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Abstract

This paper studies a social planner who chooses countries’ carbon prices so as to max-
imize global welfare. Product markets are characterized by firm heterogeneity, market
power, and international trade. Because of the market-power distortion, the planner’s op-
timal policy is second-best. The main insight is that optimal carbon prices may be highly
asymmetric: zero in some countries and above the social cost of carbon in countries with
relatively dirty production. This result obtains even though a uniform global carbon price
is always successful at reducing countries’ emissions. Competition policy that mitigates

market power may enable stronger climate action.
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1 Introduction

Carbon pricing is increasingly used as a key policy instrument to combat climate change. Yet
carbon prices around the world remain low and uneven: above $50 per ton of CO, in Europe’s
flagship cap-and-trade system—and even higher for some national carbon taxes—but much
lower in most other jurisdictions (World Bank 2021). This picture contrasts markedly with the
Pigouvian ideal of a uniform global carbon price set at the social cost of carbon (SCC).

So far, carbon pricing has focused on power generation and emissions-intensive industrial
sectors like aluminium, cement and steel. Three characteristics of these industries are striking.
First, firms within each industry often have widely varying carbon intensities of production.
This enhances the potential for market-based regulation to enhance abatement-cost efficiency.
Second, emissions-intensive industries are often highly concentrated with long-standing con-
cerns about the exercise of market power. This makes relevant the theory of the second best.
Third, international trade is important as the scope of the product market in which regulated
firms compete is often wider than that of the carbon price they face. This has led to concerns
about leakage of emissions to less regulated jurisdictions.

This paper studies the optimal design of carbon prices in a model in which these three
characteristics are crucial. The model considers a social planner who chooses countries’ carbon
prices so as to maximize global welfare. Because of a market-power distortion in the product
market, the planner’s optimal policy is second-best. The central trade-off is that a higher
carbon price reduces a country’s domestic emissions but also increases deadweight losses in
the product market (due to pass-through of carbon costs to consumers) and leads to a degree
of carbon leakage to the other country.! Thereby, the country with relatively clean firms is
more vulnerable to carbon leakage as a policy-induced loss in production to the dirtier country
translates into a larger increase in emissions.

The main insight is that second-best carbon prices can be extremely asymmetric across
countries. Market power, on its own, pushes countries’ optimal carbon prices downwards as
the planner seeks to cushion the increase in consumer prices. The presence of international
trade introduces a further effect: if carbon leakage for the country with relatively clean firms is
sufficiently pronounced, its optimal carbon price is zero. This, in turn, limits deadweight losses
in the product market and enables the planner to choose a higher carbon price for the dirtier
country—which creates additional climate benefits as it reshuffles production to cleaner firms.
As long as market power is not too pronounced, the dirtier country’s optimal carbon price may
lie above the SCC. This finding obtains even though a uniform global carbon price is always
successful in reducing countries’ emissions.

The result should not be overplayed given the model’s very simple welfare function.? The
more general point is that, while carbon prices around the world today are almost certainly

far too low, failing to implement a global carbon price does not necessarily imply the wrong

IThe leakage channel in the model arises from the market-share losses of more tightly regulated firms.
2The model is partial equilibrium without further distortions in factor markets or wider tax interactions.
The social planner does not have additional policy instruments to directly address the market-power distortion.



response to climate change. Moreover, competition policy to mitigate market power may enable

stronger and more balanced climate action.

2 Model

Consider a global industry in which n, > 1 firm(s) are based in country k = 7, j. Country k’s
firms face a linear demand curve py(X) = a — X where X = X; + X is total industry output
(Xp =D, o for k =1,7), and oy, is a measure of k’s product quality.

Firm m from country k needs to produce y;* = &} units to get x}' units of output
to market, where & > 1 is a trade cost that takes an “iceberg” form. Its emissions are
el = zpyt — a}* where zj, is its baseline emissions intensity (emissions per unit of production)
and a;' is abatement.

Faced with a carbon price 74 in its country, firm m of k’s profits are II}" = pp(X)z]* —
CP(ypr, al’; Tx), where its total costs Cp(yy,al'; ) = cyp” + meep” + éx(aj’) consist of a
production cost ¢, per unit of y;*, carbon costs, and an abatement cost ¢x(af") = 2 (aj")?.

The product market features a generalized version of Cournot competition with a conduct
parameter 6 € (0, 1]. Formally, firms’ equilibrium outputs (Z}")x—; ; satisfy:

o = argmax { pe (0 —30)+ 30 # 4D 7 af — ORGP ) o)} ()
Firm m in country k, in deviating its output by (z} — Z}'), conjectures that industry output
will change by 6(z]* — Z}") as a result. In this “conduct equilibrium” (Weyl & Fabinger 2013),
a lower 6 corresponds to more intense rivalry while competition is imperfect with 6 > 0. The
Cournot-Nash equilibrium occurs where 6 = 1.

The firm’s first-order conditions for output and abatement are thus:
pr — 0x)" — ek + Vrezéray =0 and — ygal' + 7 =0 (2)

so a generalized version of marginal revenue equals the marginal cost of output while the

marginal cost of abatement is equal to the carbon price. These conditions together imply:
Pk — 9352;” = (Ck; + Tkzk)fk (3)

Given separability of production and abatement costs, the product-market equilibrium does not
depend on the extent of abatement. Let Xy (7, 7;), pr(7, 7j), and Ej(7;, 7;) denote equilibrium
outputs, prices and emissions (with £ = E; + Ej).

Global welfare W = U =", &, X — SE — @ reflects consumer utility U = ), Xy — %Xz
(with ;TUk = pk), production and trade costs, the global SCC s, and total abatement costs ® =

>k om @r(af?).? The social planner’s problem is to max,, , W(7;, 7;) subject to the constraint

3Product-market revenues are a transfer from consumers to firms and carbon-pricing revenues are a transfer
from firms to governments.



that, at equilibrium, firms make non-negative profits, II}* > 0. Assume that W (0,0) > 0 so
the market is socially viable without carbon pricing—and the planner therefore never shuts
it down. A necessary condition is that consumers’ willingness-to-pay exceeds social costs,
ming {ag — (¢ + s2x)&k} > 0.

For conciseness, the main text focuses on the case with symmetric product qualities (o; =
a; = «a) and non-carbon costs (¢; = ¢; = ¢, § = & = ) and without abatement (v; — oo,

v; — 00).

3 Carbon prices and global emissions

The first results characterize basic properties of carbon pricing in an international context. The

rate of carbon leakage associated with carbon pricing by country ¢ is:

dEj (Ti, Tj)/dTi

LY .
! —dEi(Ti, Tj)/dTi

(4)

This measures the fraction of ¢’s emissions reduction that leaks to j. Similarly, output leakage

Lemma 1 An increase in country i’s carbon price 7; reduces its domestic production, dX;/dr; <
0 and its domestic emissions, dE;/dr; < 0, where:

(a) the rate of output leakage LY =n;/(n; +0) > 0;

(b) the rate of carbon leakage LS = (z;/z)[n;/(n; + 0)] > 0;

(¢) the rate of carbon cost pass-through dp(t;,7;)/dr; = [n;/(n; +n; + 0)] z:{ > 0.

Output leakage is more pronounced with (i) more rivals in j engaging in “business stealing”
from those in ¢ as a result of the unilateral cost increase (higher n;); and (ii) more competitive
conduct (lower 6).

Carbon leakage equals output leakage scaled by the relative emissions intensity z;/z;. A
higher carbon price by ¢ increases in global emissions if its carbon leakage exceeds 100%. This
is ruled out by symmetry but occurs if j’s production is sufficiently more polluting.*

Carbon pricing reduces ¢’s profit margin as less than 100% of its carbon cost is passed on
to consumers; pass-through decreases with market power and with more rivals in j.

Global action “works” in the following sense:

Lemma 2 An increase in a uniform global carbon price (1, = T for k=1,j):
(a) reduces global emissions, dE (T, T)/dT < 0;
(b) reduces country k’s emissions, dEy (7, 7)/dr <0, if and only if L{ < 1.

A uniform tightening in carbon prices is always successful at reducing aggregate emissions—

even if it may induce higher emissions by an individual country. Intuitively, if unilateral action

4Large intra-industry heterogeneity is borne out in practice (Lyubich, Shapiro & Walker 2018). Babiker
(2005) finds carbon leakage rates up to 130% in a general-equilibrium model with similar ingredients to the
present model.



by i has carbon leakage above 100%), then i’s firms are significantly cleaner than j’s so a higher

global carbon price improves their competitiveness and they expand production and emissions.

4 Carbon prices and global welfare

Now consider the second-best carbon prices chosen by a social planner. At a global level,
carbon pricing involves a trade-off between lower consumer utility and the potential for lower

environmental damages. Letting & = (o — ¢£) /£ > 0, the former dominates where:

Lemma 3 If country i’s rate of carbon leakage is sufficiently high,

L€>1- 0 0 a/SELZC,

then a zero carbon price is welfare-dominant, W (0,7;) > W (r;, 1;) for all 7,7, >0 .

The result is immediate if LY > 1. Then a “reverse leakage” argument applies: a reduction
in ¢’s carbon price raises its own emissions but this is outweighed by the induced reduction in
j’s emissions. As consumers also gain, global welfare rises. Given the linear-quadratic model
structure, its leakage rate is a constant (Lemma 1) so this logic holds at any level of countries’
carbon prices. Put simply, the extent of i’s carbon leakage precludes effective climate action.

This conclusion applies as long as i’s leakage rate is sufficiently high, LY > LZC, where
LZC < 1 because 6 > 0. The critical value LZC declines with the ratio @/s, which is a measure
of the size of market-power distortion (via @) relative to the climate problem (via s). If the
former is sufficiently important, Lic turns negative.

The main interest of the paper lies in global carbon price asymmetry, so suppose that
i’s firms are cleaner with z;/z; < 1. The problem is then resolved by the three industry

characteristics described in the introduction:

Lemma 4 Suppose that country i’s carbon price 7, = 0. Then an interior solution 77 > 0 for

country j that mazimizes W (0, 7;) satisfies:

* ~
T 0 [a/s— z; n; n;+n;+0 2
J_1_-Z ajs—z Ll (BT (2 2
s n; 2 n; 0 2
TV - N TV
market power international competition & firm heterogeneity

The first deviation of 77 from the SCC is driven by market power. The standard result

for a second-best domestic emissions tax is nested where Tﬂmzo =[s—(0/n;)(@/z; —s)] <s

(recalling miny, {o — (¢ + sz;,)§} > 0). With perfect competition, 77

ni=0.6=0 — is Pigouvian.

The second deviation from the SCC instead pushes 77 upwards—driven by firm heterogene-
ity and cross-border competition. An increase in j’s carbon price shifts production to i’s cleaner
firms. This has two implications. First, output leakage to ¢ limits the contraction in industry
output due to j’s carbon price, mitigating the incremental product-market distortion. Second,

the contraction in industry output leads to a greater reduction in global emissions precisely



because ¢’s firms are cleaner. These factors limit deadweight losses and amplify environmental
benefits, pushing upwards j’s optimal carbon price.

A related observation is that the social planner regards countries’ carbon prices as strategic
substitutes.® A higher carbon price by j raises the product price and so exacerbates the market-
power distortion. This sharpens the planner’s trade-off against emissions cuts by ¢, and reduces
the welfare gain from i’s own carbon price.

The main result shows how this international-competition effect can dominate the planner’s

calculus and yield extreme asymmetry in global carbon prices:

Proposition 1 Suppose that country i’s firms are sufficiently cleaner than j’s, with

on;

2
21— J =5<1.
z; ~ [(n; +6)(n; +nj +0) +n,(n; +6)]
Then, for the mnge of parameter values given by
[\If \Il—l-%%( zz)] where U = (1—1—%) |:Zj+%(2j_2i) :

welfare—optimal carbon prices are 77 =0 while 7} > s.

Proposition 1 establishes in equilibrium the logic underlying Lemmas 3 and 4. The range
on /s ensures that the market-power distortion is small enough for 7} to exceed the SCC by
Lemma 4 but also large enough for j’s firms to remain profitable. The condition z;/z; < ¢

ensures that indeed 7" = 0 because i’s leakage is sufficiently pronounced as per Lemma 3.

Illustrations. Figure 1 illustrates how Proposition 1 applies to a significant “chunk” of the
parameter space. It sets s = 50, z; = 1, and n;/0 = n;/0 = 6—corresponding, e.g., to a
relatively concentrated market n; = n; = 3 and competition “halfway” between perfect and

Cournot (6 = 3). The result holds notably where i is much cleaner and @/s is not too large.

For example, if ¢’s firms are modestly cleaner with z; = 0.9, Proposition 1’s condition
j— < 4§ = % is met. With a@ = 600, Lemma 4 gives ij" = 73%—almost 50% above the SCC.
J

If instead @ = 560, 77" = 80 makes j’s firms just indifferent about being active (Il = 0) while
77 > s as long as & < 740. For these parameter values, LY = .952 and LC 771 by Lemma

1, confirming that global action “works” as per Lemma 2.

Extensions. Proposition 1’s insight obtains in the generalized model (see Appendix) with
heterogeneity in product qualities and non-carbon costs, plus abatement by firms. These het-
erogeneities have an ambiguous impact: if j has a lower-quality product or higher costs, this

strengthens the planner’s case for setting a relatively higher carbon price (and vice versa).

®Global welfare, W (7;, 1) = U(7i,7j) — >, <€ X1, (7i, 7j) — sE(7;, 7;) is submodular in countries’ carbon prices:

d [dW(r, ;) ka dEl- o dp dX
_— | —2 = E i —_ = 1-L7)| =— ,
dr; { dr; } dT { lp(7i, ) dT dTi ( ) drj dr; <0

since dX},/dr;, dE;/dr; and L are all constants, dp/dr; > 0, and dX/dr; < 0 (Lemma 1).

SFirst-best would be restored with a global carbon price 7* = s plus a discriminatory output subsidy of
(0/n;)[a — (¢ + 52;)€] to i’s cleaner firms that pushes j out of the market. Here, the planner attempts to mimic
this policy by instead skewing carbon pricing towards the dirtier country.



Abatement pushes optimal carbon prices towards the SCC so the result is less likely—but still

applies over a significant parameter range.

5 Conclusions and related literature

The finding of extreme global asymmetry in equilibrium carbon prices—with 7 = 0 but si-
multaneously 77 > s—differs from prior literature in several respects. First, a classic literature
(Buchanan 1969; Requate 2006) studies local environmental policy with imperfect competition
where the planner chooses a single domestic emissions price. This second-best emissions price
is typically less than Pigouvian, with 7 < social marginal damage. By contrast, this paper
has studied global welfare with multiple carbon prices.

Second, the literature on international climate policy (e.g., Babiker 2005; Fowlie, Reguant &
Ryan 2016) typically examines models where a unilateral actor/coalition (e.g., OECD) pursues
carbon pricing, often with 77 < s, while other countries (e.g., non-OECD) ezogenously have
7, = 0.7 For example, Fowlie, Reguant & Ryan (2016) also focus on impacts of market power
and international trade but from the perspective of domestic US welfare. By contrast, this paper
has studied a global planner where all carbon prices are endogenous and extreme asymmetry
with 7 = 0, 77 > s is optimal.®

Third, it is known that cross-country differences in marginal abatement costs can be optimal
due to equity concerns—a less rich country may have a higher marginal utility of income—and
restrictions on financial transfers (Chichilnisky & Heal 1994). By contrast, this paper has
obtained an extreme version of non-uniform pricing in a model without equity concerns.

Future research could incorporate this paper’s approach—global-welfare maximization with
imperfect competition and endogenous carbon prices—into detailed simulation models that are
calibrated to global market data. This may help understand the extent to which observed asym-
metries in carbon prices around the world represent second-best policy; the present analysis

suggests that more carbon-intensive countries should have (much) higher carbon prices.

"When climate action is exogenously restricted to a subset of countries, it is second-best to set lower carbon
prices for sectors with internationally-traded products—unless corrective trade tariffs are available (Hoel 1996).

8While results with 7 # 77 are not surprising, the extent of the equilibrium asymmetry shown in this paper
seems much less obvious.
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Figure 1: Parameter region for Proposition 1’s result 7 = 0 and 77 > s

Notes: Fixes s =50, n;/0 =n;/0 =6, z; = 1; varies z; and & = (a — ¢£) /¢
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Online Appendix

This appendix solves the generalized version of the model with asymmetries in product qualities,
production costs and trade costs as well as abatement by firms. It derives generalized results,
Lemmas 1A—4A and Proposition 1A, which nest the results of the main text as a special case.
It shows how the key insight of the main text—extreme asymmetry in socially-optimal carbon
prices—is robust in this richer setting.

Define \g(1%) = [on — (e + Te2x)&] > 0 as a measure of the per-unit “value-added” of
country k’s firms, that is, the wedge between consumers’ willingness-to-pay for its product and
the costs (carbon and non-carbon) of bringing it to market. A necessary condition for the
viability of the market is that mingAg(s) > 0.

It will be useful to have an intuitive metric of the potential for abatement by firms. Write
country k’s emissions as By, = Ej — Ay, where A, = > m G is total abatement and Er = 2.6 Xk

are “baseline” emissions. Now define, for 7, > 0, the following metric:

Al (71)
i, =
45

FkE

0 (5)

as a measure of the extent to which emissions reductions come about by abatement relative to
cuts in baseline emissions (via production cuts). The first-order condition for abatement from
(2) implies A} (1) = = > 0. So the metric is driven by the convexity of abatement costs; in
particular, there is zero abatement I'y, — 0 as v, — oo. If, for example, half of a k’s overall

emission reduction comes by way of abatement, then I', = 1.

Lemma 1A A unilateral increase in country i’s carbon price 7; reduces its domestic production,
dX;/dr; <0 and its domestic emissions, dE;/dr; < 0, where:

(a) the rate of output leakage LY = (nj—iQ) > 0,

(b) the rate of carbon leakage LY = (lei) ?? (n?j—@) > 0;

(c) the rate of carbon cost pass-through j—f_’i :mzi& > 0.

The qualitative features of the generalized model in terms of output, emissions and price
responses are the same as for Lemma 1 in the main text. Abatement mitigates carbon leakage,
as it leads to a stronger emissions reduction by ¢ for any given output reduction, but not
does not alter the rates of output leakage or carbon cost pass-through. All three rates remain
constants with respect to carbon prices.

Asymmetry in trade costs has a comparable effect to asymmetry in emissions intensities.
For example, ¢’s rate of carbon leakage is higher if j’s trade cost is relatively higher; then j’s
induced increase in sales is associated with relatively greater production (due to higher iceberg
costs) and hence greater emissions. Asymmetries in product qualities and production costs

have no direct impact on Lemma 1A.

Proof of Lemma 1A. Faced with a carbon price 7, the first-order condition for firm m in

country k for output satisfies (3):

10



Pr — Q:L'? = Q. — X — QJZ? = (Ck + Tkzk)fk (6)

Summing over all n; +n; firms shows that the industry output and product prices, respectively,
are equal to:
ni (i — (i + zm)&l + nj log — (¢ + 27m)&] _ midi(m) +1,0:(75)

X(mi,75) = (ni +nj +0) " (mi+n;+0) (7)

ni\i(7i) + 1A (7))

(8)

pi(Ti, ) = @i —
The optimality conditions (3) imply that 6X; = n;(A\; — X) for country i and so:

Mt
(ni—l—nj —|—9>

1

Xilri,73) = )+ S ) = 0] 9)

For part (a), this pins down the output responses to i’s own carbon price as well as to j’s:

= e Pk = I T 6 <0 10
dXZ n; n; d)\] nin;
im0 0dn  Omtn, )% 0 (11)

So output leakage equals LY = (dX;/dr;)/(—dX;/dT;) = n;/(n; + 0) as claimed.
For part (b), in terms of emissions, using the definition Ej, = z.&X, — Ax (B = 4,7), it
follows that:

dTi Zf dTi dTi Q(ni—i-nj%—ﬁ)zlgz Yi ( )
= ;& = &iz:E > 0 13
de Z& de 9(n2+n3+9)2€z]§ ( )
So the rate of carbon leakage can be written as:
dx;
LC _ dEJ/dTl _ ngjd_ﬂ. _ ijj n; 1 (14)
! —dEl/dTl dX; Zfz Z@'fi (nj + 9) (1 -+ Fz)’
—z& | 1+ —
v —zi&; dr;
as claimed, where the abatement effect
a4 ng
ri=—=4__ - g >0 (15)
? . AdXi ni(n]-—i-e) -
Zzgz dr; 9(n1+—n]+9)z’52512
is a constant with respect to carbon prices.
Finally, for part (c), carbon cost pass-through follows directly as:
i & =M &0, (16)

dTZ-—_(nl-—i-nj%—H)d_Ti (n@—i-nj—i-e)

11



as claimed. W

Lemma 2A An increase in a uniform global carbon price (1, = 7 for k =1,j):
(a) reduces global emissions, dE (T, T)/dT < 0;
(b) reduces country k’s emissions, dEy(7,7)/dT < 0, if and only if carbon leakage for its

unilateral carbon price LY < 1.

Again, the qualitative features of the special model (Lemma 2) and the generalized model

(Lemma 2A) are the same.

Proof of Lemma 2A. For part (a), global emissions in terms of carbon prices are E(7;, ;) =

> e 2k Xk (i, 75) — D1 Ak(7), so with a uniform global carbon price 7, = 7; = 7:

E(r) = E(r,7) = Z 2k Xk (T, T) Z Ag(r Z Ei(r,7) Z Ag(r (17)

As abatement is non-decreasing in the carbon price, A} (7) > 0 (k = 1, j), a sufficient condition

for global emissions to fall is that baseline emissions fall (due to output cuts), that is:

dii ZkEk(T, 7)< 0= E'(1) <0. (18)

Using (9), country ¢’s output faced with a global carbon price responds according to:

dX(r,7) B n; d\; + d\; d)\ n; - &(zf o)
dr (ni+n;+0) | dr 9 drdr )| (4 0) T g TN
(19)
So the response of global baseline emissions is given by:
d = dX;(t,7) dX;(r,7)
dr Zk Be = a&i— —— +a48—
N L T P TR _Lﬁ][ L
(it n;+0) [Z‘&Jr 0 236 = 26 (n; +n; +0) kit g 12385 — =)
1
= a e (s = 56) i+ )] < 0 (21)
i J
which is always negative, as claimed.
For part (b), also noting that dA (T) %, shows that country ¢’s emissions respond according

to:

dA;(Ti) .
iE’( ) zlfz dX (T T) dAZ(T) = 2261 Xm( ) Zzgz dX ( an > Zzgz [dX %Fz‘|

dr dr dr; & (gf dr;
(22)

where the abatement effect I'; > 0 is constant with respect to carbon prices by (15). From

above and (9), respectively, the output changes are given by:
AT M g, £ — 2iE d _ gy
dr (i +ny +0) [ it (Z S~ ZJ&J)] e O(n; +n; +0)

(23)

12



Using these two results in the previous expression yields:

d n; n; (nj +0)
—E. e N TR N SR N O SN ARV
d’]’ 7/(7-7 T) (TLZ +nj +9) Zlgl Zlgl + 9 <ZZ€7/ zjf]) +

It follows that i’s emissions decline with a higher global carbon price whenever:

ngj nj 1

d

—Ei(1,7) <0<= LY = <1 25
recalling the result for L{ for i’s unilateral carbon price from Lemma 1A. B
Lemma 3A If country i’s rate of carbon leakage is sufficiently high,

then a zero carbon price is welfare-dominant, W (0,7;) > W (r;, 7;) for all 7;,7; > 0.

Compared to Lemma 3 in the main text, there are two additional effects. First, asymmetries
product qualities, production costs and trade costs—as captured by A\;(0)—have an ambiguous
effect on LY; if country i’s value-added is higher, with A);(0) > 0, then this pushes L¢
downwards as the planner then cares more about avoiding production cuts from 7 (and vice
versa). Second, abatement—as captured by I'; > 0—pushes Lic towards 100% and thus often
makes the condition more difficult to meet.

The condition of Lemma 3 that LS > LY is grossly sufficient for W (0,7;) > W(m, 7).
Defining the social value of i’s abatement V;(7;) = n; [sa]"(;) — Z(af"(7;))?], it uses the upper
bound on the marginal social value that V/(7;) < sAj(r;) = Z%s holds for all 73, 7; > 0.

Proof of Lemma 3A. Global welfare can be expressed as:
W(r, 1) =W(n,7) + Zk Vio(73) (26)
where “baseline” global welfare (covering baseline emissions, without abatement) is:
W(r,m)=U — Zk er&u Xy (15, 7;) — sE(1i,73) = U — Zk [(cr + szx)&k) Xi(Tiy 1) (27)

while the social value of abatement by country k’s (symmetric) firms is:

Vi) = 1 [sayy(m) — %(ag@m))?] . (28)

The proofs proceeds in three steps: first, derive and bound baseline global welfare; second,
derive and bound the social value of abatement; third, bring the results together to obtain a
condition in terms of carbon leakage.

Step 1. Recalling that aaTUk = p, the change in baseline global welfare due to i’s carbon price

is given by:

13



Wrar) = X, e~ (e + 5206 2 (29)

e (/0]

Using the results from (9) in Lemma 1A, the relative output changes are:

dX; /dX  (n;+6) aX, /dX  n
v = d J — = -2
ir. | dn g~ Vand 2 S 0

<0 (31)

while the marginal surplus of k’s output satisfies:

nl)\l(n) + nj)\j<7j)

_ =\ — 32
e — (cr + 521)& = Mi(s) (s 1+ 0) (32)
Using these results in the expression for baseline welfare yields:
— (7, 75) = A — | - 33
d; (73, 75) dr; [Zk k(s) ( dr; / dn) (ni +n;+0) (33)
dX n; [nl)\Z(T’L> + 1 A ( )]
dr; {)\,(s) - 0 Ails) (n; +n; +6) (34)

where AX;(s) = [A\i(s) — Aj(s)] is the difference in countries’ value-added (at the SCC) and also

W X n; dN; dX n; dX dp;
)= |- — &= 0 35
dr? (7:,75) dr; [ (n; +n; +6) dTi:| dr; (ni + n;+6) wti = dr; dri < (35)
W dX n; d\; dX n; dX dp]
drodr, ) = g {_ (n; +n; +0) d_TJ T G, 2079 dran <0 80
since Z—X is constant with respect to carbon prices by Lemma 1A. It follows that the change in
baseline welfare is bounded above, for all 7, 7; > 0, by:
— (7 0,0 Ai(s) + LAN(s) — 7 . 37
dTi(T’Tj)_ dn( )= dr; { ()+6 (5) (n; +n;+0) (37)

Recalling that \g(s) = A(0) — szx&, this bound can also be written in terms of emissions

intensities as:

dW dX n; [niAi(0) +n;0;(0)]  (n; +6) n;
i < ar [)\z'(o) + #A)\i(()) - (i + 1, j_ 5) -2 0 5z& + ?jszjgj:| (38)
_dX 0 A n; n; o (n; + 9)

Step 2. As a! = 7./, by the first-order condition from (15), the marginal impact of a higher

14



carbon price on the social value of abatement by country ¢ is:

W) (s )i = (s = m), (10

V(1) = n; (s — yal") ar, ”

where V’(7;) = =%+ < 0 while V/(0) > 0 but V/(-) < 0 for a carbon price above the SCC. It

follows that the marginal social value of abatement is bounded above, for all 7, 7; > 0, by:

V/(7) < sAl(r) = s, (41)
i
It will be useful to rewrite this, in terms of the abatement effect I'; = A;OE%) > 0, as follows:
- dr;
Ai(ry) & dX Ai(r) Bk dX (n; +0) dX
‘/;/<Tz‘) S SA/Z(Tz) = S X, dX d SZlngEd_TZ —S,Zzé_ZFZ J 7 dTi . (42)

dr; dn; dr; dr;

which uses the formulae of Lemma 1A.
Step 3. The final step obtains a results in terms of ¢’s rate of carbon leakage. Combining the
welfare bounds from the previous two steps shows that global welfare change due to i’s carbon

price is bounded, for all 7;,7; > 0, according to:

dW dX 0 T, 7
—(r.T) < -\ 247 | AM 4
d’Ti (T“T]) o dTi % {(nan]—I—Q) Z<O)+ |: 9 + (TLZ‘F?’LJ +9):| Z(O) ( 3)
n;+ 6 n;+ 6
- ( : 0 ) zé.z SZ]&] zéz % ( ] ):| (44)
So CCIIW(TZ, 7;) < 0 holds whenever:
(nj +0)

o &mH{%+——JL——}Aum

n;  5z;&;
cl(1ar) = J 3SI |~
(ni +n; +0) (ni +n; +0) sz {< + 1) 1—0

(nj +0) sz

(45)
and using the expression for carbon leakage from Lemma 1A:
"

b yum+{%+——————}AMm—

(n; +90)
(n; +n;+6 (n; +n;+0)

szi&(1+T3)(1—LF) >0 (46)

from which the condition on LY follows, as claimed. B

Lemma 4A Suppose that country i’s carbon price ; = 0. Then an interior solution 7; > 0 for

country j that maximizes W (0, 7;) satisfies:

N 6 )\j(O)—Sijj ng (ni+nj+6) . Zz_éz (nﬁ—n;—l—@) (0)
gy wlmee]  mreeen (ogg) - L] gl
s [1 | (nitn;+6) (nge) Fj] [1 | (nitn;+0) (nga) Fj]
nj nj
marke?power international competiti:)rn & firm heterogeneity
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The basic structure of Lemma 4 from the main text is preserved. First, a standard-market
power effect again pushes 77 below the SCC. Second, international competition and firm hetero-
geneity can have the opposite effect. In particular, they push 77 upwards if j has (i) a higher
“trade-adjusted” emissions intensity (z;§; > 2;§;), and (i) a lower “ex-carbon” value-added
(AX;(0) <0). Finally, abatement by j’s firms (via I'; > 0) always pushes 7} towards the SCC
but does not lead to a sign change in terms of 7} 2 s.

As expected, the Pigouvian 7} = s remains optimal without international trade (n; = 0)
and market power (6 = 0).

Proof of Lemma 4A. By assumption, 7; = 0 for country ¢ and the optimal 77 > 0 for
country j is interior, and the second-order condition holds (with ”%g/(n, 7;) < 0), so it solves

the analogous expression to (43)

aw - . dX n; [iAi(0) + A (71)] (n; + 0) \ B

d—Tj(O,Tj)— d_’T] )\](S)—gA)\]<S)— (nz+nj+9) - 0 (S—Tj)ngij =0
(47)

where A);j(s) = [Aj(s) — Ai(s)]. Recalling that A\j(7;) = A;(0) — 7;2;§;, it follows that 77

satisfies:

n; [\ (0) 4+ n;A,(0)] n; . (n; +6) .

Aj(0) = 5258 + AN (s) = (st 10 i é) o njj " 28 =~ #ki(s — )L
(48)

and so

M e szf-—l—LX(O)—M)\~(0)—@A)\’(s)+wzf-(s—7*)f‘~

(ni+nj+9)j]]_ > (nl+n]+9) ! (nﬁ—n]—l—@) J 0 J 0 > O
(49)

Therefore the optimal carbon price relative to the SCC satisfies:

s n; n; s2;&; n; 52§ n; 0 sz 0 n; s /
(50)

Further rearranging now shows that:

S n; | 525 n; 52;€; 0 52;€; n; 0 s
(51)
and noting that
AXj(s) _AN(0) (1 z&
s2i€ sz (1 Zjﬁj) (52)
yields
s ! n; { 52;; } " n; {1 * 0 (1 Zjﬁj) {1 " 0 } 525 )
pAnitn +0) (ni +0) (1 - T—j) T (54)
n; 0 s
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from which the result follows as claimed. B

Proposition 1A Suppose that (i) country i has higher value-added, with AXN;(0) > 0, and

(11) country i’s firms are sufficiently cleaner than j’s according to “trade-adjusted” emissions

tensities:
z&; [(ns + 0)(n; +nj +0) +n3] + 0*G(T;) _
zi&; = [(ni + 0)(n; +n; +0) +ny(n; +0)] + 62T (T, T;) o1 (55)
where (n; +0) (s + n; + 0)
. TL]' n; n; nj
Gy =5 7 [ (56)
J(T;,T;) = (”f';” (s + Zj ) {(”i(jg)rj + [1 + —(”i;mrj} Pi} > Gy (57)

with G(0) = J(0,0) =0, 8? G(Iy) >0, 55 2 J(T;,Ty) >0, 61‘2 J(I';,I';) > 0. Then, for the range

of parameter values given by

AO) {1+w(1— 25)] = [1+("i+"j+9)] ANO) g (sg)

SZjé'j - ‘9 ‘9 Zjé-j ) 8 SZjéj

(ni+0) ng (1 oz )| _ (ni+0) 2;(0)
A0 (145 (1- 28)] =% 14 0524 Ty)| 220

526 1+ ()

B (59)

where A > B, welfare-optimal carbon prices are 77 = 0 while 77 > s.

The key point is that Proposition 1’s insight of extreme asymmetry in socially-optimal
carbon prices continues to hold in the generalized model. If country ¢ has higher value-added—
capturing relative product quality, production costs and trade costs—then, due to market
power, the planner is “biased” against increasing its carbon price. Moreover, if i’s firms are
sufficiently cleaner, as per % < ¢ < 1 (which, together with AX;(0) > 0, implies that A\;(s) >
0), then the planner wishes to levy a much higher carbon price on j.

To get a sense of magnitudes, without any abatement, I'; =I'; = 0 (as 7; — 00,7, — 00), as

127
133

is needed. If, instead, I'; = I'; = 1 (by appropriate choice of 7;,7,) then 6 ~ .4 so the condition

in the main text, the condition has 6 = so only a small asymmetry in emissions intensities
is considerably tighter.” However, regardless of i’s and j’s abatement, there always exists a
relative emissions intensity that is “sufficiently low” for the result to obtain.

Moreover, if ¢ has no potential for abatement but j does (I, = 0 < I;), this pushes ¢
towards 1 as J(0,I';) = G(I';). That is, the planner then wishes to levy a relatively higher

carbon price on j to also exploit its superior abatement opportunities.

Proof of Proposition 1A. The proof has four steps. First, to identify conditions under which

7; > s. Second, to identify conditions under which j’s firms remain profitable under this 7.

9Given 77 = 0, country i’s firms do not engage in any abatement in equilibrium but the sufficient condition
from Lemma 3 still requires i’s “potential” abatement (via I';) to be sufficiently small such that L& > LC
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Third, to obtain a condition under which 7 = 0 is indeed socially-optimal. Fourth, to derive
overarching parameter conditions spanning those from the three previous steps.
Step 1. Suppose that 77 = 0 and that optimal 77 > 0. for country j is interior. If so, then 7}

satisfies the expression in Lemma 4A, and therefore 77 > s holds if and only if:

[1 n (nl+nj+9) (1 _ &> [1 4 (nz+n1+0):| mj(o)} 0 [Aj(o)fszjgj]
>

213 52;&; nj 52j&; (60)
|:1 + W@FJ - [1 + (nz+n3+9) (m;—@) Fj]
which rearranges as:
A; (0 i +0 iSi i i 4+ 0) ] AX(0
()<1+_[1+(n+n]+)(1_z€>]_n_[1+(n+n]+)} ]()EA. (61)
s2;&; 0 0 2;€; 0 0 $52;€;

Step 2. By the first-order condition in (3), j’s firms certainly remain profitable (with IT}* > 0)
under this 77 (regardless of the extent of abatement) as long as they have a positive profit
margin, with p;(0,77) > (¢; + 2;77)¢;. Using the equilibrium price from Lemma 1A and

rearranging shows that this is equivalent to:

[nl)\l(O) + nj)\j(T;)]

pi(0,77) > (¢j + 277)§; = A\j(77) > (it 1 0) (62)
i TN
which, recalling that \;(7}) = A;(0) — 7/2;&;, can be written as:
T} g (0 ;. AN(0
pj(O,T;) > (Cj + ZjT;)fj — L < ]( ) =+ i ]( ) (63)

s — (ni+0) sz (ni+0) sz

so j’s carbon price cannot be too high. Now, using the expression for 7} from Lemma 4A, this

condition is equivalent to:

0 [Aj(o)—szﬁj }

n; 525&;

1- 64
(7%' -+ (9) S,ijj (TLZ + 9) Sijj B |:1 + (ni+n;+6) (m;—@) Fg} ( )
nj
ng [1 4 (nitny+6) (1 _ &) [1 n (m+ng+9)] A%(0)
+nJ 0 ngj sz]§J/ LT.)
ni+n;+0) (n;+0 U
[1+( 749) r >Fj]

or

Sijj nj (nl + 6) nj nj 0 ngj
_{&{1 (nl—l—n]+9)}+ n; _i_@(nﬁ—nj—l—ﬁ)
n; 0 (nz + (9) 0
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which rearranges as:

Ai(0) [( G )+F]_] > [1+E (1_ 25)] = { & +%(1+Fj):| SMO ()

SZij n; + 0

and so:

(ni+0) ng 2:&i ng (ni+9) AX;(0)
M) | 9 ey (1-s)] -5 e 9T 2
52§ [1—&-—( ;)FJ}

= B. (69)

Step 3. By Lemma 3A, zero carbon price 77 = 0 is certainly socially-optimal if LY > Lic while,

28 "L Combining these

. . C .
by Lemma 1A, the rate of carbon leakage is given by Ly = it G 0) (T

two results therefore shows that 7" = 0 holds if:

56 n; 1 1 0 {( 0 Ai(0)+{ﬁ+ n; }Axi(oq

(70)

which can be rearranged as:

6 A(0) [y n; AN (0) n 25 (n; + 0)
(ni +n; +0) 528 i {#Jr (nz‘+njj+9)] 52 = [1+?] (1_ ZJZEZN * ]0 Fi. (1)

To make this expression directly comparable with the condition from Step 2, note that \;(0) =
A;(0) — AX;(0) and AX;(0) = —AN\;(0), and so the expression becomes:

0 /\](O) ijj n; ngj
(ni +ny +0) s2;€; z&; - [1 i 0 (1 - 752)] "

n; n 0 ANX;(0) 2;&; (n~+0)78
T j " i\Y) 2365 g T ey
[9 (ni +mn; +0) (ni+nj+9)] 52j&; #iki 7

Further rearranging gives:

2,(0) (n;+n;+0) [z& n, 2:&; n; (ni +n; +0)11 AN (0)
s 2 e Ee - ) e g e | S
+ 7 i e T C. (75)

Step 4. The final step involves (i) verifying that A > B under the assumptions of Proposition
1A, and (ii) deriving a further parameter condition that ensures B > C'. First, direct calculation
shows that A > B holds if and only if:

n; nj 2i&i (ni +0) (ni+0)  n; (n; +n;+0) 2i&i
06 (1 - ijj) e [ o0 0 <1 - ijj)l (76)
0 {? T 9 Fj] s (77)

which holds under the maintained assumptions that i’s value-added is higher, AX;(0) > 0 <=
A)X;(0) <0, and that i’s trade-adjusted emissions intensity is lower, 2;&;/2;&; < 1 <= A\;(s) <
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AN;(0).
Second, to obtain a sufficient condition for B > C, note that the maintained assumption
AX;(0) > 0 <= A);(0) <0 implies that:

(n;+0) n; 2
g (15 (1- 28 )

B > 78
[1 (et FJ} ™

(ni+mn;+0) [ 26  n 2 (ni+n;+0) (n; +0) z&
R G| R e e LG

Therefore a sufficient condition is that:

(ni +0) {1+@ (1_ zg)} 5 (it +6) {z{ o (1_ zf)} —G(Fj)—l-ZigiJ(Fian)

0 0 ngj 0 Zjéj 0 ngj ngj
(80)
where the abatement terms are defined as:
(n; +0 ; 0
Gry) = O, 0y, (s1)

J(FZ,F]) = 9 9 9 j

with G(0) = J(0,0) = 0, %G(Tj) > 0, a?iJ(Fi,Fj) > 0,%J(F1,Fj) > 0. Rearranging in

terms emissions intensities now gives:

rr}zom) @

- ) > | = .. T,
R R g HITL) e
(83)
and so: o p 8 & 2T
zéi (4 0)(ni +0) +ny(ni +n; +6) + 6°GI) —5e(0,1) (84)

&~ [na(ni +0) + (nj + 0)(ni +ny +0) + 02J (I, ;)]
as claimed. In sum, whenever \;(0)/sz;{; exceeds B, and also exceeds C' given that z;/2;&; <

4, 77 =0 is indeed optimal and j’s firms remain profitable under the 7} of Lemma 4A which,

as long as A\;(0)/sz;¢; is less than A, exceeds the SCC. B
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