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By NIVEN WINCHESTER AND SEBASTIAN RAUSCH*

This online appendix lays out the equi-
librium conditions for the stylized model
used in Section I of the paper “A numer-
ical investigation of the potential for nega-
tive emissions leakage” and presents graphs
summarizing additional sensitivity analyses
obtained from the large-scale general equi-
librium model used in Section II of the pa-
per. We also provide the source code of
the stylized numerical general equilibrium
model used in Section I of the paper for
download in a zip archive.

Our stylized general equilibrium model is
a modified version of the regional interpre-
tation of the model presented in Fullerton,
Karney and Baylis (2011). Two regions
(r = {Fast, West}) produce a good Y com-
bining two inputs indexed by f = {K,C}
with decreasing marginal products in a con-
stant returns to scale production functions.
Let K denote the clean input, and C' repre-
sents carbon inputs. The clean input can be
considered to be a composite of labor and
capital, and is assumed to be in fixed sup-
ply. We distinguish two cases: one in which
the clean input is mobile and one in which
it is immobile across regions. In response
to a carbon tax, a firm can reduce its car-
bon per unit of output by additional use of
abatement technology, that is by substitut-
ing from C' into K. Y can be traded at no
costs, and demand for Y in each region is

* Winchester: Joint Program on the Science and
Policy of Global Change, Massachusetts Institute of
Technology, 77 Massachusetts Avenue, Cambridge,
MA 02139 (e-mail: niven@mit.edu); Rausch: De-
partment of Management, Technology and Economics,
Zurichbergstrasse 18, 8032 Zurich, Switzerland (e-mail:
srausch@ethz.ch). We are grateful to Don Fullerton,
Samuel S. Kortum and session participants at the 2013
American Economic Association Annual Meeting for
helpful suggestions. The Joint Program on the Sci-
ence and Policy of Global Change is funded by the
US Department of Energy and a consortium of govern-
ment and industrial sponsors (for the complete list see
http://globalchange.mit.edu/sponsors/all).

derived from maximizing homothetic utility
by choosing Yz, and Y. subject to an
income constraint, taking as given all mar-
ket prices. We compare the long run equi-
librium after imposing a tax on carbon in-
puts in the West, ignoring adjustments dur-
ing the transition. We solve the model for
alternative values of the elasticity of sup-
ply for carbon inputs, including a perfectly
elastic case.

We now present the equilibrium condi-
tions of the generalized FKB (2012) model
that is used to derive the results from the
first part of the paper. We employ numer-
ical methods to solve for general equilib-
rium prices and quantities. More specifi-
cally, we formulate the model as a system
of nonlinear inequalities and represent the
economic equilibrium through two classes
of conditions: zero profit and market clear-
ance. The former class determines activity
levels and the latter determines price lev-
els. In equilibrium, each of these variables
is linked to one inequality condition: an ac-
tivity level to an exhaustion of product con-
straint and a commodity price to a market
clearance condition. Following Mathiesen
(1985) and Rutherford (1995), we formu-
late the model as a mixed complementarity
problem.!

In equilibrium, activity levels for Y, are
determined by the following set of zero-

1A complementary-based approach has been shown
to be convenient, robust, and efficient (Mathiesen, 1985;
Rutherford, 1995). A characteristic of many economic
models is that they can be cast as a complementary
problem, i.e. given a function F: R™ — R"™, find z € R"
such that F(z) > 0, z > 0, and 2TF(z) = 0, or, in
short-hand notation, F(z) > 0 L z > 0. The comple-
mentarity format embodies weak inequalities and com-
plementary slackness, relevant features for models that
contain bounds on specific variables, e.g. activity levels
which cannot a priori be assumed to operate at positive
intensity. Numerically, we solve the model in GAMS
using the PATH solver (Dirkse and Ferris, 1995).
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where pY, 0¥, wi , denote output price in-
dexes, the benchmark value share, and the
price for the clean input, respectively. o)
represents the elasticity of substitution be-
tween K and C, i.e. a measure of the tech-
nological ease with which to abate carbon
emissions, everything else equal. Let n, de-
note the price for the carbon input “carbon
emissions”. The price gross of the carbon
tax 7,, we, is then given by:

(2) We,r = nr(]- + Tr) 1 We,r > 0.

We consider the following case: Ty > 0
and Tg.s = 0.

Utility in each region is “produced” by
combining locally-produced and imported
varieties of Y. The level of utility is deter-
mined in equilibrium by the following con-
ditions:
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where ¢ represents the elasticity of sub-
stitution between locally-produced and im-
ported varieties, and Y denote the respec-
tive value shares.

Assuming that the revenue from the car-
bon tax is returned lump-sum, the income
of the representative consumer in each re-
gion is given by:

(4) M, = wg, . E, +n,.(1+7.)¢

where E, denotes the fixed supply of K and
(. is the supply of the carbon input, which is
determined endogenously by targeting the
price elasticity of fossil fuel supply, n. Note
that this formulation assumes a constant

elasticity supply function. If n < oo, then
this condition is given by:
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If the supply of fossil fuels is perfectly elas-
tic, i.e. n = oo, then:

(6) n.=1 L1 ( >0.

Note that we calibrate the model such that
initially all prices and quantities are equal
to one. Hence, in Eq. (5) the left-hand
side is simply the percentage change in the
quantity of fossil fuel supplied over the per-
centage change in the price for fossil fuel,
i.e. the price elasticity of supply.

Using Shephard’s Lemma, differentiating
the unit profit function with respect to in-
put prices provides compensated demand
coefficients, which appear subsequently in
the market clearance conditions. The equi-
librium price for clean inputs is determined

by:
— OIrY
(7) Erzaerr 1L wg,>0.
K,r

The following condition determines the
equilibrium price for carbon inputs:

— oIy
Fe, > 20y, L
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n. > 0.

Locally non-satiated preferences imply that
all income is exhausted, and hence the mar-
ket for utility clears if:

M,
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In the equations above, we have repre-
sented the case where the clean input is
immobile across regions. We also consider
the case where K is mobile across regions,
hence implying a uniform rental price for K,
wg. In this version of the model, Eq. (7) is
replaced by:
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and wg, in equations (1) and (4) is re-
placed by wgk.
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(a) Full factor mobility, base case trade elasticities.
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(c) Full factor mobility, low trade elasticities.
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(e) Full factor mobility, high trade elasticities.

140

—n=0 ---n=1

120 | _ s

100 -n=e

80

60

40

Leakage rate (%)

20 ---m-

0.00 025 0.50 1.00 150 200 250 3.00 3.50 4.00 4.50 5.00

oY

(b) No factor mobility, base case trade elasticities.
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(d) No factor mobility, low trade elasticities.
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(f) No factor mobility, high trade elasticities.

FIGURE 1. USREP MODEL: LEAKAGE FOR ALTERNATIVE TRADE ELASTICITY VALUES (%)



