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Most studies on climate mitigation address the question 
of what society should do. Such normative approaches 
have led to aspirational solutions such as achieving car-

bon neutrality by 20501, reducing short-lived climate pollutants 
(SLCPs) and extracting up to one trillion tons of CO2 from the air, 
among others. These prescriptive solutions have been enormously 
helpful in guiding mitigation policies. However, the reality is that 
the growth of CO2 emissions and global warming have continued 
unabated2. Part of the problem is that the aspirational mitigation 
goals do not always fully factor in interactions between human and 
natural systems. Such interactions create barriers against redesign-
ing energy and economic systems3,4.

Many have concluded that it is now time for a new approach5,6, 
which explicitly allows for interactions between natural systems 
and social systems7–13. Examples of human–natural interactions 
that have been considered include societal response to perceived 
climate risks such as providing support for mitigation policies and 
changing personal behaviours that reduce individual greenhouse 
gas emissions7; the role of finance and other macroeconomic agents 
in sustaining economic development and shaping the dynamics of 
transition to low-carbon energy sources9; the role of positive tipping 
points in the societal transformation towards stabilizing climate10; 
negative feedback on the economics of energy production due to 
climate risks12; and constraints on carbon emission reductions due 
to legacy technologies10 and climate change11. Another recent devel-
opment in coupling human and natural systems is the modelling of 
the feedbacks between warming, land use and land-cover policy14,15, 
which has paved the way for an integrated Earth system model16.

The increasing use of integrated assessment models (IAMs)9 has 
substantially influenced climate mitigation actions proposed in the 
most recent Intergovernmental Panel on Climate Change (IPCC) 
Working Group III report17. Most IAMs, however, are still in the 

early stages of development for fully coupling nature and human 
systems. As concluded by Peng et al.18, “IAMs have to get real about 
people”. For example, a recent review19 on integrated human–Earth 
system modelling stated that ‘many potential human–Earth system 
feedbacks were not explored in these studies’ and ‘none of the stud-
ies look at the interactions between energy and climate.’ The pres-
ent study attempts to fill this gap by focusing on energy–climate 
interactions.

The ISEEC model
The rationale behind the integrated socio–energy–ecologic–climate 
(ISEEC) model and its scope are presented first. ISEEC is a math-
ematical framework for modelling the two-way coupling between 
natural and human systems through a set of 10 differential equa-
tions (Supplementary Tables 1 and 2). The differential formulation 
enables us to model the inertia in the social system and its cou-
pling with the inertia in the natural system, both of which govern 
the warming trends. We use this modelling framework to illustrate 
the feedback between energy use and climate change and its role 
in the twenty-first-century warming trends. We also introduce a 
formulation of how the energy–climate feedback is influenced by 
four different types of responses driven by climate change: societal 
response to climate risks, policy response to the societal response, 
development of renewable technology in response to climate policy 
and rapid diffusion of renewable technology in response to climate 
policy. These four interactions determine the growth rates of renew-
able energy that offsets the use of fossil fuels.

The focus of this study is on the use of fossil fuels. It explores how 
their role in global warming is influenced by human–nature inter-
actions. Because of the focus on fossil fuels, CO2 emissions from 
land use and emissions of other greenhouse gases from non-fossil 
sources are assumed to be exogenous and prescribed as external 
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inputs. Fossil fuel combustion also leads to the emission of methane, 
ozone precursors, black carbon (soot) particles and other cooling 
aerosols. The model accounts for the mitigation of these co-emitted 
species when fossil fuels are replaced by renewables. ISEEC assumes 
that society responds to the warming by increasing the growth 
rates of renewable energy, which in turn decreases the need for fos-
sil fuels. The specific objective of the present study is to provide 
insights into the role of the sociotechnological constraints on rapid 
transitions to zero-emissions technologies and the scaling up of car-
bon extraction technology.

ISEEC consists of two sub-models (Fig. 1): the natural systems 
model (NSM) and the social systems model (SSM). NSM and SSM 
are coupled to each other through CO2 emissions and warming. 
The external input to SSM is global gross domestic product (GDP), 
from which it simulates the energy needed to power the economy 
and CO2 emission from fossil fuels, which in turn serves as input to 
NSM. Unless otherwise mentioned, the term ‘energy’ refers to pri-
mary energy (PE), which includes all sources of energy, such as coal, 
oil, natural gas, biofuels, nuclear, hydro, solar and wind.

The NSM accounts for the physical feedbacks in the climate 
system and carbon cycle feedback (Supplementary Table 1). In our 
earlier studies20–24, NSM simulations of the carbon cycle and tem-
perature trends have been validated extensively for the twentieth 
century using historical data and for the twenty-first century using 
IPCC-class climate model simulations.

SSM is described next. The governing equations of SSM are listed 
in Supplementary Table 2 (Supplementary Information; also see 
Methods for additional description). The PE is inferred from GDP 
through equation (1).

PE (t) = rEI (T(t))× EI (t)× GDP(t) (1)

EI(t) is the energy intensity (EJ GDP–1) and rEI(T(t)) is the ratio 
of EI for years beyond 2016 (the future period in the simulation) 
relative to the 2016 level, which depends on the warming T(t) as a 
function of time (t).

EI decreases with time due to improvement in energy intensity 
largely through technological innovations and improvement in the 
economy and is treated as an external input and independent of sim-
ulated warming. The GDP and EI data for the period before 1970 
were too noisy, and thus we adopted the actual PE value for years 
before 1970. The derived PE for 1970 onwards is within a few per-
centage points of the PE in published studies (Extended Data Fig. 1).

Society responds to the warming in three independent ways: 
(1) reduction of energy intensity, (2) decarbonization by switching  
from fossil fuels to renewables, which reduces carbon intensity, 

and (3) atmospheric-carbon extraction (ACE). The first two soci-
etal responses reduce emissions of fossil fuel-related CO2 and other 
greenhouse gases. The third directly reduces the atmospheric con-
centration of CO2.

The first human–nature interaction to be included in ISEEC 
is the reduction of energy intensity, which is modelled through 
the ratio rEI(T(t)). The rEI(T(t)) is the additional improvement in 
energy intensity due to societal response to future climate warm-
ing. It is set to 1 for years before 2016. For t > 2016, it decreases by  
0.5% yr–1 °Cwarming

–1 (Supplementary Table 2) until rEI(t) = 70%. The 
30% further reduction in energy intensity is close to the maximum 
that is achievable per the IPCC scenarios17.

Decarbonization is the second human–nature interaction in 
ISEEC. Decarbonization reduces the carbon intensity of PE through 
the following measures: (1) scaling up available renewable technol-
ogies and (2) developing and scaling up new renewable technolo-
gies to accelerate the transition to renewables. The growth rate of 
renewable energy as a share of total energy is constrained by vari-
ous response times (described later). The warming simulated by the 
NSM determines these response times and thus the partitioning of 
PE between CO2-emitting sources (fossil fuels and non-renewable 
traditional biomass) and zero-carbon sources (solar, wind, hydro-
gen produced by solar electrolysis, hydropower, geothermal, nuclear 
and so on).

The third human–nature interaction treated in ISEEC is ACE, 
and it is achieved by three different measures following recent stud-
ies23,25. (1) ACE1 includes ecosystem management such as affor-
estation and enhancement of soil carbon sequestration. (2) ACE2 
includes increasing carbon sinks by mineralization and enhance-
ment of algae production in oceans (‘blue carbon’). (3) ACE3 deals 
with direct air capture, which requires a substantial amount of 
additional PE. To keep track of this additional energy for climate 
mitigation, we refer to the energy required to power the economy 
as PE while the energy required for ACE is denoted by PE_ACE, 
such that the total primary energy (PE_total) = PE + PE_ACE. The 
modelling details are given in Methods and in section 3.2 of the 
Supplementary Information . The increasing capacity of ACE, as 
the warming accelerates, is constrained by technology development 
time and diffusion time, similar to the constraints on renewable 
energy growth. It is also constrained by three other factors, includ-
ing cost and extraction potentials (Methods).

The primary equations of SSM as in Supplementary Table 2 are 
described next. Equations (2)–(5) distribute PE among the various 
energy sources, Eij. We first let:

PEij (t) = PE (t)× Eij (t) ;
n∑

i=1

k(i)∑

j=1
Eij(t) = 1; n = 2 and

k (1) = 2 and k (2) = 4
(2)

The subscript i = 1 is for sources that emit CO2, and subscript i = 2 
denotes renewables, with subscript j representing sub-categories. E11 
is the fraction of PE that is from fossil fuels, and E12 is the fraction 
from non-renewable biomass, which is prescribed from published 
estimates26. Once we solve for E2j terms, E11 (fossil fuels) can be 
obtained from equation (2).

The subscript 21 refers to currently available solar and wind 
technologies, and subscript 22 refers to new renewable technolo-
gies. New renewable technologies such as hydrogen, new-generation 
smaller nuclear reactors, microgrids and advanced energy storage 
are needed to replace difficult-to-eliminate emissions from aviation, 
long-distance transportation and manufacturing of structural mate-
rials, among others3. E23 and E24, respectively, denote traditional 
nuclear and traditional renewable energy such as geothermal and 
hydropower. E23 and E24 are prescribed for 1850–2015 and held fixed 
at their 2015 capacities (in absolute values) for 2016–2100. The E21 
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Fig. 1 | A schematic of the ISEEC framework: NSM and SSM. The ISEEC 
framework includes a core set of 10 differential equations: 5 for the NSM 
(Supplementary Table 1) and 5 for the SSM (Supplementary Table 2). 
The model simulates the evolution of zero-carbon energy sources, CO2 
emission, CO2 concentration and global mean temperature during the 
twentieth and twenty-first centuries. LU, land use.
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and E22 terms are solved by adopting equations (3)–(5) (shown here 
for E21 only).

dE21
dt = Startup+ Diffusion (3)

Startup(η21) = η0 −
E21 (t)
τ21 (t)

; if η21 < 0, set η21 = 0 (4)

Diffusion =

(

1− E21 (t)
k21

)

×

E21 (t)
τ21 (t)

(5)

The Startup term, η21, is the external investment required to 
accelerate the uptake of new technologies before the exponential 
growth stage in the Diffusion term picks up. The η0 term in equation 
(4) defines the rate of initial investment beginning in the year 1950 
(and 2015 for the E22 term). The importance of the initial invest-
ment η0 for accelerating the diffusion of zero-emission technologies 
is well known27. As discussed in Methods and illustrated through 
a series of sensitivity studies (Extended Data Fig. 2), the start-up 
investment is needed only for a short period but has a long-term 
impact on the growth of renewables, carbon emission and climate.

The Diffusion term allows for the scaling up of technology past 
the initial stage to its full potential (carrying capacity), defined by k21, 
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fusion time (τDF21 ) to innovate and adopt zero-emission technologies 
worldwide. As shown later, these response times, which depict the 
inertia of the human system, have a large role in limiting society’s 
ability to bend the curve of global warming expediently.

Validation of human–natural systems interactions
Equations (1)–(5) were individually validated with solar and wind 
power data for 2000–2017 and with published projections30 for 
2010–2050 (Extended Data Fig. 3). The SSM equations capture the 
time evolution of PE generated by solar and wind energy across 
three orders of magnitude of increase in renewable energy shares.

The fully coupled ISEEC simulations are validated next. The 
comparison of simulations and data is restricted to the period from 
1950 to 2020, when the historical data have sufficient accuracy  
(Fig. 2). ISEEC simulates within 10% the time evolution of fossil fuel 

which is prescribed to be 65%. For E22, we rely on published sources3 
to set k22 as time varying, ranging from 30% to 35%. Equation (5) 
produces an exponential growth initially, progressing to logarith-
mic growth in later stages and levelling off to zero growth when E21 
or E22 approaches carrying capacity. In the real world, diffusion is 
driven by market forces as well as policies, such as market-oriented 
regulation on vehicle emissions, low-carbon fuel standards, carbon 
pricing, and cap and trade4. The mathematical formulation of the 
Diffusion term as shown in equation (5) has been used extensively 
in studies dealing with epidemiology dynamics28 and diffusion of 
technologies29.

SSM’s societal response as characterized by τ21 includes four 
response times: societal response time to perceived climate risks 
(τR21), policy response time to scientific findings and societal con-
cerns (τP21), technology development time (τDV21 ) and technology dif-
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real world are granular and depend on localized social, economic 
and cultural factors, which are ignored in the present version of 
ISEEC. Despite this simplification, it is reassuring ISEEC is able to 
simulate the gross features of past and projected trends in energy 
shares, carbon cycle and climate. However, conclusions and recom-
mendations derived from ISEEC should be considered as suggestive 
and not definitive.

The role of two-way energy–climate interactions
The basic driver of climate changes in ISEEC is the tenfold growth 
of GDP from about US$95 trillion in 2020 to US$1,000 trillion in 
2100 (Extended Data Fig. 1a). Because of the compensating four-
fold decrease in the energy intensity from 2016 to 2100 (Extended 
Data Fig. 1b) and the additional reduction of 30% (through the rEI 
term in equation (1)) in energy intensity due to societal response to 
the warming, PE increases only twofold from 600 EJ yr–1 in 2020 to 

and the renewable share of PE (Fig. 2a). The fossil fuel CO2 emission 
(Fig. 2b) is captured within 5%. The simulated CO2 concentrations 
(Fig. 2c) agree with observed values within 5 ppm throughout the 
record, and the trends agree within 2%. The steep surface warming 
trend (Fig. 2d) from 1970 to 2020 in the data is 0.85 °C compared 
with the simulated trend of 0.9 °C. The comparison also includes a 
three-dimensional climate model simulation used in IPCC studies 
(Community Earth System Model 1 (CESM1) curve).

The projected twenty-first-century trends by ISEEC are com-
pared with published projections (by four different IAMs) in Fig. 3. 
In both the ISEEC and the IAMs projections, CO2 emissions peak 
around 2020, ACE reaches 20 GtCO2 yr–1 by 2100, CO2 concentra-
tion peaks at 430 ppm by 2040 and the warming peaks at 1.7 °C 
around 2050 and hovers around 1.5 °C by 2100.

ISEEC, like many IAMs, employs a highly simplified treatment 
of complex human–nature interactions. Such interactions in the 
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renewable energy technologies (Extended Data Figs. 5 and 6) and 
the inertia in the carbon cycle. The warming curve takes another 28 
years to bend and peaks at 2.3 °C in 2075 (Fig. 5d). This additional 
28-year lag is due to a combination of two factors: the inertia in the 
coupled ocean– (upper 300 m) atmosphere climate system (about 15 
years) and the additional primary energy (15%) used for ACE, some 
of which relies on fossil fuels. The total time lag between the emis-
sion curve peak and the warming curve peak is thus almost 50 years 
in the base case of the model (Fig. 5c,d and Supplementary Table 3).

To quantify the role of the two-way human–natural system inter-
actions, the response times and the energy intensity ratio were made 
independent of the warming and held fixed at their 2016 values  
(Fig. 4c,d). The simulation in the decoupled case is very similar to 
the business-as-usual scenario of IPCC as well as those by other 
integrated assessment model studies. By 2100, cumulative CO2 
emission since the pre-industrial era grows to 5,000 Gt and the 
warming exceeds 4 °C (Fig. 5d).

1,300 EJ yr–1 in 2100 (PE in Fig. 4a). In addition, ACE increases PE 
by 15% to bring PE_total to 1,500 EJ yr–1 (Fig. 4a). The gap between 
PE_GDP and PE in Fig. 4a shows that decreasing the energy inten-
sity through further improvements in energy efficiency is essential 
for avoiding catastrophic warming of more than 4 °C.

The next energy–climate interaction initiated by the warming is 
a reduction in the carbon intensity of PE through societal actions 
to increase the share of renewables in PE. The inertia in societal 
actions is the basic limiting factor for how fast this transition to 
renewables can take place. Response times for current (E21) and new 
(E22) renewable technologies decrease (Extended Data Fig. 4) from 
15 (for E21) to 30 (for E22) years in 2015 (at a warming of 1 °C) to 5–15 
years in 2030, when the warming reaches 1.5 °C. The faster response 
times accelerate the growth of renewables. Fossil fuel energy and 
CO2 emissions peak by 2025 (Fig. 4a,b), but CO2 concentration does 
not reach its peak until 2047. This 22-year lag between emission and 
concentration peaks is largely due to the inertia in the diffusion of 
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 (4) Reducing methane emissions from the transmission of natural 
gas from food and other organic waste in landfills and farms; 
eliminating black carbon emissions from diesel vehicles and 
cooking with solid fuels; phasing out by 2030 the use of HFCs 
as refrigerants and coolants

The simplified ISEEC architecture is intended to provide a 
proof of concept of energy–climate interactions triggered by soci-
etal intervention. The explicitly treated two-way coupling between 
human and natural systems provided insights into what is urgently 
needed in the design of climate solutions. Societal responses to cli-
mate risks are regionally and locally dependent, which is ignored in 
this first version of ISEEC. The next step is to implement ISEEC in 
a three-dimensional Earth system model with sectoral and national 
granularity for societal responses.

Methods
NSM. We adopt the carbon cycle model and energy balance climate model 
described in our earlier studies19,20 for simulating the temporal evolution of global 
mean surface temperature. The five equations for the NSM component of ISEEC 
are given in Supplementary Table 1, utilizing a published ocean–land–atmosphere 
coupling formulation21. The climate model consists of two differential equations, 
one for surface air temperature and one for upper-layer ocean temperature. The 
carbon cycle model consists of three differential equations, one each for the 
carbon content of the atmosphere, the ocean upper layer and the deeper ocean. 
The primary input to the carbon cycle model is CO2 emission from fossil fuels 
and land-use changes. CO2 emission from fossil fuels is estimated by the SSM, 
described next. Note that the non-energy sources (agriculture, forestry and 
land use) of CO2 emission, which constitute about 10–15% of total emission at 
the present (Extended Data Fig. 1d), are prescribed externally using published 
sources34,35. We also account for negative emissions due to ACE.

The primary input to the climate model is the radiative forcing of CO2 and 
the non-CO2 species. CO2 radiative forcing is computed from CO2 concentration 
simulated by the carbon cycle model. Forcing for the non-CO2 greenhouse gases 
(methane, chlorofluorocarbons (CFCs), HFCs, N2O and ozone) and aerosols (black 
carbon, sulfates, nitrates and organics) are not simulated but prescribed from 
published sources20, with future magnitude coupled to fossil fuel use. The climate 
model includes well-known physical feedbacks (cloud, ice albedo and so on) in 
determining climate sensitivity and its uncertainty. It can also account for the 
uncertainty due to natural variability originating from the fluctuation of ocean–
atmosphere systems (Fig. 2d and section 2.1 of Supplementary Information).

The basic output from NSM is CO2 concentration and temperature trends, 
which then influence the fossil fuel CO2 emissions in the SSM through societal/
policy/technological response to the warming.

Response times in SSM. Due to lack of adequate data, we consider τR21 and τP21 
together into one societal/policy response time (τR→P

21 ). The choice of τR→P
21  was 

guided by retrospective analysis of the societal/policy responses to three global 
environmental problems: air pollution, ozone hole and climate change.

The first case study is air pollution, which came to public attention in 1948 
when 4,000 people in Donora, Pennsylvania, became sick and 20 people died. 
Four years later, the infamous London Smog of 1952 led to 700–800 excess 
deaths36. Sweden established an air pollution network in 1948. Major efforts 
to curb air pollution in the United States began in 1970, when the Clean Air 
Act was passed37, the US EPA was established and the inaugural Earth Day was 
celebrated by millions of Americans, who demonstrated the importance of clean 
natural resources and the preservation of nature. In 1990, the Clean Air Act was 
strengthened with more-stringent emission standards for air pollutants. These 
measures helped reduce air pollution substantially, but air pollution is still a 
problem: on average, pollution causes nearly 250,000 fatalities in the United States 
and 4 million fatalities worldwide annually38. The timescale for societal/policy 
response times is in the range of 20 years (1948–1970) to more than 40 years 
(1948–1990). There is not one response time but a range that is captured by our 
differential equations.

The second example is for more-rapid mitigation actions to eliminate the 
emission of ozone-depleting substances, particularly CFCs. The first paper on the 
ozone depletion potential of CFCs was published in 197439, the hole in the ozone 
layer was discovered in 1985 and the Montreal protocol was passed in 198740 and 
was amended with more-stringent actions in the 1990s. The timescale for societal/
policy response times is in the range of 11–13 years. But the response time could be 
compressed to two years (1985 to 1987) if society is confronted with an observable 
crisis such as the ozone hole.

The third example is climate change. While CO2 effects on climate have 
been discussed in scientific literature since the late nineteenth century and early 
twentieth century41,42, the first quantitative and scientifically detailed study of 
the effect of CO2 increase on climate change was published in 196743, and the 

Numerous sensitivity studies were done (Supplementary 
Information and Supplementary Table 3) to evaluate the robustness 
of the results (Fig. 5) to the various model parameters and assump-
tions, especially warming-dependent response times and carbon 
intensity. The 2100 warming ranges from 1.9 to 2.7 °C (compared 
with the 2.2 °C of the coupled case in Fig. 5d), and the delay between 
peak emission and peak warming ranges from 50 to 70 years.

Discussion
The ISEEC framework, with just GDP as the main external input, is 
able to reproduce historical data as well as published projections for 
the evolution of fossil/renewable sources of energy, CO2 emission, 
CO2 concentration and global warming. The simulations identify 
a five-decades-long delay between societal response (the emissions 
peak) to the warming and nature’s response (the warming peak) to 
the societal response, which has to be reduced to about two decades 
or less for limiting the warming to safer levels (<1.5 °C).

Emergency responses by society are required for limiting peak 
warming to 1.5 °C or less by 2100. The more than ten sensitivity 
studies shown in Supplementary Table 3 identify the ratio of renew-
able energy to the total energy (R_1.5 C) at the time when the 
warming reaches 1.5 °C (around 2030 for most cases in Fig. 5) as 
one critical factor that distinguishes stable (<1.5 °C) from unstable 
(>2.5 °C) warming pathways. If R_1.5 C is less than 0.2, the 2100 
warming exceeds 4 °C, and when R_1.5 C is larger than 0.5, the 
warming can peak below 2 °C.

As shown by the green curve in Fig. 5 (Case 5 in Supplementary 
Table 3), three additional societal actions are required for limiting 
the warming below 1.5 °C:
 (1) Trusting scientific projections: ISEEC thus far assumes societal 

response is determined by the warming society is currently ex-
periencing; if society has more trust in science, it could respond 
to projected warming 20 years into the future (Case 3 in Sup-
plementary Table 3).

 (2) Boosting early investment: the second emergency response is 
to increase the start-up investment term, η0 (equation (3)) from 
0.1% yr–1 to 2% yr–1 in 2016, when the warming reaches 1 °C 
(Case 4 in Supplementary Table 3).

 (3) Reducing SLCPs: for the portion of the SLCPs (hydrofluoro-
carbons (HFCs), methane, ozone and black carbon) that are 
not co-emitted with fossil fuels, deploy the maximum available 
mitigation actions (blue line in Fig. 5).

If society adopts all of the preceding three emergency responses, 
the 50-year lag between emissions peak and warming peak is 
reduced to just 20 years (Case 5 in Supplementary Table 3), with 
SLCPs reduction playing a major role, and the 2100 warming can be 
limited to 1.4 °C (solid green line in Fig. 5c). We provide examples 
of the required practical responses, as also articulated in previous 
studies31–33.
 (1) A step-change in investment in clean energy infrastructure 

(for example, electric grids, electrifying end use and network 
of charging stations) and technologies (for example, hydrogen 
electrolysers and small modular nuclear) through national 
and subnational actions; massive gains in energy efficiency 
through clean technologies and behavioural changes; retrofit-
ting legacy fossil fuel plants with carbon capture, utilization and 
storage; a step-change in investment in ACE, repurposing and 
sequestration

 (2) Carbon pricing as a financing/investment instrument, the lack 
of which is a major barrier, and potential alternatives that can 
facilitate a faster transition

 (3) Giving clean energy access to the poorest three billion who still 
rely on primitive solid fuels such as coal, firewood and organic 
waste
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role of non-CO2 gases as major greenhouse gases was recognized in 197544. The 
first international study on manmade climate change, called SMIC-197145, was 
published by a collaboration between the Massachusetts Institute of Technology 
and the Swedish Academy in 1971. The first international treaty (which was not 
ratified by all nations and has since been abandoned), the Kyoto-Protocol46, was 
passed in 1997. The now-active Paris Agreement47 signed by all nations was passed 
in 2015, about 44 years after the SMIC-1971 international study.

These three examples guided our choice of 50 years for τR→P
21 = τR21 + τP21 

at the beginning of the twentieth century and shrinking to 2.5 years when the 
warming reaches 1.5 °C (Extended Data Fig. 2). Implicitly, we are claiming that, 
with a warming of 1.5 °C by 2030, society’s first-hand experience with climate/
weather extremes will bring about societal responses similar to the response we 
witnessed when society was confronted with the ozone hole.

Technology development times are determined by estimating the time from 
the first development of technology to its market availability. The methods to 
derive technology development times are explained in the following for wind 
power, catalytic converters and LED light bulbs. The first wind turbine designed 
to produce electricity was built in 188748. In 1927, the first wind turbine factory 
was established, making wind power commercially available. Wind power 
development time is implicitly derived to be 40 years from the difference in these 
two landmark dates. The catalytic converter was developed in 1950 and was 
attached to vehicles in 197549. This 25-year difference represents the development 
time used for catalytic converters. The first practical LED light was developed in 
1962 and displayed a red colour50. The first LED light bulbs designed as substitutes 
for traditional incandescent bulbs were commercially available in 200751. Thus, 
the development time of LED light bulbs was 45 years. We included more than ten 
observations of technology development times with a mean development time of 
approximately 19 years and a standard deviation of approximately 18 years (see the 
table in Extended Data Fig. 5).

Technology diffusion times were inferred from worldwide data (United 
States, European Union, Asia and global) for the development and diffusion 
of automobiles, cable television, computers, LED light bulbs, electric cars, 
smartphones and solar and wind power, totalling 14 different technologies 
(Extended Data Fig. 5). The global data include sources for over 200 
countries in Our World in Data52. We fit the data with the following equation: 
U(t) = 100 × 1 − e

−
t

τDF21 ], where U(t) denotes percentage usage as a function of time, 
which is obtained from data. The best fit provides an estimate of the diffusion time 
τDF21 , known as e-folding time. The procedure for deriving technology diffusion 
response times is illustrated in Extended Data Fig. 6.

The role of the start-up term in SSM. The start-up investment denoted by η in 
equation (2) (Supplementary Table 2) for energy supply and ACE can substantially 
speed up the global diffusion of these technologies. This is an additional exogenous 
factor, on top of the warming-induced response time reduction.

We show in Extended Data Figs. 2 and 7 how the choice of η0 influences the 
diffusion of renewable technology. E22 is the new renewable technology, and we 
considered values of η0 = 0.1% yr–1, 1% yr–1 and 2% yr–1 in Extended Data Fig. 2.

Since dE22dt = η22 =

{

η0 −
E22(t)
τ22(t)

}

, during year 1, dE22dt ≈ η0 ≈ 0.1% yr−1

or 1% yr–1 to 2% yr–1. However, as E22 grows, E22(t)
τ22(t) approaches η0 and η22 becomes 

negligible typically within ten years (Extended Data Fig. 7a, Supplementary Fig. 
9). Thus, this term plays a substantial role only for a short duration, meaning the 
start-up investment is needed only for a short period but has a long-term impact 
on renewable capacity, carbon emission and climate (Extended Data Fig. 2).The 
entire set of equations with start-up investment and response times was given a 
stringent test by comparing the observed evolution and projections of solar and 
wind power in Extended Data Fig. 3.

The role of ACE. ACE, in addition to constraints imposed by technology response 
times, is also constrained by three other factors. (1) The total cost of extraction is 
limited by the fraction of total GDP, which is allowed to increase from 0.5% for 1 °C 
warming to 2% for 2 °C warming (see Supplementary Table 2 and section 3.4 of 
the Supplementary Information). (2) ACE is constrained by the annual extraction 
potential (<20 GtCO2 yr–1). (3) It is constrained by the cumulative extraction 
potential from 2020 to 2100, which is limited to 500 Gt for ACE1 and ACE2 
and 5,000 Gt for ACE3. These constraints are consistent with recommendations 
obtained from published studies25.

The role of fossil fuel-related SLCPs. Note that in this fully coupled model 
configuration, reductions in fossil fuel use also reduce co-emitted SLCPs (methane, 
tropospheric ozone and black carbon). Had we not included the concomitant 
reductions in emissions of SLCPs, the 2100 warming would have been 0.6 °C 
warmer (inferred from cases 6 and 7 in Supplementary Table 3).

External data from IAMs and SSPs. IAMs are simplified models of the social and 
natural systems. IAMs account for the evolution of choices of energy technologies, 
energy use, land use and societal preferences and how these avoid or enhance 
greenhouse gas emissions. In this study, we draw on the results of four IAMs: 
GCAM4, MESSAGE-GLOBIOM, REMIND-MAGPIE and WITCH-GLOBIOM53 

for comparison with ISEEC’s simulations of PE and CO2 emissions. For comparing 
ISEEC’s simulations of CO2 concentrations and climate trends, we rely on 
MAGICC 6.8 output as in the Shared Socioeconomic Pathways (SSP) database. 
The external input to IAMs is the twenty-first-century growth of GDP, which is 
taken from the SSP scenarios, which also are used in the IPCC sixth assessment 
report. The most unsustainable pathway is given by SSP5-baseline, a ‘business as 
usual’ world without climate policies, from which ISEEC runs here adopt the GDP 
projection54.

Data availability
The data from external sources are available as detailed in Methods. The data 
generated by ISEEC as shown in tables and figures are available from the 
corresponding authors upon request.

Code availability
The modelling codes in Python are available from the corresponding authors upon 
request.
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Extended Data Fig. 1 | Principal socioeconomic considerations in ISEEC. (a) GDP data for the past and the future compared to various SSP scenarios (refs. 
53,54). (b) Energy intensity compared to data from by IAM and under future scenario of SSP5-baseline. (c) Derived PE compared to data from IAM and 
under future scenario of SSP5-baseline after 2015. (d) Breakdown of CO2 emission into fossil fuel (FF) and land use (LU) as in Global Carbon Project and 
SSP5-baseline.
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Extended Data Fig. 2 | Sensitivity to initial start-up term (denoted by the model parameter η0) in the fully coupled ISEEC. Note a slow start in 
transitioning into zero-emission economy will lead to higher CO2 concentration and warming (red and blue lines), but it will mobilize the scale up of ACE 
capacity, and thus eventually help reach a deeper negative emission in late 21st century.
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Extended Data Fig. 3 | Validation of the governing equations for solar and wind power deployment. (a) The model simulation and projection are 
compared to observed data from 2000 to 2017 and projected data from 2010 to 2050 (refs. 30,31). Note that the y-axis is in logarithmic scale. (b) same 
as (a), but the y-axis is in linear scale. The estimation of wind power assumes τ21 = 18 years, η0 = 0.001%, and k21 = 13% for 2000 through 2017. For 
projections, we assume τ21 = 30, η0 = 0.001%, and k21 = 18% for 2018 through 2050. For solar power, the simulations assume τ21 = 11, η0 = 0.004%, and 
k21 = 30% for 2000 through 2017 and assume τ21 = 30, η0 = 0.2%, and k21 = 30% for 2018 through 2050.
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Extended Data Fig. 4 | Simulated response times. (a) currently available technologies (E21); (b) new renewable technologies (E22). These are derived in 
the base case of ISEEC.
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Extended Data Fig. 5 | Response times for technology diffusion τDF (see corresponding numbers for the fourteen technologies in the table). The x-axis 
represents the first year in which the technology was commercially available. The y-axis represents the estimated diffusion time for the technology to 
scale (see procedures in Extended Data Figure 6). Note that wind and solar power represented by diamonds and cellular phone usage represented by 
triangles are global data. Data for other technologies are from regional sources. The simulated curves are following the equation in Supplementary Table 2 
(τDF21 =

b1
1+b2T2

), taking observed warming as T but assuming different b1 (25 years for the solid line and 20 years for the dashed line). Response times due 
to technology development τDV is shown in the table, which is estimated to be the difference between the first development of technology (year shown in 
parathesis in the table) to its market availability (year shown in the x-axis of the figure).
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Extended Data Fig. 6 | Procedure forestimating the response time due to technology diffusion. A range of growth curves (taking the present capacity as 
100%) were plotted assuming different response times. The diffusion time that provides the best fit to the historical technology adoption (dotted line; ref. 
52) were then selected.
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Extended Data Fig. 7 | The sensitivity of simulated solar power capacity (as a percentage of total energy) to the initial start-up term, response times, 
and the initial capacity. (a) Sensitivity to the initial start-up term. Increasing the value of the initial start-up term η0 from 0.2%/year to 1%/year reduces 
diffusion time by more than 50%, from more than forty years to fewer than twenty years. Red crosses in (a) and (b) are projected capacity (from refs. 30,31). 
(b) Sensitivity to response times and the initial capacity. The base case ISEEC is represented by the red dashed line (τ21 = 30), same as in (a). The yellow 
dashed line assumes a smaller response time τ21 = 10, and thus shows much quicker growth. When the initial value of the base case is reduced by a factor 
of ten (solid black line), there is little change from the base case, showing that the simulation is insensitive to the initial capacity. (c) Annual growth (%/
year) broken down to the contribution from start-up term and diffusion term. The contribution of the start-up term to annual growth decreases quickly 
(dashed lines) and the contribution of the diffusion term (solid lines) increases over time. (d) Cumulative growth since 2010 as in (a), broken down to the 
contribution from the start-up term and the diffusion term. The main growth driver shifts from the diffusion term (solid lines) to the start-up term (dashed 
lines) as η0 is increased from 0.2% (red) to 1.0% (green).
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