development and innovation, renewable energy preferences, as 645 
well as behavioral, lifestyle and dietary responses in urban areas can contribute to more 646 
sustainable urbanization. A comparative view across the scenarios raises the need for 647 
coordinated action that encompasses electrification of urban energy systems, resource efficiency, 648 
compact urban form, and urban experimentation as well as their coherent integration for effective 649 
climate mitigation.  650 

Examination of the cumulative CO2eq emissions in each scenario and global region highlights 651 
the importance of the Asia and Developing Pacific and Developed Countries regions in both the 652 
overall urban emissions growth and in emissions mitigation. These two regions are key to all of 653 
the future emission scenarios and place emphasis on low-carbon pathways for these urban areas. 654 

It is expected that this paper will provide the basis to explicitly include the urban emissions share 655 
within the global context in subsequent scenario results. This is vital for representing the role of 656 
urban areas in climate mitigation pathways as well as an increased focus on climate change and 657 
cities at the IPCC level. The study is also expected to stimulate a data-driven approach for 658 
sustainable urbanization pathways while enabling a consideration of increasing co-benefits for 659 
sustainable development. Future work will focus on further advancing the synthesis of relevant 660 
datasets as these may become available.   661 
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Supplementary Information 662 
Original datasets and supporting information generated in this research work are represented in 663 
supplementary information.  664 
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