
     

LETTER • OPEN ACCESS

IPCC baseline scenarios have over-projected CO2
emissions and economic growth
To cite this article: Matthew G Burgess et al 2021 Environ. Res. Lett. 16 014016

 

View the article online for updates and enhancements.

You may also like
Carbon dioxide mitigation co-effect
analysis of clean air policies: lessons and
perspectives in China’s
Beijing–Tianjin–Hebei region
Meng Xu, Zhongfeng Qin and Shaohui
Zhang

-

A robust potential-based route choice
model for simulating pedestrian evacuation
Liang Ma, Bin Chen, Ren-Yong Guo et al.

-

A dynamic disastrous CGE model to
optimize resource allocation in post-
disaster economic recovery: post-typhoon
in an urban agglomeration area, China
Hongwei Li, Erqi Xu, Hongqi Zhang et al.

-

This content was downloaded from IP address 3.137.157.45 on 28/04/2024 at 21:02

https://doi.org/10.1088/1748-9326/abcdd2
/article/10.1088/1748-9326/abd215
/article/10.1088/1748-9326/abd215
/article/10.1088/1748-9326/abd215
/article/10.1088/1748-9326/abd215
/article/10.1088/1742-5468/ab363a
/article/10.1088/1742-5468/ab363a
/article/10.1088/1748-9326/ac7733
/article/10.1088/1748-9326/ac7733
/article/10.1088/1748-9326/ac7733
/article/10.1088/1748-9326/ac7733
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjstKBGJ-Kpg1oji5cr7g4ZA0E-fptzr4J0aeS8AbLSZGmJhwf2MB_IRebGrnuntyDixdnqT2gy3B7KANPpkrNnqFX5AHFaSnEMgeRarhUCEHinYTAa_yY6KNME2DJZ7Yhn7cMK4JBe3fhTx_-mZNoLnIqo7-lE9neL4pMbwIWkJbqWEf9hL9uOnw_N-ETPeLdk3VXp8Go91XPqY2G6ahdcTl2DARgNCxYCwNvETmWRid0RhhN50wmPolcsOBae0CEYxYZfQJnqEGftood9NZXKM06cl3GBV3asLp5vctdc3rRExFfefW5lHwMXfToo2w199FhNfbnoqts4RnyVjgsN6PuU5hsw&sig=Cg0ArKJSzGABl9U9pPt4&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://www.owlstonemedical.com/breath-biopsy-complete-guide/%3Futm_source%3Djbr%26utm_medium%3Dad-b%26utm_campaign%3Dbb-guide-bb-guide%26utm_term%3Djbr


Environ. Res. Lett. 16 (2021) 014016 https://doi.org/10.1088/1748-9326/abcdd2

OPEN ACCESS

RECEIVED

30 July 2020

REVISED

8 November 2020

ACCEPTED FOR PUBLICATION

25 November 2020

PUBLISHED

23 December 2020

Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOI.

LETTER

IPCC baseline scenarios have over-projected CO2 emissions and
economic growth
Matthew G Burgess1,2,3,5, Justin Ritchie4,5, John Shapland2 and Roger Pielke Jr2
1 Cooperative Institute for Research in Environmental Sciences, University of Colorado, Boulder, CO 80309, United States of America
2 Environmental Studies Program, University of Colorado, Boulder, CO 80303, United States of America
3 Department of Economics, University of Colorado, Boulder, CO 80302, United States of America
4 Institute for Resources, Environment and Sustainability, University of British Columbia, 2202 Main Mall, Vancouver, BC V6T 1Z4,
Canada

5 These authors contributed equally to this work

E-mail: matthew.g.burgess@colorado.edu, emailjustinritchie@gmail.com and pielke@colorado.edu

Keywords: climate change, integrated assessment models, COVID-19, economic development

Supplementary material for this article is available online

Abstract
Scenarios used by the Intergovernmental Panel on Climate Change (IPCC) are central to climate
science and policy. Recent studies find that observed trends and International Energy Agency (IEA)
projections of global CO2 emissions have diverged from emission scenario outlooks widely
employed in climate research. Here, we quantify the bases for this divergence, focusing on Kaya
Identity factors: population, per-capita gross domestic product (GDP), energy intensity (energy
consumption/GDP), and carbon intensity (CO2 emissions/energy consumption). We compare
2005–2017 observations and IEA projections to 2040 of these variables, to ‘baseline’ scenario
projections from the IPCC’s Fifth Assessment Report (AR5), and from the shared socioeconomic
pathways (SSPs) used in the upcoming Sixth Assessment Report (AR6). We find that the historical
divergence of observed CO2 emissions from baseline scenario projections can be explained largely
by slower-than-projected per-capita GDP growth—predating the COVID-19 crisis. We also find
carbon intensity divergence from baselines in IEA’s projections to 2040. IEA projects less coal
energy expansion than the baseline scenarios, with divergence expected to continue to 2100. Future
economic growth is uncertain, but we show that past divergence from observations makes it
unlikely that per-capita GDP growth will catch up to baselines before mid-century. Some experts
hypothesize high enough economic growth rates to allow per-capita GDP growth to catch up to or
exceed baseline scenarios by 2100. However, we argue that this magnitude of catch-up may be
unlikely, in light of: headwinds such as aging and debt, the likelihood of unanticipated economic
crises, the fact that past economic forecasts have tended to over-project, the aftermath of the
current pandemic, and economic impacts of climate change unaccounted-for in the baseline
scenarios. Our analyses inform the rapidly evolving discussions on climate and development
futures, and on uses of scenarios in climate science and policy.

1. Introduction

Scenarios are central to climate change science: con-
necting physical and social research on projected
impacts, and underpinning discussions of adaptation
and mitigation. Scenarios are used in both explor-
atory analyses—sometimes intentionally extreme—
and policy-relevant projections, where realism is
more important (Pielke and Ritchie 2020). These

analyses serve different functions, and should be eval-
uated differently. Here we focus on policy-relevant
uses of scenarios to inform near- and long-term pro-
jections. Such scenarios are useful to the extent that
they accurately capture real-world trends; inaccurate
scenarios can mislead.

The IPCC has long used ‘marker scenarios’ to
represent a family of scenarios sharing a particular
storyline or pathway (Nakicenovic et al 2000). Recent
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marker scenarios are associated with representative
concentration pathways (RCPs)—each with different
radiative forcing in 2100. The RCPs did not origin-
ally intend to specify socioeconomic pathways (Moss
et al 2010), but the RCPs were selected from socioeco-
nomic pathways from integrated assessment model-
ing groups for marker scenarios producing radiative
forcing levels of 2.6, 4.5, 6.0 and 8.5Wm−2 (RCPs 2.6,
4.5, 6.0, and 8.5). Scenarios developed for the forth-
coming IPCC AR6 associate five ‘shared socioeco-
nomic pathways’ (SSPs) with a second generation
of RCPs. These RCPs include new forcing levels of
1.9, 3.4 and 7.0 W m−2 (O’Neill et al 2014, Riahi
et al 2017, International Institute for Applied Systems
Analysis (IIASA) 2018, Rogelj et al 2018).

IPCC Working Groups I and II typically util-
ize four or more marker scenarios to project future
climate and impacts. However, in practice, research
often emphasizes low- and high-forcing scenarios,
in ways that can give the impression (Hausfather
and Peters 2020) that: the high-forcing scenario is
business as usual (BAU) or its equivalent, the low-
forcing scenario is what can be achieved through
mitigation, and the difference in projected impacts
reflects benefit of mitigation (or the cost of not mit-
igating). For instance, the 2019 IPCC Special Report
on the Ocean and Cryosphere in a Changing Cli-
mate (SROCC) (IPCC 2019) focused on RCPs 2.6
and 8.5, and the 2018 U.S. National Climate Assess-
ment (USNCA) (U.S. Global Change Research Pro-
gram 2018) similarly emphasized RCPs 4.5 and 8.5.
These reports avoided the phrase ‘business as usual’,
but used RCP8.5 as a reference scenario (Pielke and
Ritchie 2020).

IPCC Working Group III solicits scenario sub-
missions and approved 1184 scenarios for AR5,
classifying each as either: baseline scenarios (a.k.a.
‘BAU’, ‘no-policy’, or ‘reference’; Working Group
III of the Intergovernmental Panel on Climate
Change (IPCC WGIII) 2014, IPCC 2014, Rogelj
et al 2016) modeling futures without climate or
energy policies (some exclude existing policies);
or ‘mitigation’ (a.k.a. ‘policy’) scenarios incorpor-
ating explicit climate or energy policies. Baseline
scenarios, and their aggregate distribution, are
often used as counterfactuals for assessing mit-
igation challenges and benefits (e.g. Rogelj et al
2016). The median of AR5 WGIII baseline CO2

emissions was closest to RCP8.5, among the RCPs
(figure 1(a)).

Hausfather and Peters (2020) note that global
fossil-fuel CO2 emissions fall below the pathway
underlying RCP8.5 and argue this divergence will
widen, noting the International Energy Agency’s
(IEA) projections to 2040 under its ‘Current Policies’
scenario (assuming continuity in enacted energy and
climate policies) (IEA 2019a). Hausfather and Peters
(2020) conclude that RCP8.5 should not be used
as a reference scenario, and that RCP4.5 or RCP6

(generally consistent with∼3 ◦Cofwarming by 2100)
offer more realistic baselines (see also Raftery et al
2017)5.

To inform improved climate scenarios and under-
standings of medium-term (2020–2040) to long-
term (2020–2100) futures, we quantify factors under-
lying the divergence between (a) AR5 and SSP
baseline scenarios (IPCC WGIII 2014, IIASA 2018)
and (b) both observations (IEA 2019b) and energy-
outlook projections (BP 2019, U.S. Energy Inform-
ation Administration (EIA) 2019, ExxonMobil 2019,
IEA 2019a)—focusing on the 2019 IEAWorld Energy
Outlook (IEA 2019a). We focus on the four drivers
of energy-related CO2 emissions of the Kaya identity
(Kaya and Yokoburi 1997):

CO2 emissions = population×GDP per capita

× energy intensity× carbon intensity,

(1)

where ‘energy intensity’ is primary energy/gross
domestic product (GDP), and ‘carbon intensity’ is
CO2 emissions/primary energy. Our comparisons are
both global and regional (using IPCC region defini-
tions; IPCCWGIII 2014).

2. Methods

2.1. Comparing fossil-fuel CO2 emissions
We compare fossil-fuel CO2 emission projections
from AR5 and SSP baselines6, RCP marker scenarios,
and BAU-like energy outlook scenarios (see supple-
mentary materials (sm), table S1 (available online
at https://stacks.iop.org/ERL/16/014016/mmedia))
(shown in figures 1 and S1) (Burgess et al 2020). This
comparison requires harmonization, as AR5 Work-
ing Group III and SSP databases (IPCC WGIII 2014,
IIASA 2018) include baseline scenarios of combined
fossil-fuel and industry (FF&I) CO2 emissions, while
energy outlooks report only fossil-fuel CO2 emis-
sions. We apply Ritchie and Dowlatabadi’s (2017)
harmonization procedure (see sm).

5 A recent study by Schwalm et al (2020) projects that cumulat-
ive CO2 emissions under the IEA’s Current Policies scenario (CPS)
will track RCP8.5 more closely than other RCPs to 2050, but they
arrive at this conclusion by assuming that future land-use emissions
(which the IEA does not project) will be substantially higher than
any of the SSPs anticipate, thus compensating for RCP8.5’s under-
projection of CO2 emissions from fossil fuels (Riahi et al 2017).
6 We focus on these scenarios as they are the basis for Coupled
Model Intercomparison Project (CMIP5) and the more recent
CMIP6 which provided the scientific evidence base for AR5 and
AR6 (Eyring et al 2016), but we note that other integrated assess-
mentmodel scenarios besides these databases have been developed,
such as those used in the IPCC Special Report: Global Warming of
1.5 ◦C (IPCC 2018), which were narrower in scope—focusing on
‘1.5 ◦C and related scenarios’ (IIASA 2019). Analyzing a broader
range of IAM scenarios is beyond the scope of the present study.
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2.2. Comparing Kaya-identity-factor growth rates
We compare observed Kaya factor growth rates to
AR5 WGIII and SSP baseline scenarios (IPCC WGIII
2014, Riahi et al 2017, IIASA 2018). For consist-
ency, we utilize observations of all Kaya factors from
IEA’s CO2 Emissions from Fuel Combustion 2019
Highlights (IEA 2019b), which has annual country-
level data from 1971 to 2017. The SSP database
(IIASA 2018) reports GDP in purchasing power par-
ity (PPP) units, while the AR5WGIII database (IPCC
WGIII 2014) reports GDP using market exchange
rates (MER), both in constant USD. The IEA (2019b)
reports both measures; thus, we use MER GDP when
comparing to the AR5WGIII database, and PPPGDP
when comparing to the SSP database.

We compare (a) the annual continuous growth
rate in each Kaya factor in each IPCC region (see sm
for harmonization procedure) from 2005 (the year
most AR5 and SSP scenarios begin projecting) to
2017 (latest year in IEA 2019b) in the observations,
to (b) the 2005–2020 annual continuous growth rate
in the AR5 WGIII and SSP databases. We calculate
the annual continuous growth rate (g) in a factor, X,
between year 2005 and year t (2017 or 2020) as (%/y):

g= 100

[
ln(Xt)− ln(X2005)

t− 2005

]
. (2)

For each baseline scenario in the AR5 WGIII
and SSP databases, we calculate the ‘growth error’
(denoted E) for each Kaya factor as the difference
between the projected (2005–2020) and observed
(2005–2017) annual growth rates, g (shown in
figure 2):

E= gprojected − gobserved. (3)

We perform sensitivity analyses (shown in fig-
ure S2) regarding economic growth, removing the
years 2008–2009 to show short-term effects of the
Great Recession, and adding the International Mon-
etary Fund’s (IMF) April 2020World Economic Out-
look (WEO) estimates and projections of 2018–2020
per-capita GDP growth, which include projections of
COVID-19 impact (IMF 2020a, 2020b).

We follow a similar procedure to calculate diver-
gences between (a) IEA’s Current Policies and Stated
Policies scenarios, and (b) each baseline scenario for
2020–2040 (figures 1(b) and S3, table S2). The IEA
reports GDP projections to 2040 in PPP units; thus,
figure 1(b) shows the comparisonwith SSPbaselines7.
We focus at the global level, because the IEA (2019a)
uses different regional classifications than the IPCC.

7 We show the comparison with AR5 baselines in figure S3, but
caution that using PPP units produces higher global growth rates
(because poor countries receive higher weights), and thus the
comparison is imperfect for per-capita GDP and energy intensity
growth.

We compare (a) per-capita GDP growth rates
(constant-dollar PPP) projected by SSP baselines to
(b) the IMF’s October 2019 WEO (2019, 2020b) pro-
jections to 2024 and April 2020 WEO (2020a, 2020b)
projections to 2021 (shown in figure 3). Because the
SSPs project per-capita GDP on 5–10 year intervals,
we assume a constant continuous growth rate within
each interval. We calculate these growth rates by lin-
early interpolating log-transformed per-capita GDP
within each region-model-scenario combination.

2.3. Catch-up rates for per-capita GDP growth
Given uncertainties and debates surrounding future
economic growth, we calculate ‘catch-up’ rates for
per-capita GDP growth from 2020 to 2040 and from
2020 to 2100, defined as the rates of growth needed
for overall 2005–2040 or 2005–2100 growth to match
each baseline scenario, given past discrepancies. We
specifically calculate three different ‘catch-up’ scen-
arios, shown in figure 4.

First, we assume 2005–2017 average growth rates
continue through 2020. In this scenario, ‘catch-up’
rates (denoted G40 for 2020–2040 and G100 for 2020–
2100) are calculated as:

G40 = g2020−2040proj + 0.75E. (4a)

G100 = g2020−2100proj +

(
3

16

)
E. (4b)

Here, g2020−2040proj and g2020−2100proj denote pro-
jected 2020–2040 and 2020–2100 per-capita GDP
growth rates (calculated analogously to equation (2))
in each AR5 and SSP baseline scenario8.

Second, we extend the 2005–2017 per-capita
GDP growth time series to include the April 2020
IMF WEO (International Monetary Fund (IMF)
2020a, 2020b) estimates and projections from 2018
to 2021. These include their projected COVID-19
impact on 2020 and 2021 growth assuming a V-
shaped recovery (figure 3), which some economists
consider overly optimistic (e.g. Congressional Budget
Office (CBO) 2020). This increases the calculated
growth error (E) in equation (4) above, and thus also
the calculated catch-up rates (which are now calcu-
lated from2021–2040 to 2021–2100). Third, we simu-
late a doubling of the COVID-19 effect on the growth
of each region by doubling the difference between the
average 2020–2021 growth rate and the 2018–2019
growth rate observed. To generate per-capita GDP by
IPCC region from the (country-level) IMF data, we
sumGDP and population across the countries in each

8 Wemultiply E by 0.75 (3/16) because the catch-up period, 2020–
2040 (2020–2100), is 20 (80) years, compared to the 15-year period
(2005–2020) over which the growth error (E) occurred.

3
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Figure 1. Panel (a) shows a comparison of energy-related CO2 emissions projected by energy outlooks (British Petroleum (BP)
2019, EIA 2019, ExxonMobil 2019, International Energy Agency (IEA) 2019a) and by IPCC AR5 (IPCCWGIII 2014) and
high-emission SSP (Riahi et al 2017, IIASA 2018) (SSP5-8.5, SSP3-7.0) baseline scenarios. Panel (b) shows differences in projected
average growth rates (%/y, continuous) of Kaya identity factors, between the IEAWEO (2019a) (averaged from 2018 to 2040) and
the SSP baseline scenarios (averaged from 2020 to 2040). Boxes represent 25th–75th percentiles (white dashes indicate medians).
Lines above and below the boxes represent the full (min–max) range.

region, and then divide the resulting total GDP by
total population9.

We compare these ‘catch-up’ rates to the range
of 2010–2050 and 2010–2100 per-capita GDP growth
rates projected by a group of macroeconomists sur-
veyed byChristensen et al (2018) (see sm for harmon-
ization procedure).

3. Results

From 2005 to 2017, energy CO2 emissions grew
slower than in 83% of AR5 and 73% of SSP baseline
scenarios (figures 1(a) and 2). Consequently, emis-
sions tracked near the low end of the baseline scenario
ranges (figures 1(a) and S1). Even before COVID-
19, reference energy outlooks (BP 2019, EIA 2019,
ExxonMobil 2019, IEA 2019a) projected that this
divergence will continue to 2040, such that energy

9 We use the October 2019 WEO (International Monetary Fund
(IMF) 2019) population projections, since these are not readily cal-
culable from the April 2020WEO (IMF 2020) per-capita GDP pro-
jections.

emissions would lie below the entire ranges of AR5
(figure 1(a)) and SSP (figure S1) baseline scenarios.

3.1. Drivers of 2005–2017 baseline scenario
divergence from observations
CO2 emissions-growth divergence between baseline
scenarios and observations from 2005 to 2017 is
primarily due to baseline scenarios over-projecting
per-capita GDP growth (figure 2), with most
AR5 baselines too high in all regions except Asia
(figure 2(a)), and all SSP baselines too high in all
regions (figures 2(b) and 3). Error magnitudes are
similar in AR5 and SSP baselines.

Excluding 2008–2009 nearly eliminates growth
errors in OECD countries, and significantly reduces
errors for the former Soviet Union countries (REF),
but has little effect on the errors in other regions
(figure S2), where the projection errors largely come
from other years (figures 3(b)–(d)).

Baseline scenario projections were limited in
range but quite accurate for 2005–2017 population

4
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Figure 2. Comparisons in average annual growth rates between AR5 (IPCCWGIII 2014) (a) and SSP (Riahi et al 2017, IIASA
2018) (b) baseline scenarios (2005–2020) relative to observations (2005–2017) (IEA 2019b). Boxes represent 25th–75th
percentiles (white dashes indicate medians). Lines above and below the boxes represent the full (min–max) range.

Figure 3. Per-capita GDP growth in SSP baselines (IIASA 2018) compared to data and projections (to 2021 or 2024) from IMF
(2019, 2020a, 2020b).

growth (figure 2)10. AR5 baseline scenarios slightly
over-projected carbon intensity growth (or under-
projected its decline) in every region (figure 2(a)),
and similarly for SSP baselines in all regions except
Asia (figure 2(b)).

10 We note that this makes GDP projection errors approximately
equal to per-capita GDP projection errors.

Globally, AR5 and SSP baseline energy intens-
ity projections were consistent with observed 2005–
2017 trends (figure 2). However, most baseline scen-

arios over-projected energy intensity in the OECD,
and under-projected it in the Middle East and
Africa (MAF) and Latin America and the Carib-
bean (LAM) (figure 2). These regional differences

may reflect recent offshoring of energy-intensive

5
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Figure 4. Comparisons of per-capita GDP growth rates: observed (IEA 2019b) from 2005 to 2017 (black), projected by baseline
scenarios ((a): AR5 with MER units, (b): SSPs with PPP units) (blue) from 2020 to 2040 or 2020 to 2100 (IPCCWGIII 2014,
IIASA 2018), projected by experts (macroeconomists) surveyed by Christensen et al (2018) (grey) (∗IPCC regions do not
perfectly match country groupings from Christensen et al (2018); see sm; years are 2010–2050 and 2010–2100; and units are PPP
in both panels), required (from 2020 to 2040 or 2020 to 2100) for per-capita GDP to catch up to AR5 (a) and SSP (b) baseline
scenarios (red), and required to catch up to baseline scenarios assuming either the IMF’s (2020a) April 2020 WEO growth
estimates and projections for 2018–2021 (purple) or assuming double the COVID-19 impact on growth (pink) (see Methods). In
all cases, boxes represent 25th–75th percentiles (white dashes indicate medians). Lines above and below the boxes represent the
full (min–max) range for catch-up rates and AR5/SSP projections, and 10th–90th percentile ranges for expert projections
(Christensen et al (2018) do not report min and max).

industrial activities from richer countries to poorer
countries (Hardt et al 2018). Under-projections of
energy intensity in Asia, MAF, and LAM may also be
related to similar-magnitude over-projections of per-
capita GDP growth (because GDP is the denominator
of energy intensity) (figure 2).

3.2. Drivers of 2020–2040 baseline scenario
divergence from IEA projections
The 2020–2040 divergence of SSP and AR5 baseline
CO2 emissions from IEA Current Policies and Stated
Polices projections is partly due to carbon intensity—
which grows more slowly (or declines more quickly)
in the IEA scenarios (figures 1(b) and S3). Diver-
gences in other factors differ across scenarios. Pro-
jecting per-capita GDP and population is not a main
focus of the IEA—they base these projections on UN
(population) and IMF (per-capita GDP) projections
(IEA 2019a).

IEA projects similar 2020–2040 population
growth rates as SSP and AR5 baselines (figures 1(b)
and S3). IEA 2020–2040 per-capita GDP growth
projections are similar to AR5 baselines (see figure
S3 and its caption). SSP per-capita GDP growth
projections vary in divergence from IEA projec-
tions (figure 1(b)). Specifically, SSP1 (‘Sustainabil-
ity’) and SSP5 (‘Fossil-fueled Development’) project
much faster growth than IEA, while SSP3 (‘Regional
Rivalry’) projects much slower growth (Dellink et al
2017, Riahi et al 2017). Growth in SSP1 and SSP5 is
accelerated by assuming faster productivity growth,
and faster income convergence between poorer and
richer countries, due to rapid technological improve-
ment and a greater global focus on lowering inequal-
ity in SSP1, and rapidly increasing fossil-fuel use in
SSP5. Growth is depressed in SSP3 from assuming
slower income convergence between poor and rich,
and less international trade (see table 1 in Dellink
et al 2017). Per-capita GDP growth in SSP2 (‘Middle

6
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Figure 5. (a) A comparison of global coal demand per capita: historically (green), under AR5 baseline (no-policy) scenarios
(grey), under high-emission SSP baselines (SSP5-8.5, orange; SSP3-7.0, teal) (IPCCWGIII 2014, IIASA 2018), and under IEA
(2019a) ‘Current Policies’ (lighter blue) and ‘Stated Policies’ (darker blue) scenarios. (b) A comparison of the solar-to-coal capital
cost ratio between RCP8.5 and the IEA (2019a) Stated Policies scenario.

of the Road’) and SSP4 (‘Inequality’) is slightly slower
than the IEA’s projections (figure 1(b)) (Dellink et al
2017, Riahi et al 2017).

Most AR5 baselines project higher energy intens-
ity growth than IEA (figures S3(a) and (b))—a dif-
ference larger than explained by GDP unit differ-
ences (see footnote 7). Energy intensity growth (or
decline) in the SSPs diverges from IEA projections in
opposite directions fromper-capitaGDPdivergences,
as GDP is the denominator in energy intensity.
These divergences offset each other in SSP1 and SSP3
baselines relative to the IEA’s Current Policies scen-
ario (figure 1(b), table S2), meaning they project sim-
ilar growth rates in energy per capita (i.e. per-capita
GDP × energy intensity). However, remaining SSP
baselines project faster energy-per-capita growth than
IEA’s Current Policies scenario; and all SSPs pro-
ject faster energy-per-capita growth than IEA Stated
Policies scenario (table S2, figure S3(c)).

Baselines of all SSP scenarios project higher
carbon intensity growth than both IEA scenarios
(figures 1(b) and (S3)). Most AR5 and SSP baseline
scenarios project that carbon intensity would not
decline (in the absence of climate policies), whereas
experience of the past decade suggests that factors
beyond climate policy lead to carbon-intensity
declines. Figure 5(a) illustrates the case of coal (see
also Ritchie and Dowlatabadi 2017): high-emission
baselines, such as RCP8.5 and SSP5-8.5, project
multiple-fold increases in coal demand per capita
to 2100, while the IEA (2019a) projects declining coal

per capita, even under Current Policies. One reason
for this discrepancy is that high-emission baseline
scenarios substantially over-projected the cost of
renewable energy sources that have been realized such
as solar power relative to coal and other fossil fuels
(figure 5(b)). This divergence in projected coal use
also drives some of the divergence in energy intensity,
as coal is a relatively inefficient energy source (e.g.
Farquharson et al 2016).

3.3. Per-capita GDP ‘catch-up’ rates and future
outlook
In the OECD and Asia, per-capita GDP growth rates
needed to catch-up to AR5 and SSP baseline scen-
arios by 2040 are higher on average than baseline pro-
jections and the range of expert projections reported
by Christensen et al (2018), but also largely overlap-
ping in their distributions, even if COVID-19 impacts
turn out to be double what the IMF projected in April
2020 (figure 4). In the other regions (LAM,MAF, and
REF), catch-up by 2040 would require growth rates
at the extreme high ends of, or above, the baseline
and Christensen et al (2018) ranges (figure 4). Look-
ing ahead to 2100, catch-up per-capita GDP growth
rates are higher on average than baseline projections,
and have higher medians than the Christensen et al
(2018) expert range in all regions except Asia, but
also with high degrees overlap between the catch-
up ranges and baseline and Christensen et al (2018)
ranges in all regions. Christensen et al (2018) report
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higher extremes, looking to 2100, inmost regions and
globally (figure 4).

4. Discussion

Projected CO2 emissions from AR5 to SSP baseline
scenarios diverge from post-2005 observations and
energy agency projections to 2040 (see Hausfather
and Peters 2020). Our analysis shows projected per-
capita GDP growth and carbon intensity are key
drivers of this divergence, with per-capita GDP
growth the predominant driver of past divergence
from observations, and carbon intensity a key driver
of projected 2020–2040 divergence from energy out-
looks. Given that projecting energy systems—not
GDP or population—is the IEA’s main focus, it is
neither surprising nor illuminating that the IEA’s
2020–2040 per-capitaGDPprojections donot diverge
from the AR5 and SSP baselines. Indeed, projec-
tions of GDP growth by the IMF are the basis for
both the IEA’s 2020–2040 projections, and the SSP
baselines’ 2005–2018 projections (Dellink et al 2017,
IEA 2019a). Though previous studies have also noted
these CO2 emission and carbon intensity divergences
(e.g. Ritchie and Dowlatabadi 2017, Hausfather and
Peters 2020), our results identify and quantify the
important role of slower-than-projected economic
growth.

Beyond 2040, if the trends anticipated by energy
agency forecasts continue, carbon intensity will con-
tinue diverging from AR5 and SSP baselines—
especially from higher-emission scenarios such as
RCP8.5, due to the assumptions about fossil-fuel
expansion in these scenarios that are increasingly
implausible. Ritchie and Dowlatabadi (2017) explore
these assumptions in detail. The IEA’s BAU-like scen-
arios (Current Policies and States Policies) project a
gradual decline in coal demand, in contrast to a dra-
matic increase in most baseline scenarios (figure 5).
Moreover, in recent years the IEA and other energy
agencies have underestimated rates of coal decline
and solar and wind growth (e.g. Carrington and
Stephenson 2018). Thus, continuing carbon intens-
ity divergence from baseline projections would con-
tribute to growing CO2 emission divergence from the
median AR5 and SSP ranges, even if per-capita GDP
growth eventually catches up to baseline projections.

In assessing whether the observed divergence of
per-capita GDP growth (figure 3) from AR5 and SSP
baseline projections foreshadows a longer-termdiver-
gence, we consider two broad questions. First, to what
extent do possible causes of scenarios’ past per-capita
GDP growth over-projections indicate a potential
for future over-projections? Second, to what extent
does past per-capita GDP growth over-projection dir-
ectly imply longer-term over-projection by requiring
implausibly high catch-up rates (figure 4)?

It is impossible to definitively answer the first
question. There is large uncertainty, and econom-
ists disagree about the growth outlook to 2100.
Some anticipate higher growth rates than AR5 and
SSP baseline scenarios project in many regions
(Christensen et al 2018), while others anticipate
growth slowing dramatically across the developed
world, for structural reasons (e.g. aging populations,
debt, innovation slowdowns) unrelated to climate
change (Gordon 2016, Jackson 2019). Recent stat-
istical economic growth projections to 2100 (Müller
et al 2019, Startz 2020) found similar uncertainty
ranges as Christensen et al (2018) (global per-capita
GDP growth between ∼1%/y and ∼3%/y), which
make catch-up to the AR5 and SSP baselines by 2100
appear possible. We identify six important qualifica-
tions to interpreting this analysis.

First, the period over which we evaluated per-
capita GDP growth projections (2005–2017) is rel-
atively short and contained the Great Recession of
2008–2009. The COVID-19 crisis adds an additional
global recession to the dataset when including 2018–
2020 estimates. Although thismay suggest 2005–2020
is a historically unusual period, there will be other
global recessions in the 2020–2100 period, which will
result in positive bias in scenario-projected future
growth rates if the possibility of such negative shocks
is not accounted for in projections (Burgess et al
2020).

Second and relatedly, authoritative economic
growth forecasts, including the IMF’s (upon which
IEA’s 2020–2040 and SSPs’ pre-2018 projections are
largely based; Dellink et al 2017, IEA 2019a), have
historically tended to over-project growth on aver-
age, partly due to under-projecting business-cycle
fluctuations (de Resende 2014, CBO 2019), where
negative fluctuations (recessions) tend to be larger
than positive fluctuations (Bekaert and Popov 2019,
Burgess et al 2020). Other reasons for positive eco-
nomic forecast biases include over-projecting pro-
ductivity growth, assuming GDP will converge to
potential GDP, and political biases (e.g. de Resende
2014, Congressional Budget Office (CBO) 2019).

Third, even if the 2008–2009 recession is anom-
alous, it cannot fully explain the baseline scen-
arios’ 2005–2017 over-projections of per-capita GDP
growth in developing regions. The over-projection
magnitudes in these regions are larger (∼1%–3%/y
over 12 years) than the 2008–2009 recession alone can
explain (figures 2 and S2), and their timing (figure 4)
is more indicative of other events, such as the Arab
Spring and Syrian civil war in the MAF and the
Venezuelan inflation crisis in LAM. The likelihood
of future periods comparably tumultuous as the past
decade should factor into emission scenario uncer-
tainty ranges, especially given the likelihood of cli-
mate change causing economic, social, and political
upheavals (Carleton and Hsiang 2016).
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Fourth, AR5 and SSP baseline projections do not
consider economic damages from climate change,
which could be sizeable and induce feedbacks that
depress emissions (Woodard et al 2019). Indeed,
such feedbacks create obvious internal inconsisten-
cies in high-emission baseline scenarios. For instance,
the SSP5-8.5 baseline projects currently-developing
regions will have substantially higher GDP per-capita
by 2100 than currently-developed regions have today
(Dellink et al 2017, IIASA 2018), while at the same
time other studies project that a forcing level of
8.5 W m−2 in 2100 would render many of these
same regions uninhabitable by 2100 (Mora et al
2017). In contrast, other recent models project smal-
ler economic damages relative to GDP than the above
comparison suggests (e.g. 8.5% at 6◦ of warming;
Nordhaus 2018; but see also Keen (2020), which
argues that such estimates are biased low for reasons
similar to those discussed above).

Fifth, some demographers now anticipate sub-
stantially slower population growth than previous
UN projections suggested (e.g. only 6–9 billion
people, not 10–12 billion, by 2100; Vollset et al 2020),
due to falling birth rates, especially in developing
countries (Bricker and Ibbitson 2019). Slower pop-
ulation growth could further reduce per-capita GDP
growth by exacerbating the economic pressures of
aging populations and public debt.

Lastly, the current COVID-19 crisis may acceler-
ate and entrench longer-term reductions in trade and
immigration flows, as countries become more cau-
tious about the potential for disease spread or the
security of their supply chains for essential goods such
as energy products. Such a scenario would have par-
allels to the SSP3 storyline—which projects slower
economic growth than the other SSPs (figure 3).
The recovery from the COVID-19 also seems likely
to be much slower in many regions than the rapid
V-shaped recovery the IMF projected in April 2020
(figure 3) (e.g. see revised projections for the U.S. in
CBO 2020).

Whether inertia will keep per-capita GDP growth
below 2040 or 2100 projections, even assuming
baseline projections of post-2020 growth rates are
accurate, our results (figure 4) suggest that per-
capita GDP growth is unlikely to catch up to baseline
scenarios by 2040, but catch-up is possible by 2100
under strong economic growth. Indeed, the range
of expert projections from Christensen et al (2018)
includes growth rates that would allow per-capita
GDP to exceed the highest baseline scenario projec-
tions by 2100. However, this does not suggest CO2

emissions exceeding high-emission baseline scen-
ario projections are necessarily plausible, given the
carbon intensities in these scenarios would still be
implausible.

5. Conclusion

Recent (post-2005) trends and energy outlook projec-
tions (to 2040) of global CO2 emissions are substan-
tially lower than projected by baseline scenarios used
in the IPCC’s Fifth (AR5) and Sixth (AR6)Assessment
Reports, and are well off-track from widely-cited
high-emission marker scenarios such as RCP8.5. We
show that this divergence owes largely to per-capita
GDP and carbon intensity growth slower than projec-
ted in baseline scenarios. The gap between observed
and projected carbon intensity is very likely to con-
tinue to increase throughout the 21st century due to
the implausible assumptions high-emission scenarios
make about future fossil-fuel expansion (Ritchie and
Dowlatabadi 2017). The gap between observed and
projected per-capita GDP is unlikely to close by 2040
due to inertia but is more uncertain to 2100.

We see three immediate implications of our ana-
lysis. First, if scenarios underpin research used to
inform policy, such scenarios should be kept up-to-
date and corrected when divergences from real-world
trends or improved projections are identified. It is
unsurprising that scenarios used by the IPCC—many
developed over a decade ago—are diverging from the
real world. They should be updated more regularly.
Second, policy-relevant climate research, including
evaluations of near-termpolicy options, should use or
consider near-term energy scenarios (including but
not limited to the IEA’s), which are updated on an
annual basis. These provide a more reliable guide
to the next several decades than century-long scen-
arios, which are appropriate in exploratory climate
research. Finally, in a world where climate policy is
now BAU, the historical distinction of policy and no-
policy scenarios may be obsolete, and a new approach
to scenario planning may be needed (e.g. Pielke and
Ritchie 2020).

Our analysis supports the conclusions drawn by
previous studies (Hausfather and Peters 2020, Pielke
and Ritchie 2020) that high-emission AR5 (RCP8.5)
and high-emission AR6 (i.e. SSP3-7.0 and SSP5-8.5)
baselines should not be utilized as reference scen-
arios in climate research. Our findings also suggest
that future scenario development efforts should con-
sider wider ranges of assumptions regarding eco-
nomic growth due to high uncertainty in growth
futures, and the possibility that the current pandemic
will bring lasting changes to the economic system.
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