Abatement Cost Functions

This chapter sets forth the next building block in the analysis of this study:
equations and parameters for estimating abatement cost as a function of the
depth of emissions cut from baseline. Three sets of estimates are used in this
study. Two are from the “top down” school, in which overall economic output
is cut back in a nonlinear fashion as emissions are reduced. The widely used
“RICE” model of William Nordhaus (2010b) has a nearly cubic cost function.
In a second set of top-down estimates the survey of other leading models in
the Stanford Energy Modeling Forum (EMF) provides the basis for new esti-
mates of region-specific abatement cost curves developed in the present study
(appendix G). The third set of estimates is from the “bottom up” analysis of
McKinsey (2009), in which the focus is on a sequence of successively more costly
operations to cut emissions (with initial activities such as a shift to fluorescent
lighting having negative cost if institutional obstacles can be overcome).

The broad effect is that the cheapest abatement is found in the McKinsey
curves; next is the RICE abatement cost, which can be very low in initial
cutbacks but mounts rapidly; and highest are the EMF 22 costs, which begin
much higher but rise less rapidly with less-than-quadratic parameters. With
the quantitative estimates of the cost functions obtained in this chapter, it is
possible to apply the abatement policy scenarios examined in the next chapter
to arrive at estimates of prospective costs of international action to limit
climate change.

Top-Down and Bottom-Up Models

There are two schools of carbon abatement cost curves. The first is the “bottom
up” school based on specific operations (e.g., shifting to fluorescent lighting in
buildings, at the low-cost end, or car hybridization, at the high-cost end). This
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school typically identifies some initial portion of emissions that can be elimi-
nated at zero or even negative cost, representing existing inefficiencies in energy
use. Such market imperfections as lack of finance for investment in energy-
saving measures with multi-year recovery periods, and “agency” problems (for
example, an apartment dweller does not reap the long-term benefits of energy-
efficiency investments), are invoked as causes of such opportunities for “free”
emissions savings. The second is the “top down” school, which typically models
abatement costs at the aggregate economywide level as a nonlinear function
of the extent of the target carbon cutback from the business as usual (bau)
baseline. Creyts et al. (2007) provide an example of the influential McKinsey
estimates in the bottom-up tradition; Nordhaus (2008, 2010b) represents a
leading top-down model. Both schools tend to identify reductions in abate-
ment costs over time, for a given target percent cutback from bau emissions,
as a consequence of a widening menu of technological alternatives. One of the
most important of these is carbon capture and sequestration as a potential
means of future burning of coal with minimal emissions, a technology whose
feasibility so far remains to be demonstrated on substantial scale. The esti-
mates developed in the present study turn out to show a range from low abate-
ment costs based on the McKinsey bottom-up model to intermediate in the
Nordhaus top-down model to relatively high costs using equations estimated
from the EMF 22 survey of integrated assessment models (see appendix G).

RICE Model

The form used by Nordhaus (2008) for calculating abatement cost, and also
applied in the new EMF-based estimates developed in the present study, is as
follows:

k.=au (4.1)

where k is abatement cost as a fraction of GDP, « is a parameter that declines
over time to reflect the widening menu of technological alternatives, 11 is the
“control rate” or proportionate reduction in emissions from the bau baseline
to the policy target level, fis the exponent showing the degree of nonlinearity
in costs for deeper cuts, and as before ¢ is the year in question. In his regional
RICE model, Nordhaus sets the degree of nonlinearity uniformly at = 2.8, or
nearly cubic, for all countries and time periods. Table 4.1 reports his time- and
country-varying cost parameter ¢ for the 25 major emitting economies exam-
ined in this study." For example, in order to cut US emissions by 40 percent
from baseline by 2030, it would require an opportunity cost to the economy of

1. Values are from the online version of the RICE model available at http://nordhaus.econ.yale.
edu/RICEmodels.htm. Note that Nordhaus uses 6, and 6, for the terms aand S here. The model
provides specific estimates for the following economies: United States, European Union, Japan,
Russia, China, and India. All other estimates shown here are from the relevant regional groupings
in the model: Africa, Latin America, Middle East, Eurasia, Other Asia, and Other High Income.
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Table 4.1 Multiplicative abatement cost parameter (a) in
the Nordhaus RICE model

Country/region 2020 2030 2040 2050
United States 0.036 0.029 0.024 0.020
European Union 0.034 0.028 0.024 0.021
Japan 0.047 0.039 0.032 0.027
Russia 0.044 0.036 0.030 0.025
Eurasia 0.049 0.038 0.030 0.024
China 0.063 0.049 0.038 0.030
India 0.066 0.052 0.042 0.034
Middle East 0.055 0.045 0.037 0.031
Africa 0.042 0.033 0.026 0.021
Latin America 0.038 0.032 0.027 0.023
Other high income 0.048 0.039 0.032 0.027
Other non-OECD Asia 0.070 0.057 0.046 0.039

OECD = Organization for Economic Cooperation and Development

Source: Nordhaus (2010b).

k=10.029 x 0.40*# = 0.0022, or 0.22 percent of GDP. As indicated in the table, for
a given percent cut from baseline, by 2050 the cost is only about half as large
(as a percent of GDP) as it would be in 2020. The declining cost, combined
with a relatively high long-term discount rate, contributes to the “ramp-up”
profile (relatively moderate initial cuts followed by rising proportional cuts)
of the optimal abatement paths found in studies by Nordhaus (2008, 2010a).

The 2010 version of the RICE model (Nordhaus 2010b), from which table
4.1 is taken, derives the abatement cost parameters from models with national
and regional detail in the Fourth Assessment Report (IPCC 2007b) and the
Energy Modeling Forum (EMF) 22 report (Clarke, Bohringer, and Rutherford
2009), as indicated in Nordhaus (2010a, 6).

EMF 22 Models

Appendix G applies the same functional form of equation 4.1 to estimate cost
functions from the large set of model results compiled in EMF 22. It turns
out that the estimated equations show a strong pattern of higher abatement
costs than those of the RICE model for moderate emissions cutbacks but more
comparable estimates for large cutbacks. Correspondingly, the equations esti-
mated in appendix G show much less nonlinearity than indicated by the RICE
parameters, with the exponent on the proportionate cutback always less than
quadratic rather than nearly cubic.

Table 4.2 reports the EMF-based estimates of the multiplicative cost coef-
ficient « (equation 4.1) as well as the exponential coefficient (f), which varies
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Table 4.2 Abatement cost function parameters,
EMF 22 synthesis model

Country/group 2020 2030 2040 2050

A. Multiplicative (a)
China 0.087 0.087 0.100 0.078
European Union 0.025 0.025 0.024 0.024
India 0.090 0.090 0.066 0.066
United States 0.049 0.049 0.023 0.023
Group 1 0.031 0.031 0.030 0.021
Group 2 0.101 0.101 0.073 0.073
Group 3 0.092 0.092 0.102 0.070

B. Exponential (8)
China 1.381 1.381 1.586 1.586
European Union 1.278 1.278 1.442 1.442
India 1.545 1.545 1412 1412
United States 1.569 1.569 1.158 1.158
Group 1 1.457 1.457 1.612 1.612
Group 2 1.532 1.532 1.336 1.336
Group 3 1.413 1.413 1.764 1.764

Group 1: Other Annex | countries excluding Russia (i.e., developed countries).
Group 2: BRICs (Brazil, Russia, India, and China).
Group 3: Other countries (i.e., developing countries other than the BRICs).

Source: Appendix G.

by region and time period rather than being universally a single value (2.8 in
the RICE model). Figure 4.1 illustrates results comparing the RICE cost func-
tion with the EMF-based estimate for selected regions (the United States, the
European Union, China, and Latin America) under standardized cuts from base-
line (20 percent in 2020, 40 percent in 2030, 60 percent in 2040, and 80 percent
in 2050). In all cases the EMF-based equations show higher cost than the RICE
equations. For example, for the United States, a cutback of 40 percent from base-
line in 2030 would cost 1.15 percent of GDP in the EMF-based estimates but
only 0.22 percent of GDP in the RICE-based estimates. The divergence is the
greatest for developing countries. Thus, again for a 40 percent cut in 2030, the
EMF-based cost would be about 2% percent of GDP for China and for Latin
America, whereas the RICE-based cost would be only 0.36 percent of GDP for
China and 0.25 percent for Latin America.”

2. The EMF-based equations are specific to the region for China but for Latin America are from
the EMF general category “Group 3” of developing countries other than the BRICs (Brazil, Russia,
India, and China).
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Figure 4.1 Comparison of RICE and EMF 22-based abatement cost estimates for

uniform cuts from baseline®
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a. Cuts from baseline: 20 percent in 2020, 40 percent in 2030, 60 percent in 2040, 80 percent in 2050.

Source: Author’s calculations, based on tables 4.1 and 4.2.
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McKinsey Model

For the bottom-up school, the most prominent abatement cost estimates
are those of McKinsey (2009). Ackerman, Stanton, and Bueno (2010) have
obtained detailed regional estimates from the McKinsey study and developed
summary equations approximating cost curves for 2030 by region. These
curves are of the form:

’_ R
z'=A BR (4.2)

where z' is marginal cost per unit of carbon dioxide reduction, R is the amount
of the reduction, B is the quantity of reduction at which the marginal cost
curve turns vertical (infinite cost for an additional unit of abatement), and A is
a cost parameter. The CRED model of Ackerman, Stanton, and Bueno (2010)
estimates this equation for nine regions, based on the McKinsey estimates.’
Importantly, the equation form chosen by Ackerman et al. does not allow for
the well-known initial negative marginal cost in the McKinsey estimates but
instead treats costs in the initial range as close to zero but not negative.

To obtain an estimate of total cost of abatement, it is necessary to inte-
grate the marginal cost function over the span from zero to the cutback of R.
This integral is:

B
B-R

z= ORz' =A[Bln - R] (4.3)

Table 4.3 reports these bottom-up abatement parameters for 2030, in
billions of dollars at 2005 prices (parameter A) and billion tons of carbon (B).*
For example, for the United States in 2030 the reduction at which marginal
cost turns infinite is 1.39 GtC, or 5.1 GtCO,. Considering that the baseline
emissions for 2030 stand at 6.24 GtCO, (table 2.2), marginal cost turns infi-
nite at 82 percent cutback from baseline. For most countries the estimates in
table 4.3 apply 2030 baseline shares in total emissions for the relevant region
to obtain the B scaled to the country in question.’

3. The nine regions are United States, Europe, Other High Income, Latin America, Middle East,
Russia and non-EU Eastern Europe, Africa, China, and South and Southeast Asia.

4. For industrial emissions only.

5. There is no attempt to estimate the parameters for Rest of World Developing, because in the
calculations later this grouping never carries out abatement because its per capita emissions are
always lower than the 2050 global convergence level. See appendix table A.3.
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Table 4.3 Ackerman et al. abatement cost
parameters from McKinsey for

2030
Parameter A
(billions of Parameter B
Country 2005 dollars) (GtC)
Argentina 51.53 0.04
Australia 107.41 0.09
Brazil 51.53 0.08
Canada 107.41 0.13
China 66.39 2.64
Egypt 64.5 0.04
European Union 101.91 0.76
India 53.9 0.52
Indonesia 53.9 0.12
Iran 46.53 0.12
Japan 107.41 0.30
Kazakhstan 36.8 0.05
Malaysia 53.9 0.07
Mexico 5153 0.10
Pakistan 53.9 0.05
Russia 36.8 0.38
Saudi Arabia 46.53 0.10
South Africa 64.5 0.1
South Korea 53.9 0.16
Taiwan 53.9 0.09
Thailand 53.9 0.09
Turkey 101.91 0.05
Ukraine 36.8 0.08
United States 64.74 1.39
Venezuela 51.53 0.04
Rest of world industrial 107.41 0.12

Source: Calculated from Ackerman et al. (2010).
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