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ABSTRACT

To illustrate the power and utility of macro-level decomposition tools, this article presents a structured com-
parison of two all-sector global modeling exercises that assess emissions reductions compatible with climate
stabilization at roughly 1.5C above pre-industrial levels. It uses an expanded Kaya Identity combined with the
LMDI (Logarithmic Mean Divisia Index) method to decompose the effects of key drivers of changes in emissions
over time in these scenarios.

The most important drivers of emissions reductions include final energy intensity of economic activity, the
fraction of primary energy delivered by fossil fuels, and emissions from non-CO2 warming agents. Land-use
change and the carbon intensity of fossil energy are also important. The article suggests additional data mod-
elers should release to allow more rapid analysis of results and ways to facilitate cross-study comparisons (such
as adopting “best of breed” sectoral models instead of relying solely on in-house expertise for model
development).

Topics: Global change; Climate change; Emissions reduction modeling; Model comparisons; Energy resources;
Environmental policy; Environmental technology; Energy Policy.

1. Introduction

To illustrate the kinds of insights available from the use of recently
developed macro-level decomposition tools, this article compares the
results from two high-profile all-sector global climate mitigation
modeling exercises. The intervention cases for many such scenarios rely
heavily on carbon capture, don’t include changes in projected end-use
service demands, and are not aggressive enough to achieve climate
stabilization as embodied in the Paris accord of “well below 2 Celsius
above pre-industrial levels” (IPCC, 2022).

We chose to explore two “edge cases” that assess the potential for
emissions reductions compatible with climate stabilization at roughly
1.5C above pre-industrial levels with modest or no deployments of
carbon capture and storage (CCS) and some changes in service demands.
There are comparatively few studies of such edge cases, but the ones we
chose use two widely-cited models created by top-tier analytical teams.
We also chose scenarios for which the public data were detailed enough
for us to apply our macro decomposition tools, as described below. The
lack of availability of key data for many such analyses is a constraint on
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applying these methods more widely, although data availability is
gradually improving over time (IPCC, 2022).

We apply our systematic analytical framework to raise follow-on
questions, highlight key issues, and propose areas for future research
and practice. Previous comparative analyses have yielded real insights
(IPCC, 2022; IPCC, 2018; Sognnaes et al., 2021), but we are convinced
that a more detailed and systematic decomposition approach will be
even more advantageous to improving modeling practice. For example,
such comparisons almost universally rely on the traditional “four factor”
Kaya identity to decompose energy-sector trends, but as shown in pre-
vious work (Koomey et al., 2019) and in the analysis below, that
convention masks important effects and can create confusion for policy
makers. The tools and indicators on which we rely enable consistent
comparisons with historical trends as well as allowing rapid visual dis-
covery of differences in scenario outputs.

This article first presents methods, reviewing the Kaya identity and
its offspring. It then shows results, digging into detail on key drivers for
the two scenarios. The article then turns to potential future work and
ends with a summary of conclusions. The Supplemental Information

E-mail addresses: jon@koomey.com (J. Koomey), zach@koomey.com (Z. Schmidt), Karl.Hausker@wri.org (K. Hausker), Dan.lashof@wri.org (D. Lashof).

URL: http://www.koomey.com (J. Koomey).

https://doi.org/10.1016/j.envsoft.2022.105426

Received 20 June 2021; Received in revised form 18 May 2022; Accepted 21 May 2022

Available online 2 June 2022
1364-8152/© 2022 Elsevier Ltd. All rights reserved.


mailto:jon@koomey.com
mailto:zach@koomey.com
mailto:Karl.Hausker@wri.org
mailto:Dan.lashof@wri.org
http://www.koomey.com
www.sciencedirect.com/science/journal/13648152
https://www.elsevier.com/locate/envsoft
https://doi.org/10.1016/j.envsoft.2022.105426
https://doi.org/10.1016/j.envsoft.2022.105426
https://doi.org/10.1016/j.envsoft.2022.105426

J. Koomey et al.

gives more detail on technical methods and results.
2. Methods

To assess high-level drivers of change in the energy sector, we apply
a well-established convention in emissions scenario analysis known as
the Kaya Identity (Kaya, 1989) in our comparison of modeling studies.
There are other decomposition methods commonly applied to assess
sectoral change (for example as used in Chen et al. (2022)) but just
examining high-level macro drivers can also yield important lessons,
and we hope that climate solutions modelers will bring such decompo-
sition methods into their workflows to support diagnostics, analysis,
interpretive insights, and better scenario story telling (De Meyer et al.,
2020; Guivarch et al., 2022).

As many researchers have realized over the years, the Kaya identity
as it was originally introduced is incomplete. This section presents the
original Kaya Identity then presents an expanded version of that identity
and a more comprehensive “fully expanded decomposition” (including
terms characterizing emissions outside the energy sector) laid out in
detail in Koomey et al. (2019) and expanded further in Koomey et al.
(2022).

2.1. Overview of the Kaya Identity and its offspring

The Kaya Identity illustrates the key drivers for fossil carbon dioxide
emissions from the energy sector. This identity decomposes carbon
emissions as a product of aggregate economic activity per year, energy
intensity of economic activity, and carbon intensity of energy supplied.
Professor Kaya presented this equation to help understand the implica-
tions of history and future scenarios in a simple “back of the envelope”
way.

We show the familiar “four-factor” Kaya identity in Equation (1):
Carbon dioxide emissions = P%EE (€8}

P GNP PE
where.

P is population in any year;

GNP is gross national product per year, a measure of economic
activity;

PE is primary energy consumed per year, including conversion and
energy transmission losses;

C is total net carbon dioxide emitted per year from the primary en-
ergy resource mix;

GP js the average income per person per year;

PE
GNP

& is the net carbon dioxide intensity of supplying primary energy.

The Kaya identity reflects a more general identity that expresses
impact (I) as a product of human population (P), affluence (A), and
technology (T) (Ehrlich and Holdren, 1971, 1972). Population is the
same in both the Kaya and IPAT identities, GNP/person represents
affluence, and the other two terms characterize technology.

This formulation implies that a larger number of people with a higher
income and more extensive use of certain technologies will have a
greater impact on the environment. The effect of technology can be
ambiguous — technologies that produce and combust fossil fuels are the
primary anthropogenic source of carbon dioxide, while technologies for
harnessing renewable energy and nuclear power, sequestering carbon,
and improving efficiency can reduce or eliminate net anthropogenic
carbon emissions.

In analyzing these studies we relied on methods developed for pre-
vious work (Koomey et al., 2019), enhanced and updated for this project
as explored in a recent white paper (Koomey et al., 2022). We use

is the primary energy intensity of the economy; and.
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graphics that summarize key drivers of emissions scenarios in the energy
sector, expressed in the form of an expanded Kaya identity, in which
we disaggregate key terms to address energy supply losses, the fraction
of primary energy delivered by fossil fuels, and fuel switching among
fossil fuels (this disaggregation is explained in more detail in the Sup-
plemental information, part SI-1 and in Koomey et al. (2019)). We
supplement the expanded Kaya identity with additional graphs that tell
the complete high-level emissions story for each scenario.

The expanded Kaya identity, as described in Koomey et al. (2019),
reads as shown in Equation (2):

GNP FE PE PEg: TFC NFC

Crpecr = P 2
Fossil Fuels P GNP FE PE PEFF TFC ( )

where

Crossil Fuels Tepresents carbon dioxide (CO3) emissions per year from
fossil fuels combusted in the energy sector.

P is population in any year.

GNP is gross national product per year (measured consistently using
Purchasing Power Parity or Market Exchange Rates).

FE is final energy consumed per year.

PE is total primary energy consumed per year, calculated using the
direct equivalent (DEq) method, as discussed in Koomey et al. (2019).

PEgr is primary energy consumed per year associated with fossil
fuels.

TFC is total fossil energy CO, emitted per year by the primary energy
resource mix.

NFC is net fossil CO emitted to the atmosphere per year after ac-
counting for fossil sequestration.

The ratio GNP/P represents annual economic activity per person.

The ratio FE/GNP represents final energy intensity of economic
activity.

The ratio PE/FE represents the Energy System Loss Factor (ESLF)
which is a measure of total losses throughout the energy system supply
chain.

The ratio PEpg/PE we call the Fossil Fuel Fraction, which is the
fraction of primary energy supplied by fossil fuels.

The ratio TFC/PEpr we call the emissions intensity of fossil fuel
production, changes in which measure fuel switching among fossil fuels
(like switching power plants from being fired by coal to being fired by
fossil gas, or switching from oils with higher life-cycle emissions to those
with lower life-cycle emissions, as described in Gordon et al. (2015),
Koomey et al. (2016) and Brandt et al. (2018).

The ratio NFC/TFC is an index characterizing the fraction of energy-
sector emissions that reach the atmosphere, which is a measure of how
much energy-sector fossil sequestration a scenario contains.

This identity allows us to disentangle key drivers affecting scenario
results in the energy sector, and to show graphically which of these
drivers are most important.

Because we care about all emissions that cause warming, we also
need the more comprehensive relationship summarized in Equation (3),
which includes all emissions in terms of carbon dioxide equivalent:

eq _ eq
CTotal - CF().vsi[ Fuels + Clmlu.ﬂry + Cl.and—u:e + CNgn,(,'oz gases CSBi()mus.x (3)

where.

Crossil Fuels 1S defined in Equation (2).

Cindustry Tepresents carbon dioxide emissions per year from industrial
processes (non-energy uses of fossil fuels that result in emissions, such as
cement, steel, and aluminum production). Some models combine these
emissions with fossil fuel combustion emissions, but they should be split
out for clarity and internal consistency checks.

Crand—use Tepresents net carbon dioxide emissions per year from
changes in agriculture and land-use that are not associated with emis-
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sions reductions from biomass CCS. This term can be negative if there is
significant reforestation or afforestation.

Ctncon gases TEPTESENLS emissions per year of other greenhouse gases
converted to CO, equivalent using relative factors of global warming
potential (GWP).!

CSgiomass T€presents net negative emissions per year from seques-
tering carbon emissions associated with biomass combustion. In effect,
such sequestration removes carbon from the biosphere, although the
timing of biomass regrowth can vary greatly, introducing uncertainty
into these negative emissions estimates. The emissions reductions from
this source must also be carefully distinguished from other land-use
changes.

If direct air capture of COy is present in future scenarios (as seems
likely) an additional term would be needed in Equation (3).

Substituting Equation (2) into Equation (3) we get Equation (4),
which we refer to as our fully expanded decomposition:

GNP FE PE PEq TFC NFC
P GNP FE PE PEg TFC
+C1nduxlry + CLand—u:c + C;Z,vnfcoz gases CSBinma:s (4)

eq __
CTotal =P

Equation (4) allows us to compare emissions savings in every sector
from scenario modeling runs, assuming that those modeling exercises
release sufficient data to calculate all terms in our fully expanded
decomposition.

2.2. The studies

We identified two modeling studies that are recent, cover all sectors,
and analyze similarly rapid emissions reductions:

1) van Vuuren et al. (2018). The reference scenario for this study is
consonant with Shared Socioeconomic Pathway 2 (SSP 2) (Bauer
et al., 2017; Fricko et al., 2017; Riahi et al., 2017), and we use van
Vuuren’s most aggressive intervention” scenario that includes car-
bon taxes, changes in service demand, and non-price policies suffi-
cient to keep radiative forcing at 1.9 W/m? (roughly equivalent to
1.5 C above pre-industrial times).

Griibler et al. (2018). This study can also be compared to the SSP 2
reference case (Bauer et al., 2017; Fricko et al., 2017; Riahi et al.,
2017), and its intervention case achieves 1.5 C. It focuses on tech-
nical, institutional, and social changes to enable a future world with
vastly lower energy intensities than in more traditional scenarios.
Lower energy use reveals possibilities for structural change on the
supply side as well as aggressive climate action not dependent on
carbon capture and much less dependent on high carbon taxes.

2

—

Both scenarios were included in the IPCC’s latest Working Group III
report (IPCC, 2022). These scenarios could be considered “edge cases” in
that they describe scenario storylines that involve aggressive emissions
reductions, rely in part on changes in service demands and have minimal
or no CCS, but use different modeling constraints and assumptions.

In the following section we summarize results of applying our
decomposition tools to these studies, In the Supplemental Information,
we give a more detailed exposition of the decomposition results for

1 We convert emissions of the two major non-CO, greenhouse gases (methane
and nitrous oxides) to CO, equivalents using 100-year global warming poten-
tials (including climate feedbacks) from the IPCC’s Sixth Assessment Report
(IPCC, 2021), Table 7.SM.7. For both models we calculate total F-gas emissions
in CO, equivalent using GWPs from the same source using the three major
categories of such gases reported by the models: PFCs, HFCs, and SFe.

2 We prefer the term “intervention” to describe scenarios that diverge from
the reference case because it is more general than “mitigation” and can in
principle cover intervention scenarios that result in higher emissions (although
such scenarios would be special cases).
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readers who want to dig deeper.
3. Results

We begin at the highest level, examining drivers of changes in
emissions in the reference cases and cumulative emissions savings in the
intervention cases. We then discuss lessons revealed by the detailed
dashboards for the two studies.

3.1. Reference case trends

We begin by decomposing the underlying drivers of emissions
growth in the reference scenarios for the two studies, applying the
Logarithmic Mean Divisia Index (LMDI) method (Ang, 2004) to the Kaya
identity in the energy sector.® Fig. 1 shows the change in emissions
attributable to each driver to 2100 relative to a 2020 base year
(expressed in gigatonnes of CO5 equivalent emissions, calculated
component by component). We focus on the cumulative change in
emissions because it is directly related to changes in global temperatures
to first order (Lahn, 2020, 2021), although there are complexities when
summing CO; equivalent emissions of different warming agents, so these
results should be considered approximate.

This graph shows the sum of changes relative to the 2020 value in
each year for each sector/driver. We apply the LMDI* approach to the
energy sector Kaya identity for the reference case minus 2020 energy
sector emissions to conduct the decomposition in the ten-year intervals
the data allow. We then interpolate linearly between decadal values to
get annual numbers and sum the difference for each component in every
year to 2100. For the additive factors (other gases, land use, and in-
dustrial process emissions) we take the difference between the reference
case for each factor in each year and its value in 2020, then sum those
differences to 2100. This method gives an indication of the relative
importance of each driver/sector over the analysis period.

Drivers shown above the zero-line push emissions up, while those
below the zero-line push emissions down. The net changes in cumulative
emissions for the scenarios are indicated by the black circles, which fall
at about 1500 Gt COse for van Vuuren and about 2100 Gt COse for
Griibler. Both scenarios represent SSP-2, but there are always differences
in the underlying drivers depending on modeling practice.

The single biggest driver of emissions growth is increasing economic
activity per person, which is about five times more important than the
next largest category of emissions growth, population. Increased eco-
nomic activity is mainly the result of improving economic conditions in
developing countries, which is a consequence of societal development
(and an appropriate outcome, given historical inequities in income
growth). The third largest driver of emissions growth is “other gases”,
which is one reason why just focusing on the energy sector for emissions
reductions doesn’t give the full picture. The carbon intensity of fossil
energy, which characterizes fuel switching among fossil fuels, also
contributes to emissions growth in the Griibler reference case, indicating
a modest shift towards more carbon-intensive fossil fuels over time.

Reductions in energy intensity of the economy are the dominant
source of reductions in emissions over time in both reference case sce-
narios. The second most important source of emissions reductions for
Griibler and the third most important for van Vuuren are changes in
land-use, indicating that even in the reference case there are big changes
in this source of emissions. Fossil fuel fraction also contributes modestly
to emissions reductions over time in both cases.

3 Details can be found in Supplemental Information, Part 1 (SI-1): Technical
Methods.

4 Ang (2004) shows LMDI methods 1 and 2. We choose method 1 because it is
simpler and method 2 has no advantages for our analysis.
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Emissions Driver
mland Use

Net = 2064 Gt CO2-eq

u Other Gases

®Industrial Process Carbon
Emissions

Carbon Intensity of Fossil
Energy

= Fossil Fuel Fraction

Energy Supply Loss Factor

® Final Energy Intensity of
Economy

= Economic Activity per Person

Population

@ Total Net Emissions

Griibler

Fig. 1. Cumulative change in greenhouse gas emissions to 2100 for each reference case relative to 2020.
Industrial Process Carbon Emissions in the reference case are lumped in with energy sector emissions in the outputs for Griibler, so for that scenario we assume the same
trajectory of industrial process emissions as van Vuuren. We use 100-year GWPs taken from Table 7.SM.7 in IPCC (IPCC, 2021)

3.2. Drivers of emissions reductions

We next summarize emissions reductions in the intervention scenario
(compared to the reference scenario). Fig. 2 shows the attribution of
cumulative emissions savings relative to the reference case to categories
as per the previous graphs and equations (the same caveat about these
results being approximate applies) for the 2020 to 2050 and 2050 to
2100 periods.

We’ve normalized savings to 100% of cumulative net emissions
savings, and those absolute savings totals are shown at the top of each
bar. When factors change in a way that drives net emissions up relative
to the reference case (like for van Vuuren) then the bar exceeds 100% on
the positive side and shows a corresponding bar below the zero line for
the factor increasing emissions instead of decreasing it.

2020 to 2050 2050 to 2100

1469 1279 4148 4438
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Ih_ 1

0%

-10%

van Vuuren Griibler van Vuuren Gribler

=

The Griibler intervention case shows improvements in the final en-
ergy intensity of the economy to be more important than for van Vuuren
to 2050 but shows this component to be less important than for van
Vuuren from 2050 to 2100, because of slowing improvements in emis-
sions intensity in the later period (see further discussion below). Effi-
ciency improvements also slow in the later period for van Vuuren, but
the effect is not as dramatic.

For Griibler, the fossil fuel fraction is by far the most important driver
of emissions reductions, accounting for about 30% of the total to 2050
and about 50% from 2050 to 2100. The contribution of fossil fuel
fraction to total emission reductions also grows for van Vuuren. The van
Vuuren scenario also trades off emissions reductions from changes in
fossil fuel fraction against fossil CCS and greater emissions reductions
from the carbon intensity of fossil energy than in the Griibler scenario.

Fig. 2. Cumulative greenhouse gas emissions savings
for each scenario.

For the Griibler intervention case we derive the implied
industrial emissions by estimating energy sector emissions
using primary energy consumption by fuel and IPCC
emissions factors and subtracting that estimate from the
total of energy sector and industrial emissions reported in
the scenario outputs. We use 100-year GWPs taken from
Table 7.SM.7 in IPCC(IPCC, 2021).

Total cumulative savings in
Gt-CO2 equivalent

Emissions Driver

= Economic Activity per Person
Population

mIndustrial Process Carbon
Emissions

m Energy Supply Loss Factor

m Fossil CCS
Carbon Intensity of Fossil
Energy

mland use

m Other gases

m Fossil Fuel Fraction

m Final Energy Intensity of
Economy
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The contribution of “other gases” to total emissions reductions is
about one quarter for van Vuuren and slightly less than one fifth for
Griibler, and those percentage contributions remain roughly constant
over the two analysis periods. Emissions reductions associated with
changes in land-use are “front-loaded” in both scenarios, with signifi-
cantly greater reductions in the first period. Five emissions reduction
drivers comprise about 90% of cumulative reductions: final energy in-
tensity of the economy, fossil fuel fraction, other gases, land use, and the
carbon intensity of fossil energy.

The savings from “other gases” depends strongly on the assumption
about global warming potentials (Smith and Wigley, 2000a, 2000b). In
Fig. 2, we used the standard assumption of GWPs based on a 100-year
lifetime, but a strong case can be made for also considering GWPs in-
tegrated over a 20-year period, especially for 1.5 C scenarios that reach
net zero emissions in the next few decades.

Fig. 3 shows the results of altering the GWP for methane, N0, and F-
gases to a 20-year time period (the GWP of carbon dioxide equals 1.0 by
definition for any time period because GWP is measured relative to
CO3). Methane is the most important of the other gases and its 20-year
GWP is two and a half times bigger than the 100-year value. For N3O, the
20-year GWP is the same as the 100-year GWP, while for F-gases, some
have 20-year GWPs that are lower than their 100-year GWPs, and some
show the opposite. Taken together, these changes push savings from
“other gases” to comprise thirty to forty percent of total cumulative
emissions savings, up from twenty to twenty-five percent when using
100-year GWPs.

This result does not mean we can delay reductions in carbon dioxide,
which take on increasing importance as time passes. It does mean that
focusing on the other gases (particularly methane and other shorter
lived warming agents) is a critical element of slowing climate change in
the near term.

Interestingly, van Vuuren also shows emissions savings from a
reduction in population growth. Previous research has documented that
population growth affects emissions, but that changes in population
growth are affected by many complex ethical and human factors related
more broadly to societal development. O’Neill et al (2010) cautions that
“the fact that a particular phenomenon is a quantitatively significant

2020 to 2050

1934
100%

90%

I
80%
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50%
40%

30%
20%

10%
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0%
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driver of emissions does not mean that it is also an important policy
lever”. Choices that affect societal development can also affect popula-
tion (and thus emissions) but most scenarios avoid discussing such
choices as explicitly driven by the goal of emissions reductions (Bon-
gaarts and O’Neill, 2018). Van Vuuren states that the lower population
estimates in this scenario are the result of aggressive policies promoting
education, referencing Samir and Lutz (2017).

The van Vuuren scenario also indicates a small increase in emissions
associated with improved economic activity per person, indicated by a
small grey bar below the zero line. Griibler also shows this effect, but it’s
much smaller (10-20% of what’s shown in the van Vuuren scenario).
These effects appear to be related to economic benefits and co-benefits
of various non-price policies, as distinct from implementation of the
global carbon price.

3.3. Digging into the ratios dashboards

We show the results in the energy sector of our fully expanded
decomposition for van Vuuren et al. and Griibler et al. in Figs. 4 and 5,
respectively. Each pane in the dashboard characterizes one of the ratios
in the expanded Kaya identity from Equation (2).

The green dotted lines show the path of the relevant ratio if it fol-
lowed average historical growth rates for that ratio from 1900 to 2014,
while the blue dotted lines show the path if it followed average historical
growth rates from 1995 to 2014. The black lines indicate the path of the
reference case, while the red line indicates the path of the intervention
or mitigation case.

3.3.1. Population and economic activity

Population and economic welfare per person look roughly similar in
both scenarios. Population growth diverges from historical trends, as
expected from demographic studies in recent years (Samir and Lutz,
2017). Economic activity in the reference cases is assumed not to be
significantly affected by associated changes in temperature, which is not
necessarily a good assumption, but it’s a common assumption for sce-
narios like these (IPCC, 2022; Bastien-Olvera, 2019; Christensen et al.,
2018; Mann, 2022). The reduction in population and increase in

Total cumulative savings
1475 in Gt-CO2 equivalent

Emissions Driver

Economic Activity per Person
Population
mIndustrial Process Carbon
Emissions
Energy Supply Loss Factor
m Fossil CCS
Carbon Intensity of Fossil
Energy
mlLand use
m Other gases

Fossil Fuel Fraction

= Final Energy Intensity of
Economy

Griibler

Fig. 3. Cumulative greenhouse gas emissions savings for each scenario (20-year GWPs for methane, N,O, and F-gases).
These calculations use the same assumptions as for Fig. 2 but the GWP for methane, nitrous oxides, and F gases are switched to 20-year GWPs from 100 years as in Fig. 2. The
2020 to 2050 period corresponds roughly to a 20-year time period for estimation of the GWP. GWP data taken from Table 7.SM.7 in IPCC (IPCC, 2021).
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economic activity in the van Vuuren et al. intervention case show up
clearly in the first two dashboard panes.

3.3.2. Final energy intensity of economic activity

Fig. 6 shows expanded panes for final energy intensity of economic
activity for van Vuuren’s and Griibler’s scenarios. From 2010 to 2030,
van Vuuren’s intervention scenario shows a rapid decline in the final
energy intensity of economic activity (FE/GNP), substantially exceeding
historical trends as well as that of the reference scenario. From 2030 to
2040, the slope of the intervention scenario curve matches the historical
rate of decline from 1995 to 2014 and flattens out further as the scenario
progresses.

Griibler’s scenario shows the same pattern, with an even steeper
decline from 2010 to 2040, the rate of decline from 2040 to 2050
roughly matching that of the 1995 to 2014 period, with the curve then
flattening, just like for van Vuuren. If Griibler’s estimates for final en-
ergy intensity are correct, it would indicate the possibility of additional
emissions reductions possible for the van Vuuren scenario through
reduced energy intensities.

In the intervention scenario, declines in energy intensity (driven by
improvements in energy efficiency, electrification, and changes in ser-
vice demands) accelerate for the first few decades of the scenario and
then slow down (as also shown in Figs. 4 and 5, above). The reasons for
this pattern are not entirely clear, but as a general rule, demand-side
technologies and practices (like energy efficiency and changes in ac-
tivity levels) are represented in a much less detailed fashion in global
energy models than are supply-side technologies, and bottom-up ana-
lyses of end-use efficiency tend to “run out” of efficiency later in these
analyses because predicting technological change at a disaggregated
level becomes increasingly difficult for later years (Wilson et al., 2012;
Pye et al., 2020; Hardt et al., 2019; Napp et al., 2019). It is also possible
that there are aggregate assumptions of physical limits buried in the
models that curtail energy intensity improvements as each scenario
progresses.

Whether such assumptions represent real physical limits (based on
the 2nd law of thermodynamics) or simply modeling practice is not
known, but we believe the importance of this issue warrants a much
deeper dive into why climate mitigation scenarios exhibit this structural
similarity in final energy intensity of economic activity. A deeper
question is whether changes in the structure of economic growth (away
from increases in physical consumption and toward increases in
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Fig. 6. Energy intensity of economic activity over time.
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knowledge-based goods and higher-quality physical goods) can allow soci-
ety to continue improvements in final energy intensity of economic ac-
tivity far beyond what conventional models would indicate (McAfee,
2019). Answers to this question will vary greatly country by country.

As demonstrated by both scenarios, end-use energy intensity declines
can make it possible to achieve emissions reductions with less wide-
spread deployment of carbon capture and other supply side technolo-
gies. Hummel (2006) called this a reduction in “mitigation pressure”
that allows for deeper emissions reductions than would be possible with
accelerated supply-side options alone. Griibler et al. (2018) also allude
to intensity reductions as an enabler of more rapid and more profound
supply-side changes.

3.3.3. Energy supply system losses

As shown in Figs. 4 and 5 (above), energy supply losses to 2050 in
both intervention cases are lower than in both reference cases, which is
expected as more direct equivalent (non-combustion) energy sources
enter the supply mix (Koomey et al., 2019; Nakicenovic et al., 2000).
Energy supply losses in both intervention cases rise in the second half of
the twenty-first century, with losses in the van Vuuren scenario
exceeding those in the reference case as fossil CCS (which has higher
system losses than conventional technologies) enters the supply mix.
The Griibler scenario also shows rising supply losses in the intervention
case over time but these losses remain lower than those in the reference
case for the entire analysis period.

3.3.4. Fossil fuel fraction of primary energy

Fig. 7 shows expanded versions of the dashboard panes devoted to
the fossil fuel fraction of primary energy. Both intervention scenarios
show declines in this fraction, with van Vuuren approaching about one
third of 2010 levels by 2100 and Griibler showing total fossil phaseout
by about 2070 or so. This difference is primarily attributable to the use
of fossil CCS in the van Vuuren scenario. Under strict emissions reduc-
tion goals, scenarios with CCS continue to use fossil fuels, while those
without do not, which is one reason why fossil CCS is technology often
favored by the fossil fuel industry.

3.3.5. Carbon intensity of fossil energy
Fig. 8 shows expanded panes from the dashboard characterizing the
carbon intensity of fossil energy supply. This factor increases in both
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Fig. 7. Fossil fuel fraction of primary energy over time.
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reference cases, indicating slightly more emissions-intensive use of fossil
fuels over time. Both intervention cases trend towards the asymptote of
natural gas emissions, but van Vuuren’s scenario approaches that goal
much more quickly. Additional emissions savings could thus be realized
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in the Griibler intervention scenario if the shift to natural gas happened
as quickly as shown in the van Vuuren scenario. Why the carbon in-
tensity of fossil fuel supply increases slightly towards the end of the
analysis period for van Vuuren is a question worthy of further
exploration.

3.3.6. Graphs of primary energy that summarize major trends in key drivers

One way to answer some of the queries raised above is by graphing
primary energy over time by source, as shown in Fig. 9a and Fig. 9b for
the van Vuuren and Griibler intervention cases, respectively. Graphs like
these show trends in total primary energy. They also implicitly show
trends in final energy because the energy supply loss factor is close to 1.0
throughout the analysis period for both scenarios. In addition, they
implicitly show the fossil fuel fraction as well as the mix of fossil fuels
contributing to meeting service demands in any year.

Fig. 9a (for van Vuuren) shows that total primary energy drops
rapidly to 2040 (in part because of rapid improvements in the final
energy intensity of economic activity and in part because of the rapid
displacement of fossil combustion with direct equivalent sources, which
avoids combustion losses). As improvements in final energy intensity
slow down mid-century and carbon capture technologies with high
system losses become more widely used, total primary energy starts
rising, reaching 2020 levels by 2100.

Fossil gas consumption stays roughly constant to 2040 and then rises
modestly to 2070, then falls to 2100. Petroleum use falls to mid-century
then remains roughly flat, while coal use falls to mid-century and then
rises to 2100. This latter finding explains why the carbon intensity of

Non-fossil sources

2070 2080 2090 2100

Fig. 9a. Primary energy by source over time in van Vuuren’s intervention scenario.
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Fig. 9b. Primary energy by source over time in Griibler’s intervention scenario.
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fossil fuel supply goes up in the last couple of decades of the 21st century
for this scenario.

Fig. 9b shows the same graph for Griibler, illustrating big differences
with the van Vuuren intervention scenario. Primary (and final) energy
decline substantially by mid-century and then remain roughly flat to
2100. Coal is almost completely gone by 2050, petroleum by 2070, and
fossil gas by 2090.

Fossil gas represents a higher percentage of primary fossil energy
supplied from 2020 to 2050 in the van Vuuren intervention case than in
the Griibler intervention case, with this gap growing over time. These
data explain why the carbon intensity of fossil energy supplied falls more
rapidly early in the van Vuuren intervention case.

3.4. Digging into the additive factors dashboard

Now we turn to insights from our “additive factors dashboards”,
which show emissions changes over the analysis period by each factor
identified in Equation (4) above, expressed in Gt CO, equivalent per
year. Figs. 10 and 11 show that the energy sector is the largest
contributor to emissions reductions, but other non-CO, warming agents
and land use changes are also important. There are relatively small
savings from industrial process emissions and none from biomass CCS in
either scenario.

3.4.1. Land-use change

Fig. 12 shows expanded versions of the dashboard panes for carbon
dioxide emissions from land-use changes, to make them easier to see.
Some obvious questions emerge from casual examination of these
graphs. What drives emissions in both references cases to decline over
time (in the van Vuuren case after rising to 2030)? Why do net emissions
in the van Vuuren intervention case become less negative after mid-
century? What drives the rapid emissions reductions in the Griibler
intervention scenario to 2030 and why then do emissions reductions
proceed less rapidly after 2030?

3.4.2. Industrial processes

Fig. 13 shows expanded versions of the dashboard panes for carbon
dioxide emissions from industrial processes (mainly cement). The
reference cases are identical, taken from van Vuuren, because the SSP2
reference case used by Griibler doesn’t split industrial process emissions
from energy-sector emissions. The van Vuuren intervention case comes
directly from that study’s outputs, but we infer the intervention case for
Griibler using fossil energy combustion and related emissions factors,
then subtracting out inferred energy-sector emissions from the sum of
energy-sector plus industrial process emissions.

Both intervention cases reflect changes in emissions from industrial
processes, but it’s not entirely clear whether such changes are consistent
with the trajectory of energy infrastructure construction in these sce-
narios (this issue is a more general one that needs further attention from
the modeling community). Additional transparency is needed with data
related to industrial process emissions separate from energy-sector
emissions, to ensure internal consistency of the scenarios. The van
Vuuren intervention case also has unexplained oscillations that clearly
warrant futher investigation.

3.4.3. Non-CO2 warming agents

Fig. 14 shows expanded versions of the dashboard panes for carbon
dioxide emissions from non-CO; warming agents like methane, nitrous
oxide, and other pollutants using 100-year GWPs. The reference cases
appear to be comparable but the intervention cases show much more
rapid and effective mitigation of non-CO» pollutants in the van Vuuren
scenario. If the van Vuuren assessment is correct, there is clearly room
for more reductions in other warming agents in the Griibler scenario.
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4. Recommendations for future work

We are hopeful that these decomposition tools can support and
strengthen the next iteration of the IPCC’s Working Group III report, due
out in the mid to late 2020s, but that will depend on modelers inte-
grating these tools into their workflows and and using them to generate
insights, wh which should also speed up the process of developing sce-
narios and evaluating results.

4.1. More studies of aggressive emissions reduction scenarios are needed

In our view, there are too few scenarios with aggressive emissions
reductions, and such emissions reductions are less well studied than they
should be. These edge cases are the most likely to teach us something
useful about what ultimate emissions reductions will be possible because
they push the boundaries of our imagination.

The most comprehensive summaries of such scenarios are found in
IPCC (2022) and IPCC (2018), but as with all fast-changing research
areas, findings become obsolete quickly. As suggested by three of the
comparisons above (improvements in the intensity of final energy use,
the emissions intensity of fossil fuels and emissions from non-CO;
warming agents), analytical focus on combining the best parts of the
most aggressive scenarios from “best of breed” analyses can help policy
makers map the true limits of what society can achieve.

We are also convinced that comparing analyses that are quite
different in their underlying assumptions and drivers can yield impor-
tant insights (Sognnaes et al., 2021). The two scenarios presented above
are of a similar type but comparing scenarios like these to others that
have different core assumptions about drivers and available technolo-
gies should be an important part of scenario decomposition efforts going
forward.

4.2. Addressing unanswered questions

Use of the analytical tools highlighted above can help identify and
diagnose unexplained trends and discontinuities. An example is the
common pattern of accelerated energy intensity reductions in the first
two or three decades of intervention cases, but a sudden slowing of those
reductions around the mid-twenty-first century. Identifying and
researching puzzles like these can lead to more rapid improvements in
modeling practice as well as increased understanding of the true con-
straints holding back rapid climate action.

4.3. We need more data

We need more data from global energy models to do full de-
compositions to more fully understand the implications of individual
studies and of the body of literature as a whole. The modeling com-
munity must routinely release more comprehensive data beyond what is
now standard practice. Policy makers and funders can and should
encourage more complete disclosure. Our experience indicates that
more comprehensive, better defined, and more accurate data are needed
in at least four areas:

1. More disaggregated data: To facilitate analysis and scenario com-
parisons, it is critical that data be disaggregated sufficiently. For
example, industrial process carbon dioxide emissions should be re-
ported separately from energy sector emissions. Methane and nitrous
oxide emissions should at a minimum be split between those asso-
ciated with fossil fuel production and those non-fossil emissions
associated with industrial processes, agriculture, and other human
activities. Finally, F-gases should be split and reported by species, not
reported only as a total, otherwise it is hard to adjust for different
global warming potentials and assess policy effects on different F-
gases.
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2. Endogenous treatment of industrial sector process emissions:
Industrial process emissions, most of which are associated with
construction materials like cement, steel, aluminum, and glass,
should be modeled as a function of the numbers and types of new
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energy production facilities, because the material requirements of
future pathways can differ substantially (Pauliuk et al., 2017).
Simultaneously modeling materials flows, process emissions, and the
economic factors affecting expansion of certain industries (as in, for
example (Cao et al., 2019) and (IEA, 2019)) is an approach more
analysts should consider. Similarly, CCS for industrial sector process
emissions should be tracked separately from energy-sector CCS.

3. Electricity sector: More detail on inputs and outputs to the elec-
tricity sector are also important, as electrification is a key component
of many recent modeling exercises. With significant electricity gen-
eration being allocated to hydrogen production and power-to-gas in
future scenarios, precise tracking is complicated but necessary. Care
will be needed to ensure correct accounting and accurate charac-
terization of energy supply losses for these technologies.

4. Interactions between related sectors: Scenario decomposition
tools allow for more accurate characterization of iterations between
linked sectors and technologies (like land-use, biofuels, biomass CCS,
and agriculture) but consistent system boundaries and accurate data
collection are essential to creating meaningful comparisons.

Decomposition tools can serve important diagnostic and research
functions, but the results they produce are only as good as their input
data. Understanding the inputs needed for comprehensive decomposi-
tion analyses can help researchers to organize and structure their models
to produce the most useful results.

4.4. Integrating decomposition analysis into the modeling process

We built our decomposition tools in Microsoft Excel because they
grew out of earlier work that used that platform (Hummel, 2006). As our
work has progressed, we’ve come to realize that only tools that can be
run by the modeling teams themselves and fully integrated into their
workflows will gain wide acceptance and use, and that precludes an
Excel model run by third parties. For this reason, we are turning our
attention to creating an open-source Python library that will allow
modelers to generate the decomposition results as part of their modeling
process, integrated with tools now under active development by IIASA
and other modeling groups (Huppmann et al., 2021). We hope that this
effort will result in much more widespread use of these diagnostic
analytical tools and speed up the process of scenario design, creation,
and implementation.

5. Conclusions

Stabilizing global temperatures at well below 2 C will require im-
mediate and sustained emission reductions, as well as retirement of
fossil capital before it reaches its accounting lifetime (IPCC, 2022). The
two scenarios we examine, while each aggressive in its own ways,
contains only a subset of the possibilities. Modeling is a human process.
Scenario analyses reflect the strengths, weaknesses, and knowledge of
the modeling teams that create them.

Articles summarizing analyses contain different views of their re-
sults, but because each modeling team chooses what to emphasize, it is
difficult to compare results across studies in a consistent fashion.
Developing standardized comparison tools and integrating them into
modeling workflows is one way to enable more rapid cross-study
comparisons.

The modeling community should consider and implement ways to
speed up comparisons and harmonization among modeling efforts, and
funders should support this vital work, because it will allow us to
identify more potentially promising pathways than we would be able to
do in the absence of such efforts. Consistent comparisons of scenario
drivers using systematic analytical tools can enable harmonization of
resource potentials, technology costs, and deployment rates. With
improved analytical tools, we are hopeful that scenario comparison
exercises like the ones our decomposition tools enable will help inform
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development of rapid emissions reduction policies in the future.
Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Jonathan Koomey, Koomey Analytics reports financial support was
provided by World Resources Institute.

Acknowledgements

We are grateful for the financial support of World Resources Institute
for this work. Many colleagues contributed comments, insights, and/or
data along the way, including four anonymous reviewers, Tim Duane,
Oliver Fricko, Arnulf Griibler, Mathijs Harmsen, Nate Hultman, Holmes
Hummel, Daniel Huppman, Dan Kammen, Florentin Krause, Volker
Krey, Amory Lovins, Glen Peters, Keywan Riahi, Joeri Rogelj, Simon De
Stercke, Sven Teske, Detlef van Vuuren, David Victor, and John Weyant.
Any errors are the responsibility of the authors.

Appendix A. Supplementary data

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.envsoft.2022.105426.

References

Ang, B.W., 2004. Decomposition analysis for policymaking in energy: which is the
preferred method? Energy Pol. 32 (9), 1131-1139. http://www.sciencedirect.com/
science/article/pii/S0301421503000764.

Bastien-Olvera, Bernardo, A., 2019. Business-as-usual redefined: energy systems under
climate-damaged economies warrant review of nationally determined contributions.
Energy 170, 862-868, 2019/03/01/. https://www.sciencedirect.com/science/artic
le/pii/S0360544218325799.

Bauer, Nico, Calvin, Katherine, Emmerling, Johannes, Oliver, Fricko,

Fujimori, Shinichiro, Hilaire, Jérome, Eom, Jiyong, Krey, Volker, Kriegler, Elmar,
Mouratiadou, Ioanna, Harmen Sytze de Boer, van den Berg, Maarten,

Carrara, Samuel, Daioglou, Vassilis, Drouet, Laurent, Edmonds, James E.,

Gernaat, David, Havlik, Petr, Johnson, Nils, Klein, David, Page, Kyle,

Marangoni, Giacomo, Masui, Toshihiko, Pietzcker, Robert C., Strubegger, Manfred,
Marshall, Wise, Riahi, Keywan, Detlef, P., van Vuuren, 2017. Shared socio-economic
pathways of the energy sector — quantifying the narratives. Global Environ. Change
42, 316-330. January. http://www.sciencedirect.com/science/article/pii/
S0959378016301224.

Bongaarts, John, O’Neill, Brian C., 2018. Global warming policy: is population left out in
the cold? Science 361 (6403), 650. http://science.sciencemag.org/content/361/640
3/650.abstract.

Brandt, Adam R., Masnadi, Mohammad S., Englander, Jacob G., Koomey, Jonathan,
Gordon, Deborah, 2018. Climate-wise choices in a world of oil abundance. Environ.
Res. Lett. 13 (4), 044027 https://doi.org/10.1088/1748-9326/aaae76, 2018/04/01.

Cao, Zhi, Liu, Gang, Zhong, Shuai, Dai, Hancheng, Pauliuk, Stefan, 2019. Integrating
dynamic material flow analysis and computable general equilibrium models for both
mass and monetary balances in prospective modeling: a case for the Chinese building
sector. Environ. Sci. Technol. 53 (1), 224-233. https://doi.org/10.1021/acs.
est.8b03633, 2019/01/02.

Chen, Hsing-Hsuan, Hof, Andries F., Daioglou, Vassilis, de Boer, Harmen Sytze,
Edelenbosch, Oreane Y., van den Berg, Maarten, van der Wijst, Kaj-Ivar, van
Vuuren, Detlef P., 2022. Using decomposition analysis to determine the main
contributing factors to carbon neutrality across sectors. Energies 15 (1), 132.
https://www.mdpi.com/1996-1073/15/1/132.

Christensen, P., Gillingham, K., Nordhaus, W., 2018. Uncertainty in forecasts of long-run
economic growth. Proc. Natl. Acad. Sci. Unit. States Am. 115 (21), 5409.
http://www.pnas.org/content/115/21/5409.abstract.

De Meyer, Kris, Coren, Emily, McCaffrey, Mark, Slean, Cheryl, 2020. Transforming the
stories we tell about climate change: from ‘issue’ to ‘action. Environ. Res. Lett. 16
(1), 015002 https://doi.org/10.1088/1748-9326/abcd5a, 2020/12/23.

Ehrlich, Paul R., Holdren, John P., 1971. Impact of population growth. Science 171
(3977), 1212-1217. March 26. http://www.sciencemag.org/cgi/pdf extract/171/
3977/1212.

Ehrlich, Paul R., Holdren, John P., 1972. One-dimensional ecology. Bull. At. Sci. 28 (5),
18-27. May.

Fricko, Oliver, Havlik, Petr, Rogelj, Joeri, Klimont, Zbigniew, Gusti, Mykola,

Johnson, Nils, Kolp, Peter, Strubegger, Manfred, Valin, Hugo, Amann, Markus,
Ermolieva, Tatiana, Forsell, Nicklas, Herrero, Mario, Heyes, Chris,

Kindermann, Georg, Krey, Volker, McCollum, David L., Obersteiner, Michael,
Pachauri, Shonali, Rao, Shilpa, Schmid, Erwin, Schoepp, Wolfgang, Riahi, Keywan,
2017. The marker quantification of the Shared Socioeconomic Pathway 2: a middle-
of-the-road scenario for the 21st century. Global Environ. Change 42, 251-267,

12

Environmental Modelling and Software 155 (2022) 105426

2017/01/01/. http://www.sciencedirect.com/science/article/pii/S0959378
016300784.

Gordon, Deborah, Adam, Brandt, Joule, Bergeson, Koomey, Jonathan, 2015. Know Your
Oil: Creating a Global Oil-Climate Index. Carnegie Endowment for International
Peace, Washington, DC. March 11. http://goo.gl/Jly90p.

Griibler, Arnulf, Wilson, Charlie, Bento, Nuno, Boza-Kiss, Benigna, Krey, Volker,

McCollum, David L., Rao, Narasimha D., Riahi, Keywan, Rogelj, Joeri, De
Stercke, Simon, Cullen, Jonathan, Frank, Stefan, Oliver, Fricko, Guo, Fei,
Gidden, Matt, Havlik, Petr, Huppmann, Daniel, Gregor Kiesewetter, Rafaj, Peter,
Schoepp, Wolfgang, Valin, Hugo, 2018. A low energy demand scenario for meeting
the 1.5 °C target and sustainable development goals without negative emission
technologies. Nat. Energy 3 (6), 515-527. https://doi.org/10.1038/541560-018-
0172-6, 2018/06/01.

Guivarch, Céline, Le Gallic, Thomas, Bauer, Nico, Fragkos, Panagiotis,

Huppmann, Daniel, Jaxa-Rozen, Marc, Keppo, Ilkka, Kriegler, Elmar,

Krisztin, Tamds, Marangoni, Giacomo, Pye, Steve, Riahi, Keywan,

Schaeffer, Roberto, Tavoni, Massimo, Trutnevyte, Evelina, van Vuuren, Detlef,
Wagner, Fabian, 2022. Using large ensembles of climate change mitigation scenarios
for robust insights. Nat. Clim. Change 12 (5), 428-435. https://doi.org/10.1038/
s41558-022-01349-x, 2022/05/01.

Hardt, Lukas, Paul, Brockway, Taylor, Peter, Barrett, John, Gross, Rob,

Heptonstall, Philip, 2019. Modelling Demand-Side Energy Policies for Climate
Change Mitigation in the UK: A Rapid Evidence Assessment. UK Energy Research
Center, London, UK. February. https://ukerc.ac.uk/publications/modelling-dema
nd-side-policies/.

Hummel, Holmes, 2006. Interpreting global energy and emission scenarios: methods for
understanding and communicating policy insights. In: Thesis, Interdisciplinary
Program on Environment and Resources. Stanford University. http://www.holmesh
ummel.net/Dissertation.htm.

Huppmann, D., Gidden, M.J., Nicholls, Z., Hrsch, J., Lamboll, R., Kishimoto, P.N.,
Burandt, T., Fricko, O., Byers, E., Kikstra, J., Brinkerink, M., Budzinski, M.,
Maczek, F., Zwickl-Bernhard, S., Welder, L., Alvarez Quispe, E.F., Smith, C.J., 2021.
pyam: analysis and visualisation of integrated assessment and macro-energy
scenarios [version 2; peer review: 3 approved]. Open Res. Eur. 1 (74). https://ope
n-research-europe.ec.europa.eu/articles/1-74/v2.

IEA, 2019. Material Efficiency in Clean Energy Transitions. International Energy Agency,
Paris, France. March. [https://www.iea.org/reports/material-efficiency-in-clean-en
ergy-transitions.

IPCC, 2018. Global Warming of 1.5°C. An IPCC Special Report on the impacts of global
warming of 1.5°C above pre-industrial levels and related global greenhouse gas
emission pathways. In: The Context of Strengthening the Global Response to the
Threat of Climate Change, Sustainable Development, and Efforts to Eradicate
Poverty. Geneva, Switzerland. https://www.ipcc.ch/sr15.

IPCC, 2021. In: Climate Change 2021: the Physical Science Basis. Contribution of
Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on
Climate Change. Cambridge University Press, Cambridge, United Kingdom and New
York, NY, USA. https://www.ipcc.ch/report/sixth-assessment-report-working-gro
up-i/.

IPCC, 2022. Climate Change 2022: Mitigation of Climate Change. Contribution of
Working Group III to the Sixth Assessment Report of the Intergovernmental Panel on
Climate Change. Cambridge University Press, Cambridge, United Kingdom and New
York, NY, USA. https://www.ipcc.ch/report/sixth-assessment-report-working-gro
up-3/.

Kaya, Yoichi, 1989. Impact of carbon dioxide emission control on GNP growth:
interpretation of proposed scenarios. In: Proceedings of the IPCC Energy and
Industry Subgroup of the Response Strategies Working Group. Geneva, Switzerland.
May 8.

Samir, K.C., Lutz, Wolfgang, 2017. The human core of the shared socioeconomic
pathways: population scenarios by age, sex and level of education for all countries to
2100. Global Environ. Change 42, 181-192, 2017/01/01/. https://www.sciencedi
rect.com/science/article/pii/S0959378014001095.

Koomey, Jonathan, Gordon, Deborah, Adam, Brandt, Joule, Bergeson, 2016. Getting
Smart about Oil in a Warming World. Carnegie Endowment for International Peace,
Washington, DC. October 5. http://carnegieendowment.org/2016/10/04/getting-
smart-about-oil-in-warming-world-pub-64784.

Koomey, Jonathan, Schmidt, Zachary, Holmes, Hummel, Weyant, John, 2019. Inside the
black box: understanding key drivers of global emission scenarios. Environ. Model.
Software 111 (1), 268-281. January. https://www.sciencedirect.com/science/artic
le/pii/S1364815218300793.

Koomey, Jonathan, Schmidt, Zachary, Hausker, Karl, Lashof, Dan, 2022. Black Boxes
Revealed: Assessing Key Drivers of 1.5 C Warming Scenarios. Bay Area, California: A
Koomey Analytics White Paper. July.

Lahn, Bard, 2020. A history of the global carbon budget. WIREs Climate Change 11 (3),
€636. https://doi.org/10.1002/wcc.636, 2020/05/01.

Lahn, Bard, 2021. Changing climate change: the carbon budget and the modifying-work
of the IPCC. Soc. Stud. Sci. 51 (1), 3-27. https://doi.org/10.1177/
0306312720941933, 2021/02/01.

Mann, Geoff, 2022. "Check Your Spillover." In The London Review of Books. February 10.
https://www.lrb.co.uk/the-paper/v44/n03/geoff-mann/check-your-spillover.

McAfee, Andrew, 2019. More from Less: the Surprising Story of How We Learned to
Prosper Using Fewer Resources-And what Happens Next. Scribner, New York, NY.
https://amzn.to/3bozriu.

Nakicenovic, Nebojsa, Alcamo, G. Davis J., de Vries, B., , et al. Fenhann, J., 2000. Special
Report on Emissions Scenarios (SRES), A Special Report of Working Group III of the
Intergovernmental Panel on Climate Change. Cambridge University Press,
Cambridge, UK.


https://doi.org/10.1016/j.envsoft.2022.105426
https://doi.org/10.1016/j.envsoft.2022.105426
http://www.sciencedirect.com/science/article/pii/S0301421503000764
http://www.sciencedirect.com/science/article/pii/S0301421503000764
https://www.sciencedirect.com/science/article/pii/S0360544218325799
https://www.sciencedirect.com/science/article/pii/S0360544218325799
http://www.sciencedirect.com/science/article/pii/S0959378016301224
http://www.sciencedirect.com/science/article/pii/S0959378016301224
http://science.sciencemag.org/content/361/6403/650.abstract
http://science.sciencemag.org/content/361/6403/650.abstract
https://doi.org/10.1088/1748-9326/aaae76
https://doi.org/10.1021/acs.est.8b03633
https://doi.org/10.1021/acs.est.8b03633
https://www.mdpi.com/1996-1073/15/1/132
http://www.pnas.org/content/115/21/5409.abstract
https://doi.org/10.1088/1748-9326/abcd5a
http://www.sciencemag.org/cgi/pdf_extract/171/3977/1212
http://www.sciencemag.org/cgi/pdf_extract/171/3977/1212
http://refhub.elsevier.com/S1364-8152(22)00132-3/sref11
http://refhub.elsevier.com/S1364-8152(22)00132-3/sref11
http://www.sciencedirect.com/science/article/pii/S0959378016300784
http://www.sciencedirect.com/science/article/pii/S0959378016300784
http://goo.gl/Jly9Op
https://doi.org/10.1038/s41560-018-0172-6
https://doi.org/10.1038/s41560-018-0172-6
https://doi.org/10.1038/s41558-022-01349-x
https://doi.org/10.1038/s41558-022-01349-x
https://ukerc.ac.uk/publications/modelling-demand-side-policies/
https://ukerc.ac.uk/publications/modelling-demand-side-policies/
http://www.holmeshummel.net/Dissertation.htm
http://www.holmeshummel.net/Dissertation.htm
https://open-research-europe.ec.europa.eu/articles/1-74/v2
https://open-research-europe.ec.europa.eu/articles/1-74/v2
https://www.iea.org/reports/material-efficiency-in-clean-energy-transitions
https://www.iea.org/reports/material-efficiency-in-clean-energy-transitions
https://www.ipcc.ch/sr15
https://www.ipcc.ch/report/sixth-assessment-report-working-group-i/
https://www.ipcc.ch/report/sixth-assessment-report-working-group-i/
https://www.ipcc.ch/report/sixth-assessment-report-working-group-3/
https://www.ipcc.ch/report/sixth-assessment-report-working-group-3/
http://refhub.elsevier.com/S1364-8152(22)00132-3/sref24
http://refhub.elsevier.com/S1364-8152(22)00132-3/sref24
http://refhub.elsevier.com/S1364-8152(22)00132-3/sref24
http://refhub.elsevier.com/S1364-8152(22)00132-3/sref24
https://www.sciencedirect.com/science/article/pii/S0959378014001095
https://www.sciencedirect.com/science/article/pii/S0959378014001095
http://carnegieendowment.org/2016/10/04/getting-smart-about-oil-in-warming-world-pub-64784
http://carnegieendowment.org/2016/10/04/getting-smart-about-oil-in-warming-world-pub-64784
https://www.sciencedirect.com/science/article/pii/S1364815218300793
https://www.sciencedirect.com/science/article/pii/S1364815218300793
http://refhub.elsevier.com/S1364-8152(22)00132-3/sref28
http://refhub.elsevier.com/S1364-8152(22)00132-3/sref28
http://refhub.elsevier.com/S1364-8152(22)00132-3/sref28
https://doi.org/10.1002/wcc.636
https://doi.org/10.1177/0306312720941933
https://doi.org/10.1177/0306312720941933
https://www.lrb.co.uk/the-paper/v44/n03/geoff-mann/check-your-spillover
https://amzn.to/3bozriu
http://refhub.elsevier.com/S1364-8152(22)00132-3/sref33
http://refhub.elsevier.com/S1364-8152(22)00132-3/sref33
http://refhub.elsevier.com/S1364-8152(22)00132-3/sref33
http://refhub.elsevier.com/S1364-8152(22)00132-3/sref33

J. Koomey et al.

Napp, T.A., Few, S., Sood, A., Bernie, D., Hawkes, A., Gambhir, A., 2019. The role of
advanced demand-sector technologies and energy demand reduction in achieving
ambitious carbon budgets. Appl. Energy 238, 351-367, 2019/03/15/. https://www.
sciencedirect.com/science/article/pii/S0306261919300339.

O’Neill, Brian C., Dalton, Michael, Fuchs, Regina, Jiang, Leiwen, Pachauri, Shonali,
Zigova, Katarina, 2010. Global demographic trends and future carbon emissions.
Proc. Natl. Acad. Sci. Unit. States Am. 107 (41), 17521. http://www.pnas.org/
content/107/41/17521.abstract.

Pauliuk, Stefan, Anders, Arvesen, Stadler, Konstantin, Hertwich, Edgar G., 2017.
Industrial ecology in integrated assessment models. Nat. Clim. Change 7 (1), 13-20.
https://doi.org/10.1038/nclimate3148, 2017/01/01.

Pye, S., Broad, O., Bataille, C., Brockway, P., Daly, H.E., Freeman, R., Gambhir, A.,
Geden, O., Rogan, F., Sanghvi, S., Tomei, J., Vorushylo, 1., Watson, J., 2020.
Modelling net-zero emissions energy systems requires a change in approach. Clim.
Pol. 1-10. https://doi.org/10.1080/14693062.2020.1824891.

Riahi, Keywan, van Vuuren, Detlef P., Kriegler, Elmar, Edmonds, Jae, O’Neill, Brian C.,
Fujimori, Shinichiro, Bauer, Nico, Calvin, Katherine, Dellink, Rob, Fricko, Oliver,
Lutz, Wolfgang, Popp, Alexander, Cuaresma, Jesus Crespo, Kc, Samir,

Leimbach, Marian, Jiang, Leiwen, Kram, Tom, Rao, Shilpa, Emmerling, Johannes,
Ebi, Kristie, Hasegawa, Tomoko, Havlik, Petr, Humpenoder, Florian, Da Silva, Lara
Aleluia, Smith, Steve, Stehfest, Elke, Bosetti, Valentina, Eom, Jiyong,

Gernaat, David, Masui, Toshihiko, Rogelj, Joeri, Strefler, Jessica, Drouet, Laurent,
Krey, Volker, Luderer, Gunnar, Harmsen, Mathijs, Takahashi, Kiyoshi,

Baumstark, Lavinia, Doelman, Jonathan C., Kainuma, Mikiko, Klimont, Zbigniew,
Marangoni, Giacomo, Lotze-Campen, Hermann, Obersteiner, Michael,

Tabeau, Andrzej, Tavoni, Massimo, 2017. The Shared Socioeconomic Pathways and

13

Environmental Modelling and Software 155 (2022) 105426

their energy, land use, and greenhouse gas emissions implications: an overview.
Global Environ. Change 42 (1), 153-168. http://www.sciencedirect.com/science/
article/pii/S0959378016300681.

Smith, Steven J., Wigley, M.L., 2000a. Global warming potentials: 1. Climatic
implications of emissions reductions. Climatic Change 44 (4), 445-457. https://doi.
org/10.1023/A:1005584914078.

Smith, Steven J., Wigley, T.M.L., 2000b. Global warming potentials: 2. Accuracy.
Climatic Change 44 (4), 459-469. https://doi.org/10.1023/A:1005537014987.

Sognnaes, Ida, Gambhir, Ajay, van de Ven, Dirk-Jan, Nikas, Alexandros, Anger-

Kraavi, Annela, Ha, Bui, Campagnolo, Lorenza, Delpiazzo, Elisa, Doukas, Haris,
Giarola, Sara, Grant, Neil, Adam, Hawkes, Kéberle, Alexandre C., Kolpakov, Andrey,
Mittal, Shivika, Moreno, Jorge, Perdana, Sigit, Rogelj, Joeri, Vielle, Marc,

Peters, Glen P., 2021. A multi-model analysis of long-term emissions and warming
implications of current mitigation efforts. Nat. Clim. Change. https://doi.org/
10.1038/541558-021-01206-3, 2021/11/22.

Vuuren, van, Detlef, P., Stehfest, Elke, Gernaat, David E.H. J., van den Berg, Maarten,
Bijl, David L., de Boer, Harmen Sytze, Daioglou, Vassilis, Doelman, Jonathan C.,
Edelenbosch, Oreane Y., Harmsen, Mathijs, Hof, Andries F., van Sluisveld, Mariésse
A.E., 2018. Alternative pathways to the 1.5 °C target reduce the need for negative
emission technologies. Nat. Clim. Change. https://doi.org/10.1038/541558-018-
0119-8, 2018/04/13.

Wilson, Charlie, Griibler, Arnulf, Gallagher, Kelly S., Nemet, Gregory F., 2012.
Marginalization of end-use technologies in energy innovation for climate protection.
Nat. Clim. Change 2 (11), 780-788. https://doi.org/10.1038/nclimate1576, 2012/
11/01.


https://www.sciencedirect.com/science/article/pii/S0306261919300339
https://www.sciencedirect.com/science/article/pii/S0306261919300339
http://www.pnas.org/content/107/41/17521.abstract
http://www.pnas.org/content/107/41/17521.abstract
https://doi.org/10.1038/nclimate3148
https://doi.org/10.1080/14693062.2020.1824891
http://www.sciencedirect.com/science/article/pii/S0959378016300681
http://www.sciencedirect.com/science/article/pii/S0959378016300681
https://doi.org/10.1023/A:1005584914078
https://doi.org/10.1023/A:1005584914078
https://doi.org/10.1023/A:1005537014987
https://doi.org/10.1038/s41558-021-01206-3
https://doi.org/10.1038/s41558-021-01206-3
https://doi.org/10.1038/s41558-018-0119-8
https://doi.org/10.1038/s41558-018-0119-8
https://doi.org/10.1038/nclimate1576

	Exploring the black box: Applying macro decomposition tools for scenario comparisons
	1 Introduction
	2 Methods
	2.1 Overview of the Kaya Identity and its offspring
	2.2 The studies

	3 Results
	3.1 Reference case trends
	3.2 Drivers of emissions reductions
	3.3 Digging into the ratios dashboards
	3.3.1 Population and economic activity
	3.3.2 Final energy intensity of economic activity
	3.3.3 Energy supply system losses
	3.3.4 Fossil fuel fraction of primary energy
	3.3.5 Carbon intensity of fossil energy
	3.3.6 Graphs of primary energy that summarize major trends in key drivers

	3.4 Digging into the additive factors dashboard
	3.4.1 Land-use change
	3.4.2 Industrial processes
	3.4.3 Non-CO2 warming agents


	4 Recommendations for future work
	4.1 More studies of aggressive emissions reduction scenarios are needed
	4.2 Addressing unanswered questions
	4.3 We need more data
	4.4 Integrating decomposition analysis into the modeling process

	5 Conclusions
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


