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When externalities and public goods impose spillovers on agents
that they do not anticipate, the allocation selected by the price
mechanism is unlikely to be efficient since markets for externalities
and public goods are missing or incomplete. Virtual markets,
such as cap and trade systems, have been proposed to restore
efficiency. Prior literature suggests that when spillovers cross
borders, that decentralized governments are unlikely to select
policies that restore efficiency. However, this paper shows that
decentralized governments through their atomistic cap or mandate
choices may be able to establish an efficient system of virtual
markets even when spillovers are trans-boundary. By creating
an explicit link between virtual and existing markets through the
general equilibrium price system, decentralized governments can
restore efficiency by competing in caps or mandates, so long as
they allow free trade in virtual permits and ‘think globally’—that
is, consider the external benefits or damages their policy choices
impose on others. This result is strikingly robust and has important
implications for the ability for decentralized governments to
address significant externality and public good challenges, such as

global climate change.
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I. Introduction

When markets are incomplete or missing for some commodities the allocation chosen
by the price mechanism is not Pareto optimal and thus inefficient. Externalities, such
as greenhouse gas (GHG) emissions, are a canonical example of such a missing market.
Although fossil fuels are priced and transacted in markets, their combustion releases
GHG emissions, which are not. The anthropogenic release of these emissions is a major
contributor to numerous alterations to the biophysical earth system known colloquially
as climate change. These alterations affect the welfare of economic agents who have no
direct means by which to express their preferences for GHG emissions when a market for
emissions is not available. As such, the combustion of fossil fuels imposes spillovers on
other agents which they are not able to completely internalize, and the price mechanism
achieves an allocation in which too much GHG emissions are released. Similarly, public
goods also impose spillovers on economic agents. Even when a market for the public
good exists, these markets are incomplete as the individual choices of agents who do not
fully account for spillovers leads to under-provision of the public good. The presence of
spillovers arising from missing and incomplete markets not only affects market efficiency,
but also the ability for decentralized governments to restore efficiency through their
uncoordinated policy choices. When spillovers cross government borders, it is often
understood that decentralized governments are unlikely to achieve the efficient allocation
(see, e.g., Wallace E. Oates (1972)).

The extent to which decentralized governments’ atomistic policy choices will be
inefficient depends upon the instruments available to them and whether they are willing
to consider the benefits or costs on other jurisdictions from the trans-boundary spillovers
their policy choices unleash—i.e., in the context of a global pollutant such as GHG
emissions, whether governments ‘think globally’ by adopting a global estimate of the
social cost of carbon when making policy decisions.! Government solutions to the missing
or incomplete market problem have tended to focus on two alternatives. Provide the
missing price; i.e., levy a Pigouvian tax in the case of a negative externality such as
GHG emissions (Pigou, 1920), or subsidies in the case of a public good. Alternately,

the government may directly specify the amount of the externality or public good. In
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1Equivalently, whether governments behave as pure altruists (Andreoni, 1990).
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the context of an externality generated by many agents, a common method for doing
this has been for the government to introduce a virtual market, such as a cap and trade
system.? As noted by Kenneth J. Arrow (1969) such systems amount to an expansion of
the commodity space to include the externality, thus bringing the externality under the
control of the general equilibrium price system. A correctly set cap then allows the price
system to identify the Pareto efficient allocation.® If spillovers are purely a domestic
concern, then the central government may be able to select the Pareto efficient cap
directly. However, when spillovers cross government borders, it is unclear whether the
caps decentralized governments select will achieve the Pareto efficient level of emissions.

In this paper, I show that when decentralized governments use caps or mandates
to address trans-boundary spillovers generated by externalities or public goods, allow
free trade in permits among governments affected by the spillovers® (thus establishing a
virtual market aligned with the spatial extent of spillovers), and also ‘think globally’ then
it is possible for the uncoordinated cap or mandate choices of heterogeneous governments
to achieve the Pareto efficient allocation. Our central result applies very broadly to a wide
range of externality and public good contexts in which governments are heterogeneous
in nearly every way and is robust to many extensions.

If governments instead use taxes or subsidies, use caps or mandates but do not
allow free trade in permits between governments, or do not consider how the spillovers
generated by their policy choices alter external benefits or costs in affected jurisdictions,
then decentralized policymaking is unlikely to achieve an efficient allocation. In such
instances, governments’ decentralized policy choices may be distorted for four reasons.
When a government’s policy choice imposes trans-boundary spillovers on others but
they only internalize external damages or benefits upon their own citizens, their policy
choice will reflect a damage internalization distortion. When external spillovers arise

2In a cap and trade system the government specifies the cap or total amount of the externality to be generated
within a specific time period, requires that agents have a property right or permit for each unit of the externality
they generate over that time period, and allow agents to buy and sell permits as needed for compliance (Crocker,
1966; Dales, 1968; Baumol and Oates, 1971). A cap and trade system presupposes a negative externality. In the
case of a positive externality, or, as we discuss below, a public good, the analogue is mandate and trade. Moreover,
Lindahl (1919) considers virtual personalized markets in public goods.

3Several non-trivial assumptions are also required for such systems to be cost-effective, and, hence, efficient:
zero transaction costs, full information, perfectly competitive markets, and cost minimization behavior (Hahn and
Stavins, 2011). See Schmalensee and Stavins (2017) for a review of major cap and trade systems.

4 Although many cap and trade systems only allow permit trades by agents located within the jurisdiction
of the government that has proposed them, some governments do accept permits from other jurisdictions. For
example, some states allow free trade in Renewable Energy Credits with other states for compliance with their
state level Renewable Portfolio Standards. Offsets have also been considered in some markets for GHG emissions,

although typically these have reflected trades from governments without cap and trade systems to those with
them, akin to voluntary provision of a public good (Kotchen, 2009).
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from a mobile factor, governments’ policy choices will reflect a spillback distortion as
they anticipate how their policy choices affect other jurisdictions’ generation of spillovers
(conditional on those jurisdictions’ policy choices) and which in turn spillback to their
own jurisdiction. When spillovers do not align with the extent to which jurisdictions
internalize external damages then a spillover-damage misalignment distortion can result.
Finally, government attempts to address spillovers may alter their net imports and
exports across a whole range of commodities, and governments may use these efforts
to distort trade flows to their own advantage causing a terms of trade distortion.

This paper contributes to three literatures. Of immediate relevance is the tax
competition literature in the presence of spillovers. In a seminal paper, Wallace E. Oates
and Robert M. Schwab (1988) show that when jurisdictions impose spillovers on other
jurisdictions, that decentralized governments are unlikely to achieve the Pareto efficient
allocation of resources. However, an important recent paper by Hikaru Ogawa and David
E. Wildasin (2009) suggests this need not be the case. They show that self-interested
decentralized governments that are heterogeneous across multiple dimensions may be
capable of achieving the Pareto efficient level of emissions reductions even when those
emissions spillover onto other jurisdictions. Although their analysis is quite general,
their result rests on several important assumptions. They assume that jurisdictions have
identical emissions intensities, that spillovers are uniform across all jurisdictions, that
the mobile factor is inelastically supplied and completely utilized, and that end-of-pipe
abatement is not possible. Some of these assumptions have been challenged. Thomas
Eichner and Marco Runkel (2012) show that if the mobile factor is elastically supplied,
then the canonical result of decentralized policymaking leading to an inefficient allocation
of resources is restored, even when jurisdictions are exactly identical. Harrison Fell and
Daniel T. Kaffine (2014) show that when an emissions generating mobile factor can be
retired or when end-of-pipe abatement is available then the allocation is again inefficient.”

We extend Eichner and Runkel (2012) to allow for the possibility that governments
may consider only damages to their own citizens or, alternately, to all citizens. Using
this framework we show that the Nash equilibrium of decentralized taxes is unlikely to
be efficient as a result of the four distortions discussed above. We then compare this
tax equilibrium to the case when governments instead compete in caps but do not allow

5Unlike Oates and Schwab (1988), Ogawa and Wildasin (2009) also assume that emissions are released in

proportion to the amount of a mobile factor consumed in a given jurisdiction. This is not unrealistic for many
pollutants.
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free trade in permits between jurisdictions. Cap competition without trading is likely to
significantly reduce the spillback and spillover-damage misalignment distortions and may
completely eliminate them if all governments select binding caps. We then show that
the Nash equilibrium of caps when governments allow free trade in permits completely
eliminates the spillback, spillover-damage misalignment, and terms of trade distortions.
The first part of this statement is not surprising. All jurisdictions will select binding caps
since there is always an incentive for hold-outs to select very slack caps, sell more permits
than needed given the emissions they actually produce, and therefore achieve a windfall
in permit revenue. Therefore, when permit trading is allowed the spillback distortion is
completely eliminated as each unit of emissions reduction achieved by a jurisdiction’s cap
choice corresponds to an equivalent reduction in overall emissions. The spillover-damage
misalignment distortion can be eliminated so long as the boundaries of the new virtual
market correspond to the jurisdiction in which damages are realized. When spillovers
are global this is always the case, but when spillovers are not global multiple markets
may instead be needed.

That the terms of trade distortion can also be completely eliminated is a startling
result. It emerges because free trade in permits introduces a new unified virtual market
in which governments are now empowered to seek strategic advantage through trade in
permits. In the Nash equilibrium governments select caps such that this new permit
market terms of trade effect arising from the virtual market completely offsets the
terms of trade effects across all other commodities for which markets already exist.
Effectively the inclusion of the new virtual market eliminates arbitrage opportunities that
governments may otherwise seek to exploit were free trade in permits not allowed. The
cumulative sum of caps are then determined by the average of damages internalized by
jurisdictions when making their cap selections. Therefore, if jurisdictions all voluntarily
internalize the damages their policy choices impose on others—thus eliminating the
damage internalization distortion—then the resulting Nash equilibrium of decentralized
caps will achieve the Pareto efficient level of global emissions reductions. This result
withstands the critiques raised by Eichner and Runkel (2012) and Fell and Kaffine (2014).
Moreover, our result still stands even when spillovers are not uniform, the emissions
intensity of the mobile factor is not identical across jurisdictions, when multiple mobile
factors are present, and when end-of-pipe abatement and private adaptation are possible.

This paper also contributes to a rich literature that has looked at the strategic
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implications of alternative instruments to address environmental externalities on trade
flows.6 Of particular relevance is the paper by Brian R. Copeland and M. Scott Taylor
(1995), who examine a Nash equilibrium of cap competition with and without permit
trading between two regions who differ only in their income using a Heckscher-Ohlin
trade model. Similar to Ogawa and Wildasin (2009), emissions are co-produced from
an inelastically supplied factor, although Copeland and Taylor (1995) restrict their
analysis to a global pollutant under certain functional form assumptions. Moreover,
they assume governments do not anticipate how their policy choices affect emissions
from other jurisdictions. Thus cap choices do not reflect spillback and spillover-damage
misalignment distortions and cap competition is equivalent to tax competition. Given
the strong assumptions of their model, when all outputs, permits, and the input can be
freely traded, large governments’ cap choices only reflect a permit market terms of trade
effect.” Finally, their analysis does not consider the possibility for altruistic preferences.
We relax all of these assumptions here and thus identify intuitive new results regarding
policy competition across different instruments and the precise circumstances in which
decentralized governments can achieve the Pareto optimal allocation.

Finally, this paper also contributes to the literature that has examined the inefficiency
arising from the decentralized provision of public goods (Samuelson, 1954, 1955;
Bergstrom et al., 1986; Cornes and Sandler, 1996). Our central result is not just
applicable for spillovers generated by externalities, which, when they generate spillovers,
exhibit non-rivalry in consumption similar to public goods, but can also be applied to
examine public goods directly, even when incomplete private markets for the public
good are already present. While cap and trade systems can be used to address public
bads, mandate and trade systems can be used for public goods. These results provide
additional evidence in favor of standards for addressing incomplete markets related to
public goods when agents are heterogeneous (Jacobsen et al., 2017).

Our results suggest an important benefit from virtual markets that has heretofore
been underappreciated. The First Fundamental Welfare Theorem formalized Adam
Smith’s “invisible hand” (Smith, 1776): the individual choices of a multitude of

atomistically optimizing economic agents, considering only their own private information

6Rauscher (1997) provides a useful synthesis of this literature in a general equilibrium setting of two countries
under perfect and imperfectly competitive markets. See also Phaneuf and Requate (2016).

7Since they consider preferences which exhibit heterogeneous marginal utilities of income between regions and
incomes differ between the two regions the permit market terms of trade effect is not zero.
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and posted prices, gives rise to a vector of equilibrium prices which support the
Pareto efficient allocation when markets are perfectly competitive and complete, so
long as preferences are non-satiated locally. I show that when a market is missing
or incomplete that the individual choices of a multitude of atomistically optimizing
governments can give rise to a vector of equilibrium caps or mandates (conditional on
the resulting economic equilibrium) which supports the Pareto optimal allocation of the
good for which the market is missing or incomplete. This depends upon governments
own private information, information on global benefits or damages generated by the
externality or public good, as well as the ability of governments to calculate or intuit
how equilibrium prices change from their policies choices. This phenomenal result
suggests that one solution to the missing or incomplete market problem raised by
externalities and public goods may be for a centralized authority to require that
decentralized governments compete in caps or mandates with free trade in permits
and that decentralized governments ‘think globally.” Decentralized governments can
then compete with each other to establish a new virtual market that is linked through
the general equilibrium price mechanism to existing markets which in conjunction will
support the Pareto efficient allocation.

The rest of this paper is organized as follows. Section II introduces the analytic
model. Section III examines the efficiency of three alternative forms of decentralized
policy competition: competition in taxes which has received the bulk of attention in the
prior literature, competition in caps without permit trading, and competition in caps
with permit trading. Section IV reviews several extensions and Section V concludes.

II. Analytic Model
A. The Economy Conditional on Decentralized Policies

Following Eichner and Runkel (2012), consider a model of j = 1, ..., J jurisdictions,
where J > 2. Jurisdictions can reflect multiple state or provincial governments in
which case the model captures the economic activity of a nation that is assumed to be
closed with respect to the rest of the global economic system. Alternately, jurisdictions
can reflect nations in which case it accounts for all economic activity globally. Each
jurisdiction has an endowment of a mobile factor, Fj, and an immobile factor, Ej,
such as labor. Each jurisdiction produces a private numeraire good, X, whose price
is normalized to one.

We assume that the mobile factor used to produce the private good, f;, generates
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emissions at a rate of a; > 0. Since the consumption of the mobile factor releases
emissions, it is most straightforward to think of the mobile factor as fossil fuels, although
Ogawa and Wildasin (2009), Eichner and Runkel (2012), and Fell and Kaffine (2014) refer
to the mobile factor as capital. As shown in the Appendix, the model can be extended
to consider multiple mobile factors, such as physical, human, or financial capital which
does not release emissions, and fossil fuel ‘capital’, which does. The central results of
the paper are unaffected by this extension, although some of the economic mechanisms
discussed below become more difficult to sign due to the emergence of cross-price effects.
As these cross-price effects are likely small in many contexts, our preference is to refer
to the mobile factor as fossil fuels.® «; is allowed to vary across jurisdictions reflecting
innate differences in the technical capacity to convert fossil fuels into energy across
jurisdictions, differences in pre-existing abatement technology across jurisdictions, or
differences between jurisdictions in the extant thermal efficiency of the existing capital
stock (i.e., power plants).

Initially, I assume a government located in each jurisdiction can only implement
policies to restrict the source emissions generated in their own jurisdiction, o;f;. Yet
the emissions generated by producers within a jurisdiction need not equal the emissions
consumed by the representative consumer in a jurisdiction as emissions may spillover
from other jurisdictions. Therefore, we specify the destination emissions experienced by

a representative consumer located in each jurisdiction as:

J J
(1) ej=aifj+B8Y afi=01—=B)a;fi+B> afi,
t#£j t=1
where (3 reflects the degree of emissions spillovers across jurisdictions. 3 lies between zero
and one, with a value of one implying a pollutant such as greenhouse gas (GHG) emissions
which mixes uniformly globally and a value of zero an exclusively local pollutant.
Although I initially consider a common 8 and thus uniform spillovers across jurisdictions,
later in Section IV I relax this assumption, and allow for non-uniform spillovers.
CONSUMER DEMAND
A representative consumer located in each district receives utility from consuming a

final private good across two periods and emissions. We assume that the consumer’s

8For instance, the first-order mechanisms that determine the spillback distortion are the elasticities of supply
and demand for fossil fuels and not capital when cross-price effects are small.
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preferences can be represented by the following quasi-linear utility function:?

(2) uj =Wy (Fj = Fj) + xj +v; (g5, ),

where z; is the amount of the numeraire consumed in j, g; is a local public good which
only provides benefits to citizens within j, and e = {et}gzl is a vector of jurisdictions’
received emissions given (1). Wj(-) is the utility received from first period consumption
of fossil fuels, with W;r > 0, and W;ppr < 0.10 In the first period the consumer receives
an endowment of fossil fuels, Fj, which they can save, Fj, or consume, F'j — Fj.ll In
the second period, which is the period in which the rest of the model is enumerated,
the consumer receives fossil fuel income from foregone consumption in period one, wF3,
where w is the pre-tax price of fossil fuels.

In addition to income from the fossil fuel endowment, the consumer also receives profits
from producing the final good, 7;, as income. Thus the consumer’s private budget
constraint is given by: x; = m; + wF; — T}, where T} is a lump-sum transfer (possibly
negative), and x; is second period consumption of the final composite numeraire. The
consumer maximizes (2) subject to this constraint, taking the amount of local public good
provided and emissions as exogenous. This provides the Walrasian demand for the private
good, zj (w,T;), and the amount of fossil fuels supplied, F; (w), where Fjj,, = ﬁ > 0.
We assume that a government was elected by a median voter with preferences identical
to those of the representative consumer.

vj (gj,€) in (2) is similar to Eichner and Runkel (2012), although it is more general in
one important respect. In particular, we allow the consumer located in j to only consider
emissions realized in j, e;, or possibly emissions realized within all jurisdictions, e. As

will become evident below, the latter is important for decentralized policymaking to

9As we show in the Appendix, our central result is retained even if preferences are instead defined as
U (Fj - Iy, a:j,gj,'yje) with ujr > 0, ujz >0, ujg > 0, and ujg9 < 0 so long as jurisdictions exhibit consistency

in their assessment of marginal damages across all jurisdictions, i.e., 7::’5 = (%) (22’:1 1:}?) forallt=1,...,J.
xT x

In the case of GHG emissions, this amounts to the requirement that each jurisdiction’s estimate of global marginal
damages from emissions, 22]21 s

°t is the same and equals the global social cost of carbon. A special case when
x

this occurs is when Ute; = Ue; and uty = ug for all ¢ = 1,...,J; that is, all consumers experience the same
dis-utility from a unit of emissions received by j and all consumers have identical marginal utilities of income.
22w
81!43.2'7 :

11Since emissions are enumerated on the basis of fossil fuel consumption in the second period and not supply,
when 8 = 1 total global emissions need not be fixed in the absence of an abatement technology as is the case
examined in Ogawa and Wildasin (2009). We abstract from emissions and polices affecting emissions in the first
period. Future policies may affect consumption decisions in earlier periods, reflecting inter-temporal leakage; see,
e.g., van der Ploeg (2016).

10We adopt the following convention when referring to partial derivatives, Wir = %T? and Wjpp =
J



be able to achieve the efficient policy outcome when g > 0. We assume the following

preferences for the local public good and emissions in the analysis that follows:

(3) v (gj,€) = Vi(g5) — ¢ (v5e)

where Vj(-) is j’s preferences for the local public good with Vj, > 0, —¢ye ; 0 is the
marginal external damages that accrue to jurisdiction ¢ from emissions realized in ¢,

J
and v; = {'y]t} . is a vector of distributional weights where 7; reflects the extent
t=

to which jurisdiction j values damages realized in jurisdiction ¢. Given (3), marginal
external damages can be defined as vje = — 22121 ’y;»qﬁte.

One special case is when each jurisdiction internalizes only their own external damages.
This occurs when 75-. =1 and 7;‘: = 0 for all j and ¢ # j and thus vje = —¢j.. In the
context of climate change when 8 = 1, this can be understood as the jurisdiction’s
domestic or own social cost of carbon. However, consumers may also be concerned with
the damages incurred to others outside of their own borders. If 7;- > 0 for some t, then
the consumer in j will be concerned with the external damages incurred in those other ¢
jurisdictions. A second special case is when each jurisdiction internalizes damages across
all districts using equal distributional weights. This occurs when 'y;i =1 for all j and
t, in which case total external damages reflect the utilitarian sum of external damages
across all jurisdictions or vje = — Zgjl ¢re.? In the context of climate change, these

marginal damages can be understood as the global social cost of carbon.'* The global

12Technically, these reflect the marginal disutilty realized from consumption of the externality. However, in
light of our quasi-linear specification of the utility function, the marginal utility of income is one and so these
can be directly interpreted as monetized damages. Moreover, we do not restrict ¢e, to be non-negative to allow
the possibility that emissions may provide gains to some jurisdictions and losses to others. For example, climate
change may yield net benefits for some agricultural regions and net losses for other agricultural and non-agricultural
regions.

13 An alternative interpretation of the two special cases comes from the literature that has examined voluntary
provision of public goods when consumers exhibit altruistic preferences; see, e.g., Andreoni (1990). When 7} =
and 'y;. = 0 for all ¢t # j, then the government is purely egotistic. When 7;. =1 for all ¢ and j, then the government

is purely altruistic. One could also consider the case when 'y;.. =1 and fy§ = ~ for all ¢ # j, reflecting efficiency
preferences as in Charness and Rabin (2002). Following Andreoni (1990), one could also consider the impurely
altruistic case, by allowing both ~;e, and 'y; e; to enter ¢ (-). Altruistic distributional weights are only supportable
when government’s social welfare functions reflect them. Since 7; is unrestricted, it is also possible that some

jurisdictions may care more about external damages to other jurisdictions, e.g., when 'yjt- > 'y?. For example,
climate change is expected to have disproportionate impacts on less developed countries and some nations may
be especially sensitive to those impacts rather than direct impacts to themselves. Since we do not impose any
restrictions on the sign and magnitude of ’y;, we also permit that consumers may have inaccurate assessments
regarding their own or others’ external damages.

14Some have argued on normative grounds that the global social cost of carbon should not assume equal welfare
weights, but should instead reflect equity considerations. We take no stand on this issue here, but define the global
social cost of carbon as assuming equal distributional weights as this is how it is typically defined.
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social cost of carbon has been used by national and sub-national governments when
setting climate policy.!® In this context, it is well established that governments will need
to internalize global rather than own damages in order to have any hope of achieving
the Pareto efficient allocation of GHG emissions (see, e.g., IWGSCC (2015), page 31).
When this is not the case, a damage internalization distortion will emerge.
FiNnaL GoOD PRODUCTION

A representative final good producer located in each jurisdiction produces the final
good using labor and fossil fuels as inputs according to the following production function:
X; = hj(fj,1;). Since labor is fixed in each jurisdiction, we can impose market clearing
in the labor market, [; = Ej, to obtain X; = h; (f;), which is analogous to specifying
a decreasing returns to scale production function in fossil fuels where h;; > 0 and
hjry < 0. Prior to policies the producer simply selects fossil fuels to maximize profits,
hj (fj) — wf;, taking all prices as exogenous. Emissions are released linearly from the
amount of fossil fuels demanded as discussed above and are initially unpriced, leading
to too many of them being produced in the realized economic equilibrium when ¢;. > 0
forall j =1,...,J.

Initially, we consider two policies that decentralized governments may use to regulate
the source emissions generated by the producer located in their district: an emissions
tax/subsidy, 7, and an emissions cap, €;. When a government imposes an emissions tax

on their private good producer, the producer maximizes profits according to:

(4) max hj (fj) — (w + ay7;) fj.

The first-order condition to (4) is given by:
(5) hjf:w-i—OéjTj.

5) provides the inverse demand for fossil fuels: w = h;f—a;7;. Conceptually, 7; causes
P Jf — 5T p Y, Tj
a parallel shift of the firm’s inverse fossil fuels demand function as scaled through by the

jurisdiction’s emissions intensity of fossil fuels, «;. The unconditional demand for fossil

15With respect to federal rule-making in the United States, until recently the Interagency Working Group on the
Social Cost of Carbon (IWG) recommended that the federal government use the global estimate of the social cost
of carbon when evaluating new federal regulations targeting GHG emissions (Nordhaus, 2017; IWGSCC, 2015).
However, the current presidential administration has disbanded the IWG. Moreover, in it’s proposed repeal of
the Clean Power Plan, the U.S. Environmental Protection Agency suggests that a domestic social cost of carbon
should be used rather than a global estimate (EPA, 2017).
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fuels is given by f; (w,7;). We also obtain the supply of the final good, X; (w,7;), and
profits, m; (w,7;) = hj (fj (w, 7)) — (w+ a;75) fj (w,7;). Finally, the source emissions
released by the jurisdiction are given by «; f; (w, 75).

When a government imposes an emissions cap, but does not allow permit trading with

other jurisdictions, the final good producer maximizes profits by solving:

max hi (f;) —wf;

subject to:

(6) a;fj <& (Ag).
The first-order conditions to (6) are given by:

hjr =w+ a;jA;, and
(7) (&j —ajfi) A\j = 0,05 f; < &5, A; > 0.

(7) implies the unconditional factor demand for fossil fuels, f;(w,é€;), the supply of
the final good, X, (w,é€;), and firm profits, m; (w,€;) = h; (f; (w,€;)) — wf; (w,€;).

fj(w, ;) is a piece-wise linear function which equals the f; (w) that solves hjf = w
&\ /- e; &\

when w < hjf <é> (i.e. when A; = 0), and equals o when w > hjy (CTJJ) (i.e. when

Aj > 0).' Conceptually, the firm’s inverse demand for fossil fuels is unconstrained for

€j

values of w greater than h;; (a—J) and then completely vertical at O% for values of w less

than hjy (%)

While the first-order conditions in (7) to (5) suggest an inherent equivalency between
a non-negative tax and cap, the two are not equivalent when governments anticipate the
policy choices of others. For a fixed, exogenous emissions target, i.e., for a; f; (w, 75) = €;,
7; does indeed equal \; (w, €;) when 7; > 0. This is expected since we have abstracted
from uncertainty in our model.'” Yet when policies are endogenous and governments
anticipate how their policy choices affect prices in the resulting economic equilibrium,

the Nash equilibrium of taxes need not equal the A; realized from the Nash equilibrium

161t follows that this function can also be written as: f; (w,&;) = f;(w)i();(w,&;)=0) +

(2—1) i (Aj (w,&;) > 0), where i(s) is an indicator function that equals 1 if s is true and equals 0 otherwise;
i
this is useful for many of the derivations that follow.

17"When uncertainty is present, it is well known that the welfare equivalence between price and quantity

instruments can break down (Weitzman, 1974).
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of caps. While 7; is fixed from the perspective of the search for w that identifies the
economic equilibrium, A; is not. A tax causes a parallel shift down of the inverse fossil
fuel demand curve whereas the cap causes the inverse demand curve to pivot to vertical

at a kink point equal to % The marginal cap lowers the elasticity of the total demand
for fossil fuels whereas a marginal tax only shifts the total demand curve. They thus
cause the equilibrium price of fossil fuels to be altered in fundamentally different ways
and in turn the incentives facing governments when making their policy choices.

When a government imposes an emissions cap and also allows permits to be used for

compliance, y;, the representative producer maximizes profits by solving:

max h;(f;) —wf; — zy;
20, J (fy) f] Yj

subject to:

(8) a;fi — vy <€ (1)),

where z is the price of permits. The first order conditions to (8) are given by:

hip = w + ajp;,
Hj =z,
9) (&5 —ajfj +yj)p =0,a;f; —yj < &, u; > 0.

(9) generates the unconditional demand for fossil fuels f;(w,z). We also obtain
the supply of the final good, X;(w,z), the amount of permits supplied/demanded,
yj (w,z,€5) = a;j fj (w, z) — €, profits, m; (w, z,€;) = h; (fj (w,2)) — (w + a;2) fj (w, z) +
ze;, and source emissions, o f; (w, z).

Similar to the tax, when permit trading is allowed a jurisdiction’s choice of cap causes
a parallel shift in that jurisdiction’s inverse demand for fossil fuels equal to z times
their emissions intensity of fossil fuels. Unlike the tax, a jurisdiction’s cap choice also
causes all other jurisdictions’ inverse demand curves to shift in the same fashion. Thus,
unlike the tax, cap competition with permit trading provides an opportunity for a single
government to simultaneously lower emissions across all jurisdictions on a one-for-one
basis. However, allowing permit trading comes at a loss of control of the ability to directly
regulate the release of emissions in one’s own jurisdiction. Eichner and Runkel (2012)
showed how critical the assumption of inelastic fossil fuel supply is to the ability for tax
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competition to achieve the Pareto optimal allocation. The ability for cap competition
with permit trading to achieve the Pareto optimum is not sensitive to this assumption,
since cap competition with permit trading creates a virtual market for emissions in which
the total demand of emissions is perfectly inelastic, even if fossil fuel supply itself need
not be.

When permit trading is allowed each jurisdiction’s choice of cap also affects the value
of that jurisdiction’s net permit holdings. These net permit holdings therefore reflect
a type of cash transfer received by (in the case of a jurisdiction that is a net seller
of permits) or paid to (in the case of a jurisdiction that is a net buyer of permits)
other jurisdictions. Thus, cap competition with permit trading potentially introduces
an additional distortionary terms of trade effect when governments compete in their
policy choices. However, as we show below the vector of permit market terms of trade
distortions that are realized in the resulting Nash equilibrium of caps when permit trading
is allowed exactly cancels the corresponding vector of fossil fuel terms of trade distortions
that emerge.

CHARACTERIZATION OF THE EcoNOoMIC EQUILIBRIUM

A competitive equilibrium is the vector of prices and government expenditures on
local public goods, <w,{gi};]:1), and resulting quantities that solve all consumers’
utility maximization problems and all firms’ profit maximization problems, conditional
on governments’ policies, 8 = {91‘}}]:1 (where 0; = (7;,7;) in the case of a tax and

0; = (e;,T}) in the case of a cap), such that all markets clear:

J J
> fi(w,0) < F; (w),
j=1

J J J
(10) Do (w0 + > g5 (0;) <D X (w,0),
i=1 =1

.
Il
—

and each government’s budget constraint is balanced. If an emissions tax is possible this
occurs when: T + 70 f; (w, 7j) = gj, and otherwise when: T; = g;. In the case of

caps with permit trading, we also search over z such that the permit market clears, i.e.,

J _
Zj:l Yj (w7 2 e]) <0.
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B. First Best Pigouvian Taxes

As shown in the Appendix the vector of first-best Pigouvian taxes are given by:

J
(11) TjPO = (1-0) ¢je + 52(1516, forall j=1,..,J.
1=1

Put simply, each jurisdiction j’s tax should equal the marginal damages to themselves,
®je, times one minus the amount of emissions that spillback from other jurisdictions,
(1 —B), plus the sum of marginal damages across all jurisdictions, 22721 Ple, times the
spillback parameter, 5. In the case of a local pollutant (8 = 0), each jurisdiction only
internalizes damages to their own district, and, in the case of a global pollutant (8 = 1),
each jurisdiction should internalize the marginal damages accruing to all districts. In the
context of GHG emissions, the Pareto optimal carbon tax for each jurisdiction equals
the global estimate of the social cost of carbon.
III. Decentralized Decisionmaking
Letting 6; be the policy chosen by jurisdiction j and 6., = {Ht};]#j the vector of all

other t # j jurisdictions’ policy choices, each jurisdiction selects policies, 6;, that solve:
J

conditional on 0.; and the resulting competitive equilibrium in (10). The solution to
(12) is jurisdiction j’s conditionally optimal policy choice, 8; (6~;). A decentralized policy
equilibrium is the vector of policies, 8 = {0; (GNj)};.Izl, that solves (12) forall j =1,...,J
conditional on the prices and allocation that solve the competitive equilibrium in (10).

We are interested in comparing the first-best vector of Pigouvian taxes in (11) to the
policies and/or shadow prices from three decentralized decisionmaking equilibria: 1. the
decentralized tax equilibrium when 6; = (7;,T}), 2. the decentralized cap equilibrium
without permit trading when 0; = (€;,T}), and 3. the decentralized cap equilibrium with
permit trading when 0; = (€;,Tj). We next review the conditionally optimal policies for
each of these policy equilibria in turn.

DECENTRALIZED COMPETITION IN TAXES

Under decentralized tax competition each government solves (12) where 6; = (75, T}),

conditional on all other jurisdictions’ policy choices, 8.; = {m, Tt};] i and the

appropriate competitive equilibrium. The conditionally optimal lump-sum transfer,
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Tj (6~;) is obtained by solving ZLT; = 0 & Vj, = 1, which is the Samuelson condition
for the optimal provision of local public goods. Thus, when lump-sum transfers are
available to governments the provision of local public goods is undistorted. However,
when lump-sum transfers are not possible then the amount of local public goods will also
be distorted, as is well-established by the tax competition literature (see, e.g., Zodrow
and Mieszkowski (1986) and Oates and Schwab (1988)).

Jurisdiction j’s optimal emissions tax conditional on other jurisdictions’ tax choices,

7; (0~;), is obtained by solvmg = 0, which provides:!8

EO , _ES  _EX . T
(13) 7 (0~j) = AT T T
where:

J
E,O0 j
T; = ’Y;ije‘i‘BZ'Y;qbte s
1]
— 4 doy f)’
E,S j
Tj = 7§¢je+27;¢te /BZ da]l" )
L 1] I# !
E.X - N daf]
T = A= B) D e |
t#£] ifi
) ) dwTs
T_ T T
7= ()
: . dw™ 1 _ w’J 1 datf;—j
and given: dajf; aj(zg:l F:&_ZZJ# f;JU) - (ajf;j> WJTJF > 0, daj f;
Oéij (dwTj> _ Oétf:j 77:7,]1‘ <0 <Z Z ) w’J > 0
tJtw \ dajf; a; ijj nfjﬁ ) J t=1 t#£j jfj )
s
T. T4 _ 19 T. _
Ty = 5 () <08 = () =0 andfﬂ—<htff><o

Cond1t10nal on other jurisdiction’s tax choices, jurisdiction j’s optimal emissions tax,

i .y ‘ . . BE,0
7j (0~;), is the sum of four terms: the own emissions Pigouvian correction, T,

the spillback emissions Pigouvian correction, T, the other jurisdictions’ emissions

18See Appendix for derivation.
9Superscripts denote the economic datum observed for the competitive equilibrium associated with a particular
policy case; e.g., Ft:f, is the partial derivative realized at the decentralized tax equilibrium and the resulting

competitive equilibrium. If F;j] = 0 for all ¢, then fossil fuel supply is completely inelastic as in Ogawa and
Wildasin (2009).
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Pigouvian correction, TJ»E’X, and the own jurisdiction terms of trade effect, TjT.

The own emissions Pigouvian correction, TjE’O > 0,20 equals the sum of the weighted
marginal external damages from j’s emissions to its own district, 7? ®je, plus the weighted
sum of marginal external damages resulting from j’s emissions that spillover from j onto
other t # j jurisdictions, Zt‘;j ’Y;'thea and which are only a concern to jurisdiction j
when 7; # 0 for some t # j = 1,...,J. For the case of a global pollutant (i.e., § = 1),
when 'yj. =1 for all t,j = 1,...,J then the own emissions Pigouvian correction will
equal the first-best tax level from (11) for jurisdiction j, ZZ]:1 ¢te. Therefore, if all
jurisdictions internalize global damages, the J vector of decentralized taxes will equal
the Pareto efficient vector of taxes so long as the last three terms sum to zero for all
j = 1,..,J. However, when 7% = 0 for all t # j = 1,...,J, then the own emissions
Pigouvian correction will only equal jurisdiction j’s own marginal external damages,
¢je. Therefore, in the case of a global pollutant, own internalization of damages will
generate a damage internalization distortion®' equal to Z;] 2 Pte- The magnitude of
this distortion depends upon the share of jurisdiction j’s marginal damages to global
marginal damages.

The spillback emissions Pigouvian correction, T]E S < 0, equals the weighted sum
of marginal external damages across all jurisdictions, ’yjjqﬁje + Z;] £ 'y;qbte, times the
change in emissions in all other ¢ # j jurisdictions that spillback in response to j’s

7j
tax, 8 Z;; y %O;fj}j . Put simply, this term reflects the emissions damages that result from

emissions that return or spillback from other jurisdictions as a result of jurisdiction j’s
choice of tax and conditional on other jurisdictions’ tax choices. When TjE7S < 0, the
government’s decentralized tax choice generates a spillback distortion. This distortion
will be smaller for those jurisdictions who consume a larger share of fossil fuels, when
the own-price elasticity of total fossil fuel supply is more elastic relative to the own-price
elasticity of fossil fuel demand for all jurisdictions except j, and when the emissions
intensity of jurisdiction j is larger (j is dirtier) relative to other jurisdictions.

To further understand TjE S in light of the previous literature, suppose that all

jurisdictions have identical emissions intensities of fossil fuels, i.e., ay = « for all

20The signing of terms in this section assumes 7;. >0and ¢te >0 forallt,j=1,...,J.

21Distortion’ as used here and below reflect the deviation of TJE’O from TJPO, and TjE’S, TjE’X, and TjE’T,
respectively, from zero, for a given j. If the sum of these distortions do not equal zero for at least one j =1,...,J

this will imply a vector of policies and resulting competitive equilibrium allocation that is not Pareto optimal. It
is possible, although highly unlikely, that the sum of these distortions exactly equals zero in every jurisdiction in
which case no distortion would be present and the Pareto optimal allocation would be observed.
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S now equals Boje (—1) <0,

t=1,...,J. Consistent with Ogawa and Wildasin (2009), TjE
when fossil fuel supply is perfectly inelastic, i.e., Fy,, = 0 and jurisdictions internalize own
damages. Put simply, for each unit of emissions that jurisdiction j reduces through their
choice of tax exactly B emissions spillback to jurisdiction j from all other jurisdictions.
In the case of a global pollutant (8 = 1), under these assumptions and the additional
assumption that jurisdictions do not anticipate that their tax choices will alter the
equilibrium price of fossil fuels (and, hence, TJ-T = 0), this implies that jurisdictions’
conditionally optimal tax choices will equal the zero vector. Put simply, if a tax were
to reduce emissions by one unit, fossil fuels would migrate to other jurisdictions and
cause emissions to increase by exactly one unit across all other jurisdictions. Since a
jurisdiction’s tax causes 100% emissions leakage, the optimizing government will select
a Pigouvian tax of zero. Yet, in spite of this, the decentralized tax equilibrium will
achieve the Pareto efficient level of emissions reductions under these assumptions so
long as all fossil fuel supply is exhausted (Fell and Kaffine, 2014). Of course, under
these assumptions the Pareto efficient level of emissions reductions is itself zero. The
Ogawa and Wildasin (2009) model assumptions are especially unrealistic in the context
of GHG emissions, since they suggest that centralized and decentralized governments’
policy choices will have zero effect on total emissions and all fossil fuels will be used up.

As noted by Eichner and Runkel (2012), that J(—1) emissions spillback is an
artifact of the assumption of perfectly inelastic fossil fuel supply. When jurisdictions

internalize own damages and fossil fuel supply is instead elastic, TjE’S now equals
J J
ﬁ¢je< iz o > < 0. Since iz frw

Z‘tjzl Ftwfzg?gj ftw Z;’:l Ftwfzg;éj ftw
is elastic, each unit of emissions reduced by j through their choice of tax will cause less

‘ < 1, when fossil fuel supply

than B emissions to spillback. In the case of a global pollutant, there may again a role
for decentralized governments to reduce emissions since the emissions leaked and which
spillback from their choice of tax are less than one. Taxes induce spillback since they
only allow jurisdictions to shift their own demand for fossil fuels and do not constrain
emissions directly.?? As shown above, if jurisdictions internalize own damages, in the
case of a non-local pollutant the taxes they choose are likely to introduce a damage

internalization distortion. Internalization of global damages can lower the damage

22Consider the case of the jth government contemplating a marginal change in its tax upon observing a vector
of pre-existing taxes across all other ¢ jurisdictions. For those jurisdictions with relatively steep inverse demand
curves, the incidence of those pre-existing taxes is borne primarily on the demand side, entailing smaller declines
in f; from a marginal change in j’s tax rate, and hence smaller spillbacks from those t jurisdictions.
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internalization distortion, although it will amplify the spillback distortion, which now

J
equals 8 (Z;le ¢te) =7 1%:’51 ;Z-fm , when the emissions intensities of fossil fuels
= J

are identical across all jurisdictions.

E.X

The other jurisdictions’ emissions Pigouvian correction, T < 0, equals the weighted

sum of marginal damages to all other jurisdictions ¢ # j from the marginal release
of emissions in all other jurisdictions as a result of j’s choice of tax and conditional

e . docf? . .
on all other jurisdictions tax choices, Z;j ” 'yj-gbte dczf]i_ , times one minus the amount
27

of emissions that spillback from other jurisdictions. This term equals zero in the case
of a global pollutant or when jurisdiction j internalizes own damages. However, when
neither is the case TjE X < 0, reflecting a spillover-damage misalignment distortion. This
distortion arises from the mismatch between the rate by which emissions spillover onto
other jurisdictions when S < 1 and the extent to which jurisdictions regard damages
outside of their borders. To understand this, consider the case when S = 0 but
'y;- =1 for all ¢t # j. Jurisdictions internalize the general equilibrium damages to other
jurisdictions even when their policy choices induce no spillovers on those jurisdictions,
which causes them to choose policies that deviate from the first-best tax. The magnitude
of this distortion is determined by the ratio of emissions in other ¢ # j jurisdictions to
jurisdiction j’s emissions and the ratio of the own-price elasticity of fossil fuel demand for
other jurisdictions ¢t # j to the own-price elasticity of net fossil fuel supply to jurisdiction
j-

The own jurisdiction terms of trade effec TJT
consumer ( ijj (aﬂj + (j&%))) and producer (—F ]T J (f;’;;ﬁj)) surpluses in the market
for fossil fuels and the tax revenue raised by the tax (7j¢; ijj). Intuitively, if 7 is a

23, ; 0, equals the sum of the change in

fossil fuel importer (i.e. ijj > FjTj ) then the government can raise more revenue then
it loses in producer and consumer surpluses from imposing a positive tax at the margin
and T]-T > 0. Conversely, if the jurisdiction is a fossil fuel exporter they will have a
marginal incentive to introduce a negative tax (subsidy) since T]-T < 0. In either case,
the ceteris paribus gain to j will be less than the sum of the changes in producer and

consumer surpluses in all other jurisdictions, reflecting a terms of trade distortion arising

from jurisdiction j’s decision to use their emissions tax to introduce a trade barrier.?*

23This effect is well-known in the tax competition literature on asymmetric jurisdictions (see Eichner and
Runkel (2012) and citations therein for additional discussion), as well as the trade and environment literature
(see, e.g., Markusen (1975)).

24This distortion is present even when ¢t = 0 for all ¢ = 1,...J, in which case the model identifies the Nash
equilibrium vector of trade barriers which is well-known to be inefficient (Johnson, 1954).
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Finally, TjT = 0 and thus imposes no distortion on the decentralized tax equilibrium only
when jurisdictions are symmetric (Eichner and Runkel, 2012) or if jurisdictions do not
anticipate the impact of their policy choices on the price of fossil fuels realized in the
economic equilibrium (i.e. they assume % = 0).?> The magnitude of this distortion
depends upon the magnitude by which jurisdiction j is a fossil fuel importer/exporter,
ijj —F ]-Tj , and the own-price elasticity of net fossil fuel supply facing jurisdiction j, 77;%,
with a less elastic net supply curve facing jurisdiction j resulting in a larger distortion.
DECENTRALIZED COMPETITION IN CAPS WITHOUT PERMIT TRADING

Under decentralized cap competition without permit trading each government solves
(12) where 0; = (e;,T;), conditional on all other jurisdictions’ policy choices,
0.; = {ét,Tt};;j, and the appropriate competitive equilibrium. As was the case for
decentralized tax competition, the conditionally optimal lump-sum transfer is again
identified by the Samuelson rule for public goods.? The conditionally optimal cap
€; (0~;) selected by each jurisdiction one-to-one corresponds to a Lagrange multiplier
on the emissions constraint in (6) that is zero if a jurisdiction selects a binding cap and
positive valued otherwise. For ease of comparison with the emissions tax, we characterize

the optimal cap in terms of this multiplier, A; (6~;) (assuming A; (6~;) > 0):

(14) N (B5) = AP0+ A5 4 AP 4T

25In many models of tax competition the ‘small jurisdiction’ assumption that % = 0 is imposed (see, e.g.,
J

Zodrow and Mieszkowski (1986)). Ogawa and Wildasin (2009) implicitly make a similar assumption. As Eichner
and Runkel (2012) show, the decentralized taxes and central proposition of Ogawa and Wildasin (2009) remains
without this assumption when capital supply is fixed and the capital market is always binding, so long as all
jurisdictions are symmetric.

26 Although not the focus of our analysis, the absence of lump-sum taxation in this case would imply that zero
local public goods are provided.

20



where:

J
E,0 j
A = Aje + B Vidie |
1
[ J J Aj
4 dog fV
E,S !
NP = e+ Y Al | | B da,}, :
| t#] g
[ J A
E.X doy f77
AN =11=8)) Ve o f |
i t#] 9
>\.
T _ (X N dw™
= <fj g ) <d0<jfj>7
and given: Y — L = ( w’ ) -1 >0 daf;?
b e (SLi Tl 1) oty ) \ s Ll
. A
Aj g £ ) Aj T N J X
atftuj; (jﬁié) = <at' txj> iijf <0, 77.% = (Zt:l Ftui - Zt;ﬁj fmf;) (11&]]) > 0, and
@ f; JF » 5
A A [
e = frw w]) <0
n

>y
Conditional ]o other jurisdictions’ cap and lump-sum transfer choices, jurisdiction j’s
optimal emissions cap will be selected such that the shadow price on the cap in (6),
Aj (0~;j), equals the sum of four terms: the own emissions Pigouvian correction, )\JE’O,
the spillback emissions Pigouvian correction, )\f’s, the other jurisdictions’ emissions
Pigouvian correction, /\f’X, and the own jurisdiction terms of trade effect, )\;‘-F. Each of
these terms are exactly analogous to the conditionally optimal taxes in (13) with the
sign and magnitude of each term affected by many of the same factors discussed before.

The main difference between the two decentralized policy equilibria is how the cap and
tax policy equilibria differentially distort the demand for fossil fuels and the implications
of this on the conditionally optimal policies that jurisdictions select. In particular, the

partial derivative of fossil fuel demand with respect to the price of fossil fuels now equals

ftAw = (L) i(A =0) <0, where i (x) is an indicator function that evaluates to 1 if

hess
x is true, and 0, otherwise. For comparison, in the tax case, f;} = (htlff) < 0. On
the supply side, Fti\g = F;f, = (— thFF) > 0. Given the assumptions of the model a

jurisdiction is indifferent between a cap and a tax conditional on all other jurisdictions
arbitrary policy choice, 8.; (Phaneuf and Requate, 2016). However, this is not to say

that a cap and tax are strategically equivalent. When jurisdiction j selects an emissions
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cap they restrict the amount of emissions that can spillback from j to zero for when
other jurisdictions make their own policy choices.

If all jurisdictions select binding caps, then the spillback and spillover-damage
misalignment distortions can be completely eliminated. To see this, define K as the

number of jurisdictions selecting binding caps. When K = J, then )\JE’S = 0 and
E.X
Aj

)\f’s — 0 and )\JE’X — 0.2 As was the case for decentralized tax competition, a

= 0. Suppose hyry were a constant for all ¢ = 1,...,J. As K — J, then both

damage internalization distortion can emerge through )\JE’O if jurisdictions internalize
own damages in the case of a non-local pollutant. Finally, unlike tax competition,
decentralized cap competition also eliminates the possibility for subsidization since
Aj (0~;) cannot be negative. Therefore, decentralized cap competition implicitly sets a
lower bound on how far decentralized policies can deviate from ij 9 to —TJP O Although
decentralized competition in caps without permit trading can eliminate the spillback
and spillover-damage misalignment distortions when all jurisdictions select binding caps,
it cannot eliminate the terms of trade distortion unless jurisdictions are symmetric.
Moreover, it cannot eliminate the damage internalization distortion. As we next show,
when permit trading is allowed the terms of trade distortion can also be eliminated, but
the latter challenge will persist.
DECENTRALIZED COMPETITION IN CAPS WITH PERMIT TRADING

Under decentralized cap competition with permit trading each government solves
(12) where 6; = (e;,7;), conditional on all other jurisdictions’ policy choices,
0. = {ét,Tt};] j» and the competitive equilibrium with permit market clearing. The
conditionally optimal lump-sump transfer is again identified by the Samuelson rule
for public goods. As before, the conditionally optimal cap €;(0.;) selected by each
jurisdiction one-to-one corresponds to a Lagrange multiplier, 1, (0~;), in this case on

the emissions constraint in (6):

E,O E.S E.X T.F T,Z
(15) 1 (O~;) = o e o e A TR
P
2"Moreover as K — J, j;”; — Jl Py On its own this would suggest a larger terms of trade distortion
7o j Xi=1 Frau

as K — J; however, f i 7 — F; 7 may also adjust given the resulting competitive equilibrium and so it is not possible

a priori to make statements about where )\f tends relative to T]T.
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Conditional on other jurisdictions’ cap and lump-sum transfer choices, jurisdiction j’s

optimal emissions cap will be selected such that the shadow price on that cap in (8),
1j (6~;), equals the sum of five terms: the own emissions Pigouvian correction, ,uEO,
the spillback emissions Pigouvian correction, ,uj , the other jurisdictions’ emissions
Pigouvian correction, ,uJE’X, the own jurisdiction fossil fuel market terms of trade effect,
,uJT’F, and the own jurisdiction permit market terms of trade effect, ;LJT’Z

Many of these terms have similarities to (13) and (14). Unlike the tax and cap without
permit trading cases, the three Pigouvian correction terms now have an indeterminate

sign. However, when all jurisdictions have identical emissions intensities of fossil fuels,

28Wh = o for all t = 1,..,J: w9 — (Ly(__1 ) — (Ly(_L)(_w )
en o a for a PRI de; () =7, Fli (z) ny St F )
j s Hj K i L
s (1) St (Fli-rid) () (Lt ( whs ) Y :( it ) _
de — et \ (S rld) (S, 1102) o n”Jn? S0 ) T S fid

nd £ f dag f19
J,lf W > 0. It’s also the case that —7zt— < 1. Although —;=t— cannot be signed for the general
n t=1J¢ 7

case, for dirtier jurisdictions with high at, this term is more likely to be positive.
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uf’o > 0, uf’s > 0, and ,uf’X > 0. The own emissions Pigouvian correction has the

same sign as in the tax and cap without permit trading cases although it is smaller
doy; 17
in magnitude, since 0 < % < 1.2 Intuitively, when permit trading is allowed the
J
government in j selects a cap that alters o f;” to affect Zle Qy fl“ 7. To understand this,

observe that the total derivative of the permit market clearing condition with respect

1
to a change in jurisdiction j’s emissions cap implies that Z]=1 do‘dtéf t— = 1. Put simply,
J

when jurisdiction j reduces emissions by one unit through their choice of cap, total
emissions produced across all jurisdictions falls by exactly one unit. Thus a cap with
permit trading allows each jurisdiction to receive a one-for-one unit reduction in produced
emissions by imposing a marginally more stringent cap, reflecting the fact that the sum
of caps selected by all governments generates a perfectly inelastic demand for emissions

in a new virtual market for emissions. In sharp contrast, in the case of emissions taxes,

J  daif,’ J  daf,’ .
t=1 dajfj t=1 dajfj S 1, Wlth

equality only when all jurisdictions select binding caps. In the current version of the

< 1, and in the case of caps without permit trading,

model which only considers a single permit market, competition in caps with permit
trading allows each jurisdiction to affect total emissions produced, but requires that
jurisdictions forfeit their capacity to directly target their own produced emissions.?? As
such, only when emissions are global (i.e., 5 = 1) will the former be unambiguously
preferred to the latter. When emissions are not global a spillover-damage misalignment
distortion will emerge, i.e., ,qu’X # 0. However, below when I extend the model to
account for non-uniform spillovers this trade-off can be eliminated by allowing separate
virtual markets on destination emissions realized in each jurisdiction. This is because
the introduction of a separate virtual market for each jurisdiction allows for damages to
align with spillovers.

The fossil fuel market terms of trade effect, ,u?’F ; 0, is similar to the cap without
permit trading case when all jurisdictions select binding caps. In that case, when all

jurisdictions have identical emissions intensities, the change in the equilibrium price of

29The sign on the the spillback Pigouvian correction and the other jurisdictions’ emissions Pigouvian correction
are reversed relative to the tax and cap without permit trading cases. This difference emerges because the tax
and cap without permit trading case target the actual emissions produced in jurisdiction j (o f;’ in the case of

the tax and a]-f;\j = €; in the case of the cap without permit trading), whereas when permit trading is allowed,
the jurisdiction targets a cap, €;, which need not equal the emissions directly produced in jurisdiction j in this
case, Qi f;j .

30This trade-off is also evident by observing the pnj = z for all j =1,...,J. In contrast, A; and 7; need not
be constant across all j. Thus the first order conditions to the profit maximization problem for the final good
producer in (9) imply fewer degrees of freedom for the government to affect f;.tj .
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fossil fuels equals the slope of the inverse total fossil fuel supply curve (evaluated at
each respective policy equilibria) normalized by the emissions intensity of fossil fuels.
Thus when total fossil fuel supply is more elastic, the fossil fuel market terms of trade
effect is likely to be smaller. The key difference between )\;F’F and ,u;‘»F’F is that for the

permit trading case, fJ“ 7 is not constrained to equal 2—7] as it is in the no permit trading
case. Instead it is allowed to vary with the price of permits realized in the competitive
equilibrium conditional on the Nash equilibrium vector of decentralized caps with permit
trading.

In addition, a second permit market terms of trade effect emerges when permit trading
is allowed, ,uf’z z 0. This term is positive when the jurisdiction is a permit seller and
negative when the jurisdiction is a permit buyer. Whether a jurisdiction is a permit
buyer or seller will depend upon a number of factors in the cap and resulting competitive

equilibria. When the emissions intensity of fossil fuels is identical across all jurisdictions,

dz"i
)
de;

and depend upon the elasticities of total fossil fuel supply and total fossil fuel demand.

the change in the permit price from a change in jurisdiction j’s cap, will be positive
When either or both are inelastic, a change in j’s cap will induce a larger change in the
equilibrium permit price.

For the case of a global pollutant such as GHG emissions, the other jurisdictions’
emissions Pigouvian correction, uf’X =0 for all j =1,...,J. Moreover, ,u]E’O + ,uJE’S =
(’yjj Gje + Z;; y ’y§ (zﬁte). The central result of this paper can be obtained by summing (15)

across all j = 1,..., J. In this case, we have:

J . J J dw* J dzM
T ="\ Vb + D Aidre |+ (f;‘ - Ff) <dé> +> (Oéjfj-‘ - é?) <dé) g
j=1 t#j =1 =1
J
= (},) S (s + 3 At | =
j=1 t#j
(16)

J
2 = quje = T]-PO, when 4} =1 forall t,j =1,..., J.
j=1

The second line emerges from imposing market clearing in both the fossil fuel and

i ; w_ . dwt _ dw'i dzt _ dzMi -
permit markets, and given that 2/ = u;, = = dz; and ‘> = az, forall j =1,...,J.

The last line is obtained when all jurisdictions internalize global damages. The last
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line of (16) states that the Nash equilibrium of decentralized caps also achieves the
Pareto efficient global emissions level when permit trading is allowed and all jurisdictions
internalize global damages. This remarkable result is far more general than Ogawa and
Wildasin (2009) as we show in Section IV.3! Below, we show that this efficiency result
is not unique to the case of global spillovers, but also applies to the case of non-uniform
spillovers so long as governments internalize global damages and compete in setting caps
on destination emissions across J permit markets and allow free trade in permits within
each J virtual market.

If all jurisdictions do not internalize global damages then the cumulative emissions
level under decentralized cap competition with permit trading within a single virtual
market will diverge from the Pareto efficient emissions level, reflecting a damage
internalization distortion. Unlike the tax and the cap without permit trading cases,
the damage internalization distortion will be the only distortion when emissions are
global and this distortion will be identical across all jurisdictions. For example, suppose
instead that all jurisdictions instead internalize only their own damages. In this case,
ZH = (%) (Z}le ¢je) = (%) ijo for all j = 1,...,J. Thus as the number of jurisdictions
increases, the further will the cap competition with permit trading policy equilibrium
deviate from the Pareto efficient emissions level. This result is consistent with theoretical
models which only consider the damage internalization distortion (Nordhaus, 2015).
Thus our central result, rests on the knife’s edge that all jurisdictions internalize global
damages. The U.S. EPA’s recent decisions to use a domestic as opposed to global
estimate of the social cost of carbon for evaluating the GHG emissions reductions benefits
from federal rules targeting GHG emissions illustrates the sensitivity of our central result
to this critical assumption (EPA, 2017).

Although the assumption that all jurisdictions must internalize global damages is non-
trivial, our central result is still remarkable as it highlights the strategic benefits of permit
trading. Internalization of global damages is what corrects the damage internalization
distortion. Cap competition itself, even in the absence of permit trading as shown
above, can neutralize the spillback distortion. Cap competition with permit trading

allows individual jurisdictions to unilaterally reduce the sum of produced emissions

31Tn addition, our result clarifies for the tax competition literature with spillovers the importance of the
assumption that all jurisdictions internalize global damages, which has been a key component of the non-
cooperative theoretical and empirical models examined by the climate economics literature (see, e.g., Nordhaus
(2015) and Nordhaus and Yang (1996)).
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across all jurisdictions. This only occurs when permit trading is not allowed when all
jurisdictions select binding caps. This is unlikely to be the case, since terms of trade
distortions which induce some jurisdictions to select negative taxes (subsidies) in the
case of tax competition, would likely induce many of the same jurisdictions to select
non-binding caps in the case of cap competition without permit trading. However, when
permit trading is allowed, all jurisdictions now have incentives to select binding caps.
Jurisdictions that would prefer to subsidize emissions may select a cap that exceeds
their produced emissions, effectively claiming a cash transfer from other jurisdictions as
reflected in their permit market terms of trade effect. Other jurisdictions will participate
for the benefits from emissions reductions and/or from fuel market terms of trade gains.

Unexpectedly, when permit trading is allowed, what our result suggests is that the
permit market terms of trade exactly offsets the fuel market terms of trade effect. This is
because the introduction of a single virtual market allows for the general equilibrium price
mechanism to auto-correct for the terms of trade distortions self-interested governments
introduce through policy competition. For the case of a global pollutant and global

internalization of damages, substituting the last line of (16) into (15) implies:

(=) (%55 ) 0= (oot =) ()

Ft— i Azt FF— fH
1 —J ) )= =) =L L) f 1Nt,j=1,...
o () () () s

d it (Fhu =11

of caps when permit trading is allowed, that jurisdictions will select caps such that their

< 0. The first line states that at the Nash equilibrium

fossil fuel market terms of trade effect times minus one exactly equals their permit market
terms of trade effect.3? In fact, as shown by the last line of (17), this implies that all
jurisdictions select caps such that the ratio of their net supply of fossil fuels to their net
supply of permits equals %. This roughly corresponds to the ratio of the own price
total supply elasticity minus the own price total demand elasticity to the own price total

demand elasticity.?® Since all jurisdictions do so at the Nash equilibrium of caps with

32 As shown in the Appendix, this statement can be generalized to any of number of traded commodities. In
the general case the sum of terms of trade effects across all traded commodities (excluding permits) will be set
equal to the permit market terms of trade effect.

Fr
33If the emissions intensity of fossil fuels is the same across all jurisdictions, then (a_qu Jé“>
3l 7%
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permit trading, this ratio is identical across all jurisdictions.

An alternate interpretation of the last line of (17) is that, conditional on some given
level of global emissions, each jurisdiction selects a cap until the marginal rate of
substitution between their net fossil fuel exports to their net demand for permits just
equals the ratio of the change in permit prices to the change in the price of fossil fuels.
Each jurisdiction does this in isolation given the same observed ratio of price changes.
Effectively the price change hyper-plane ‘supports’ each jurisdictions’ decentralized cap
choices, analogous to the way in which the price ratio between any pairs of goods
simultaneously supports the decentralized production and consumption decisions of all
firms and consumers in the model of perfectly competitive markets. That jurisdictions’
decentralized cap choices are supported by the ratio of price changes and that this
simultaneously identifies the Pareto efficient level of emissions when emissions are global
and jurisdictions internalize global damages, is an extraordinary result, and suggests
another important benefit from cap and trade systems. Even when all jurisdictions do
not internalize global damages the last line of (17) will still ensure that the sum of the
term of trade effects equal zero. While the sum of caps or the Pareto efficient emissions
level is identified by the last line of (16) and the fact that jurisdictions internalize global
damages, the distribution of caps that eliminates the terms of trade distortions across
all jurisdictions is identified by the last line of (17).3*

As discussed above, the sum of caps is identified by the shadow price on each
jurisdictions’ emissions constraint which equals the average of damages internalized
across all jurisdictions in the case of a global pollutant. Since caps with permit trading
completely eliminate the spillback distortion, each jurisdiction can lower global emissions
by exactly one unit by submitting a cap that reduces emissions by one unit. When all
jurisdictions internalize global damages, each jurisdiction receives a marginal benefit
equal to the global estimate of the social cost of carbon from imposing a marginally
more stringent cap, and thus they are willing to select caps that at the margin will sum
to the Pareto efficient emissions level. Functionally every jurisdiction is equally willing

to perform this task.

1y [(1E—n%
(£) " L) <0forallj=1,..,J.

34When jurisdictions do not all internalize global damages, permit trading still insures the elimination of the
total terms of trade distortion. Unfortunately, when that is the case a damage internalization distortion again
emerges. Thus it is conceivable that if permit trading were not possible, that these multiple distortions could
result in a cumulative emissions level that is closer to the Pareto efficient emissions level than if permit trading is
not permitted.
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Concurrently, permit trading also yields an implicit vector of lump-sum transfers across
jurisdictions that does not necessitate explicit a priori coordination among jurisdictions.
Jurisdictions implicitly compete through their choice of caps for a total pie of permit
revenue that equals z* times the Pareto efficient emissions level, Z‘tjzl o fj“ = Zthl ey.
Across all jurisdictions, the last line of (17) suggests that fossil fuel exporters will also
be permit sellers and thus receive a positive lump-sum transfer from other jurisdictions.
Likewise, fossil fuel importers will be permit buyers and thus pay a lump-sum tax to
other jurisdictions. Therefore permit trading is akin to the introduction of an additional
policy instrument that can be used to compensate winners and losers in terms of their
fossil fuel terms of trade effects. What is remarkable is that this can be achieved absent
explicit centralized coordination by establishing a virtual market for emissions. It is well
established that permit trading allows for equalization of marginal abatement costs across
jurisdictions (here z#) which is a necessary condition for a global reduction in emissions
to be cost-effective. What our analysis suggests is that permit trading also provides
a strategic advantage when governments compete in setting caps in a non-cooperative
setting.

IV. Extensions
Non-Uniform Spillovers

The prior result regarding the Pareto efficiency of decentralized policymaking when
jurisdictions internalize global damages, compete in emissions caps, and allow free trade
in permits, at first glance appears to only hold for the case of a global pollutant. When
spillovers are not global (i.e., 8 < 1), (16) suggests that decentralized cap competition
with permit trading may still be distortionary. This occurs, not because of the presence
of global spillovers, but because we have so far only considered a single virtual market
for emissions. Because of this, when a non-global pollutant generates non-uniform
spillovers, a single virtual market causes marginal abatement costs across jurisdictions
to be equalized when heterogeneous marginal abatement costs are necessary to achieve
the Pareto optimal emissions level. Next, I show that if instead: .J virtual markets on
delivered emissions exist, jurisdictions compete in caps on delivered emissions to each
jurisdiction with free trade in permits, and all jurisdictions internalize global damages,
that decentralized competition in caps will again achieve the Pareto efficient allocation
of emissions in each jurisdiction. This occurs because when decentralized governments

compete in caps with free trade across J permit markets and internalize global damages,
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they establish a virtual market on the emissions delivered to each jurisdiction where the
cumulative sum of caps on delivered emissions to each jurisdiction reflects a perfectly
inelastic demand for emissions in each virtual market. J permit prices provide sufficient
degrees of freedom to allow for the distribution of the emissions generating mobile factor
to be distributed efficiently across jurisdictions. As with the single market case, this
coincides with jurisdictions’ selections of caps such that the sum of terms of trade effects
from all virtual and real markets equal zero.?®

In our previous analysis, we considered caps on produced emissions (alternately, source
emissions), o f;. This is the volume of emissions just before departing from jurisdiction
j’s boundaries. It is also the volume of emissions which we continue to assume has
uniform impacts within jurisdiction j’s boundaries. Now, instead suppose that each
jurisdiction j can impose caps on delivered emissions (alternately, destination emissions)
for each ¢, which reflect the emissions from j that actually arrive at t, ﬂ;fozj fj given
complicated physical chemical processes as reflected in 0 < B; < 1. Other jurisdictions
again generate emissions in their home jurisdictions which spillback to j, such that the
total emissions delivered to j from j and all other jurisdictions are now, e; = >, ﬁz ay ft,
where we assume Bg =1forall j=1,..J.

Suppose each jurisdiction has a permit market which requires a permit be obtained for
each unit of emissions that are delivered to that jurisdiction or produced internally by
that jurisdiction. We denote the permit price for emissions delivery to t, as z;, and the
total number of permits bought/sold by j for delivery to t as yj». Under cap competition
each jurisdiction now selects a lump-sum transfer, 7, and a vector of caps on the

St

J
emissions they deliver to other jurisdictions, e; = {ej} . As such, the representative
t=1

producer now maximizes profits by solving:

J

J
max hj (f]) — wfj - Z zlyé
£i20{v}_, 1=1

subject to:

(18) Blajfi — ot <@ (5§-) forall I =1,...,.J.

35Qur findings mirror the early theoretical work on cap and trade systems. Baumol and Oates (1971) show
that in the case of a uniformly mixed pollutant, only the level and not the location of emissions matter for
cost-effectiveness. Montgomery (1972), reviews the conditions under which cap and trade systems can be cost-
effective for non-uniformly mixed pollutants in which both the location and level of emissions matters. The
multi-jurisdictional cap and trade system considered by Montgomery (1972) focuses on destination emissions,
which guides the approach here.
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The first order conditions to (18) are given by:

J
hif=w+a; Y B,
=1

8t =z, forall I =1,..., J, and
(19) (ég. — Blajf; + y§> 5k =0, Blayf; —yh < &8t >0, foralll =1,.....J.

(19) yields the unconditional demand for fossil fuels, f; (w,z), where z = {zt}gzl. We also
obtain the supply of the final good, X; (w, z), the amount of permits supplied/demanded
for each [ = 1,...,J, yé (w,z,e;) = Bé-ajfj (w,z) — éé-, and profits, 7; (w,z,€;) =
hj (fj (w,2z))— (w +37 Bgajzo fj (w,z)+ze;. The competitive equilibrium is similar
to the case with a single virtual market, except now we search over z such thatt =1, ..., J
permit markets clear: 3, vl (w,z,6) = 0.

Under decentralized cap competition with free trade in permits within each of the .J
permit markets, the j government solves (12) where 6; = (e;,Tj), conditional on all
other jurisdictions’ policy choices, 0.; = {ét,Tt};] i) and the competitive equilibrium
with market clearing across J virtual markets. The conditionally optimal lump-sump
transfer is again identified by the Samuelson rule for public goods. The conditionally
optimal cap on j’s emissions delivered to ¢, é§- (6~;) selected by each jurisdiction one-to-
one corresponds to the Lagrange multiplier on the ¢ emissions constraint in (18) which
equals:

¢ N _ tEO | stES | t,BX tT.F | T2
(20) d; (0~;) —(5j +5j +<5j —|—5j —l—dj ,
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where:
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solution to a system of linear equatlonb as shown in the Appendix. Fortunately, it can
t

.,JJ can be obtained as the

closed form solutions for & an

6
dzlt
dej

st
be shown that d;‘ét = % and dzl forall j =1, ..., J, and this is all that is needed

to proceed.

(20) provides an expression that is similar to (15), except the own jurisdiction permit
market terms of trade effect now reflects the sum of permit market terms of trade effects
across all [ = 1,...,J virtual markets. Moreover, the other jurisdictions’ emissions

5§’E’X, always equals zero since Bll =1foralll =1,..,J. The

Pigouvian correction,
spillover-damage misalignment distortion is no longer present because the deployment
of J virtual markets ensures full alignment between spillovers and damages within each
virtual market on delivered emissions.

As shown in the Appendix, total differentiation of all k = 1, ..., J permit markets with

tE,
o , and

respect to e 1mphes that the sum of the own emissions Pigouvian correction, (5
the spillback: emissions Pigouvian correction, 5]-’ S , equal 'ngi)te. When all jurisdictions
internalize global damages this equals ¢¢.. Since (5;» = z for all j = 1,...,J given (19),
then summing (20) across all j, implies, after imposing market clearing in the market for
fossil fuels and market clearing in all permit markets, that z; = ¢ forallt =1, ..., J. As
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illustrated in (17), this coincides with 5;’T’F = —6§’T’Z

. Finally, as shown in the Appendix
substitution of these permit prices into (19), together with the resulting competitive
equilibrium identify the Pareto optimal allocation. Therefore, when all jurisdictions
internalize global damages and emissions spillovers are not uniform, decentralized cap
competition with permit trading across J permit markets, clearly identifies both the
Pareto efficient level and distribution of emissions across all jurisdictions. This occurs
because of: the construction of J virtual markets on delivered emissions which align with
the boundaries by which damages are assessed, the fact that permits can be freely traded
within each virtual market, and the assumption that all jurisdictions internalize global
damages. Only a single permit market was necessary when spillovers were uniform and
global, since one unit of emissions released by any jurisdiction had the same impact on
global damages as a unit of emissions released by any other jurisdiction.

In addition to the assumption that jurisdictions internalize global damages, the results
reviewed in this section have also relied upon the non-trivial assumption that each
jurisdiction is willing to set caps on the emissions they deliver to other jurisdictions.
The latter assumption implied a personalized virtual market in the emissions which
locally cause damages to each jurisdiction. This has an intuitive correspondence with
the suggestion, originally by Lindahl (1958), that personalized markets for public goods
may also provide a means to achieve the Pareto optimal allocation.?® When spillovers
are non-uniform both personalized markets and the global internalization of damages
by all jurisdictions are required for the allocation to be Pareto optimal. However, as
shown in the Appendix, in the case of a global pollutant such as GHG emissions (and
hence, a global public bad), the requirement that jurisdictions compete in caps across J
personalized virtual markets in delivered emissions can actually serve as a substitute for
the assumption that all jurisdictions internalize global damages. This is not possible in
the case of a non-uniform pollutant or a public good which imposes non-uniform spillovers
because the J personalized markets are necessary to identify the efficient distribution of
emissions across jurisdictions.

Public Goods
Our central result hinges upon the fact that the market for emissions is missing

(i.e., emissions are exogenous to consumers’ utility maximization and producers’ profit

36There has been some disagreement as to what Lindahl (1958) actually shows. See van den Nouweland (2015)
for a useful historical review of the Lindahl equilibrium concept as it has evolved in the public goods literature.

33



maximization problems) and that all jurisdictions internalize global damages. If the
market for emissions were not missing and all consumers (not jurisdictions) internalized
global damages then they could address the inefficient provision of the externality
themselves without the need for intervention by decentralized governments.

In the Appendix,®” I amend the model to instead consider the voluntary provision
of a ‘global’ public good which is non-rival in consumption across all jurisdictions. If
consumers internalize the benefits from this global public good to all consumers, the
decentralized decisions of all consumers and all producers, under the assumptions of
perfectly competitive markets and the resulting competitive market equilibrium, yield
the Pareto optimal allocation. The Pareto efficient public good subsidy is thus the
null vector across all jurisdictions. Decentralized governments that also internalize
global benefits may intervene by choosing taxes/subsidies, a la Section III, but doing
so introduces effects analogous to the terms of trade and spillback distortions considered
above. If governments instead did not internalize global benefits, then an additional
benefit internalization distortion would emerge analogous to the damage internalization
distortion considered above. If decentralized governments choose mandates on local
consumption of the global public good (instead of emissions caps) but allow free trade
in public good provision permits (instead of emissions permits) across all jurisdictions,
then a virtual market for the global public good can be constructed in parallel to the
real one. Decentralized competition in public good mandates with free trade in public
good provision permits ensures Pareto efficiency so long as all jurisdictions internalize
global benefits. This is of course duplicitous when consumers internalize global benefits
themselves since the real market for the public good is itself all that is needed for
efficiency.?®

If instead consumers do not internalize global benefits, then the competitive
equilibrium will again result in the well-established under-provision of the global public

good. Decentralized competition in public good mandates with free trade in public good

37This model could be extended further to consider non-spatially uniform public goods analogous to what has
been reviewed in the preceding section.

38The results of this extension thus complement the Lindahl equilibrium (Lindahl, 1958) of personalized markets
for public goods. While decentralized mandate competition with free trade in public good provision allowances
creates a virtual market by which all decentralized jurisdictions can potentially express their preferences for
the Pareto efficient allocation, this is only possible if jurisdictions’ governments’ preferences are for the Pareto
efficient allocation; that is, if all jurisdictions’ governments internalize the global benefits of the public good.
That consumers can also achieve this independent of government intervention when they can directly determine
their consumption of the global public good, reflects the fact that when consumers internalize global benefits they
explicitly address the consumption externality from the global public good.
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provision permits will achieve the Pareto efficient allocation of the global public good
so long as all jurisdictions’ governments internalize global benefits even when consumers
themselves do not.

The core insight of this and the previous model extension, however, is that our central
theoretical results can be applied very generally to consider the allocation of many kinds
of public goods and externalities. In contexts in which a central authority can adjudicate
the mechanisms by which decentralized governments make decisions, it suggests that
the central authority should establish the criterion by which decentralized governments
should be required to make policy decisions (i.e., internalize global benefits/damages),
should restrict decentralized governments to certain instruments (i.e., public good
mandates or emissions caps), and should require that decentralized governments permit
free trade in public good provisions or emissions allowances across all jurisdictions.
In contexts, such as the Paris Agreement, in which universal agreement has not been
obtained in any of these three areas, it suggests a space by which future negotiations
can possibly enhance the efficiency of mitigation mechanism established under the Paris
Agreement. However, given the Westphalian system of national sovereignty established
after the Thirty Year’s War and enshrined in the United Nations system, there is no
global government which can impose such a system directly.

Multiple Traded Commodities, Private Adaptation, and End-of-Pipe Abatement

The Appendix presents a generalization of the model developed here in the presence
of two mobile factors, capital and fossil fuels, both of which are elastically supplied.
Our central results regarding the efficiency of decentralized cap competition under the
prior set of assumptions is unaffected, although some of the total derivatives become
more difficult to sign when the elasticity of substitution between fossil fuels and capital
demanded in the production of the private good, and, when, fossil fuels and capital are
not separable in the utility function, the elasticity of substitution between fossil fuels
and capital supplied, is not zero. When these elasticities are zero across all jurisdictions
then the analysis is similar to that considered above, with the exception that marginal
policies in (13), (14), and (15) now include a capital market terms of trade effect. In this
case, decentralized cap competition with permit trading, ensures that the permit market
terms of trade effect exactly offsets the sum of the fossil fuel and capital market terms
of trade effects. Without loss of generality, the model can be expanded to consider any

number of mobile factors with elastic or inelastic supplies, and our central findings are
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unaffected.

In the Appendix, we also extend the model to allow for end-of-pipe abatement, building
on the two mobile factor model reviewed in the previous paragraph. For simplicity,
we assume end-of-pipe abatement is produced exclusively from capital. Unlike Fell
and Kaffine (2014), our central results regarding the efficiency of decentralized cap
competition under our prior assumptions are unaffected by this extension, which simply
alters the capital market terms of trade effect.

Finally, the Appendix also considers an extension to the above model when the
representative consumer in each jurisdiction also selects the amount of private adaptation
to invest in to mitigate local damages from the emissions realized in their district.
Adaptation in a district reflects investment in a private good for which markets are
already present to reduce damages from a global externality, which prior to decentralized
cap competition with permit trading, for which a market did not exist. This modification
introduces an additional adaptation market term of trade effect, but the sum of the term
of trade effects again equal zero under decentralized cap competition with permit trading.
If all jurisdictions internalize global damages, then the model again achieves the Pareto
optimal allocation.

V. Conclusion

Cap and trade systems to address externalities were originally conceived of as
constructing an ‘artificial market’ through which price contestation among many permit
buyers and sellers decentrally identifies the market clearing price of permits, without the
need for centralized coordination except to set the cap itself and enforce property rights
(Crocker, 1966; Dales, 1968; Baumol and Oates, 1971; Montgomery, 1972). Economic
agents observing the price of permits as well as other prices, their own emissions, and
their own production technologies or preferences select the optimal amount of abatement
to produce for themselves, such that the marginal costs of abatement are equalized
across all agents and the total sum of permits equals the cap determined by the central
authority. The resulting distribution of abatement across economic agents will be cost-
effective under certain standard assumptions, which have been maintained throughout
our analysis (Hahn and Stavins, 2011). Importantly, under the same assumptions, for
a given cap level, the distribution of permits across agents will have no bearing on the
cost-effectiveness of the cap and trade system although certain permit allocations may

be preferred for equity reasons. That the allocation of permits has no bearing on the

36



cost-effectiveness of a particular cap is known as the independence property of cap and
trade systems (Hahn and Stavins, 2011).

Our analysis identifies a second benefit from artificial markets. So long as all
governments agree to allow free trade of permits when they make their uncoordinated,
decentralized cap choices, then governments can observe the equilibrium permit price,
the ratio of price changes, and their own fossil fuel and permit market trade flows in
order to select their caps given the last lines of (16) and (17). When spillovers are global
and jurisdictions internalize global damages, then decentralized governments will select
a vector of caps that achieves the Pareto efficient level of emissions reductions. The
resulting cumulative cap on emissions will be realized without centralized coordination,
and the individual caps selected by each jurisdiction will reflect the allocation of permits
assigned to each jurisdiction. Thus, from the vantage point of the decentralized cap
equilibrium, the allocation of permits across jurisdictions does affect the efficiency of the
cumulative sum of caps, since allocations that do not satisfy (17) can introduce terms
of trade distortions and thus possibly encourage some jurisdictions to select caps such
that the cumulative sum of caps no longer equals the Pareto efficient emissions level.
The fact that these terms of trade distortions can be eliminated from the introduction
of virtual markets is important as it suggests that decentralized governments through
policy competition linked to the general equilibrium price system can make markets both
complete and efficient.

Although environmental economists pioneered the development of cap and trade
systems for the regulation of pollution, our analysis suggests that virtual markets
may provide strategic benefits in many other public good and externality contexts in
which decentralization posits significant challenges to efficient provision. Our findings
suggests that virtual markets present a remarkable mechanism by which decentralized
governments through their own atomistic choices and without coordination can address
the missing and incomplete market problem, even when the distortions caused by
those market failures impose trans-boundary spillovers across governments’ borders. In
particular, it suggests the minimum criteria that a centralized government would need
to impose in order for decentralized governments to address a wide range of public good
and externality problems.

Although my central result is very robust, in the context of global efforts to reduce

GHG emissions, it is self-evident that the supposition that decentralized governments can
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achieve the Pareto efficient allocation rests on a knife’s edge. The fundamental incentives
to free-ride are still pervasive, and, under the Westphalian system of national sovereignty,
individual nation-states are limited in their capacity to coerce other nation-states to
contribute to mitigation. Under the Paris Agreement, nation-states currently are not
restricted in their choice of policy instrument. When policy instrument choice is itself
endogenous it is highly likely that some governments may prefer not using caps to reduce
emissions at all or to restrict the free trade of emissions permits. Even if all governments
could commit to mitigate using caps and allow free trade in emissions permits, purely self-
interested governments will likely benefit from internalizing only their own damages when
making their cap choices.?? Domestic distributional concerns may constrain the ability
for governments to commit to comprehensive free trade in emissions permits. Finally, a
mechanism for monitoring, reporting, and verifying emissions reductions would itself be
difficult to establish in the absence of a global government.

My analysis does suggest that previous failed attempts to reach an ex ante agreement
on a global cap on GHG emissions may not be the only path forward for addressing
anthropogenic climate change. The Paris Agreement provides a novel, largely voluntary
approach which, if modified along the lines suggested above (restricting governments to
propose emissions caps and to accept free trade in emissions permits, and internalize
a global estimate of the social cost of carbon), could achieve the Pareto efficient level
of global emissions without being directly negotiated. As with most challenges that
transcend national borders, the penultimate ability of the human race to resolve such
challenges as climate change depends in the final analysis on the capacity of individuals to
contemplate the implications of their choices on others outside their own nation’s borders.
However, my model abstracts from the historical release of GHG emissions, a stock
pollutant, by nation-states. Therefore, the resulting Nash equilibrium of caps identified
by the model is agnostic with respect to equity considerations which have proven

important obstacles in past negotiations to address this important global challenge.

39TImportantly, if governments were able to agree to restrict themselves to caps and allow the free trade of
permits, but were unable to achieve agreement regarding using a global social cost of carbon, the resulting Nash
equilibrium may yield a smaller cumulative reduction in global emissions that than what could be achieved using
other instruments or by restricting free trade in emissions permits. The extent that this is likely is the focus of
on-going empirical work by the author.
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Appendix
THINK GLOBALLY, CAP LOCALLY, AND TRADE OFTEN:

THE CRITICAL IMPORTANCE OF VIRTUAL MARKETS FOR EFFICIENT
DECENTRALIZED POLICYMAKING IN THE PRESENCE OF SPILLOVERS

Joel R. Landry

For reference only; not for publication.
PRELIMINARY. PLEASE DO NOT CITE WITHOUT PERMISSION.

Section I provides the intermediate steps in the derivation of the analytic expressions
reported in the paper. Section II provides additional details on model extensions.

I. Analytical Derivations
A. Decentralized Competition in Taxes
Under tax competition each j government solves, after imposing the j government’s
balanced budget constraint:

(A.1) max W; (Fj — Fj) + I+ 1o fi — g5+ Vi(g5) — ¢ (7je) )

g9>0,7;

where I; = m; + wF} is non-tax income.
The first order conditions to (A.1) are given by:

Vig =1, and
de dw
(A.2) a7 = Zme () -1 (5
df;
given:
de d7r] dF; dw
+w + F—
df] df; de J dfj
dm; dw dr
A3 il - ( + o ]>

(5), and the first-order conditions to the utility maximization problem for representative
consumer j (in particular, w — W;p = 0).

Total differentiation of final good supply and fossil fuel demanded for the production
of the final good for ¢ # j:

dX; dw
— = Xpw——, and
dfy — ' dfj
dfy

Ad Yt _

(A.4) &, ft df]
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where,

Xpw = <htf> , and
hiys
(A5) fuw = (1)
. tw htff .

Note that X, <0 and fi, <O0.
Total differentiation of final good supply for the production of the final good for j:

dx;

A. —= = X, = hjy.
( 6) df] J if

Total differentiation of fossil fuel supply provides:

dFy dw
(A7) dej = tw@a
where:
(A.8) Fro = (- ! >
Wirrp

Note that F}, > 0.
Total differentiation of (10) provides:

df J
Z 7 f; Z , and

t#£j
d dX.
(4.9) Z i Z dfgt

Substituting fossil fuel demanded and supplied from (A.4) and (A.7) into the first line
of (A.9) provides:

J
dw
E +1= E F,—
ftwdf] v twdf =

t#j
dw
Al — = Ww;
where:
N 1
(A.11) w; =

Z;tjzl Ftw - ztj;ej ftw '

Note that w; > 0.
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Substituting w; into (A.4) provides:

dfy
df;

Total differentiation of (1) provides for ¢ # j:

(Alz) = ftwwj = th

dey dft
(A.13) 7 ap (1 - dfj +ﬁz ldf] + Baj,
and, for j:
J
(A14) de o +93 e .

df; df;

Substituting (A.12) into (A.13) and (A.14) provides:

i 8748 auf + B
J I#j
dej J _
(A15) ? :aj+ﬁzalfl-
J

I#5

Upon

observing

that 37, vide (%) = Vsl + Syttt = |og (Vidse + BEL 00| +
['Yj Djel Zl;ﬁj Oélfl} [Zt# 7j¢te (Oét(l - )ft—i-ﬁZi;j alﬁ)}, it’s evident that the

second line of (A.2) can be re-written as:
a;7j (0~j) = °+ O‘J 4 O‘J * Q;5T; ;-

where:

J
B,0 '
a7 =y | )i + B Z’Y;'qﬁte ;

t£]
) J
;% =108 aufy,
I#]
J J
=Y Vidre |as(1=B) fi+ B eufi |, and
1] 1]
(A.16) ar) = (fj — Fj) o
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Consider the case of symmetric jurisdictions when ¢, > 0. In that case (A.16) implies:

(A17)  ar=ade[yj +7B(J — D]+ age [y (1+58(J 1)+ B (v =) (0 —1),

where (6 —1) = (J—1) %; & 0 = (J-1) % + 1. Therefore, § equals the total
change in fossil fuels from a one unit change in f; induced by j’s tax choice. Since
governments hope to achieve a unit-for-unit reduction in emissions and therefore fossil
fuels from their tax case (given the symmetry assumption), § — 1, reflects the extent to
which a government’s tax choice causes fossil fuels to leak across borders. Depending
on [, this generates the spillover-damage misalignment (agef(v; —~:) (6 —1)) and
spillback (agey: (1+ 5 (J —1)) (0 — 1)) distortions in the last term in (A.17). After

some manipulation ¢ equals:
J Fry INFw

- JFtw_ (J_l)ftw - (Jan_(']_l)nfw) =0

(A.18) 5

B. Decentralized Competition in Caps Without Permit Trading
Under cap competition each j government solves, after imposing the j government’s
balanced budget constraint:

(A.19) max W (Fy — Fj) + I; — g; + V; (9;) — ¢ (v;e) »

9;2>0,€;

where I; = m; + wF} is non-tax income.
The first order conditions to (A.19) are given by:

Vig =1, and
J
dey dw
(A.20) ajhj =) Vjdte () + (fi = Fj) () :
ARV ; J dfj J J df]
given:
d]j d?‘(‘j dFj dw
— = — fw—7—+ F;—,
dfy  dfj dfy 7 df
dm; dw
A21 22—k —
( ) dfj QA f] dfja

(7), and the first-order conditions to the utility maximization problem for representative
consumer j (in particular, w — W;p = 0).

Total differentiation of final good supply and fossil fuel demanded for the production
of the final good for ¢ # j:

dX; . dw
_ = X w )\ = -, d
dfj t Z( t 0) dfj an
dfy ) dw

A.22 L = fiw =0) —,

( ) &, Jrwi (At = 0) &,
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where,

(A.23) Frw = (htlff) .

Note that X, <0 and fi, <O0.
Total differentiation of final good supply for the production of the final good for j

(assuming \; > 0):

(A.24) CZ’(; = hjr = Xjo.
Total differentiation of fossil fuel supply provides:
dF; dw
(A.25) E’t = Fu g
where:
(A.26) Fro = (- ! >
Wirrp

Note that F},, > 0.
Total differentiation of (10) provides:

J J
dfy dF;
Y=Y 2 and
t£] df; =
J J
d:(}t dXt
(A.27) P gy
t—1 df; =1 df;

Substituting fossil fuel demanded and supplied from (A.22) and (A.25) into the first

line of (A.27) provides:

J dw J dw

thwz(At_O)EH ZFWE@

t#j J t=1 J

dw
A2 =
( 8) df] 7
where:
(A.29) ; !
L S Fow = 0 frwi (A = 0)

Note that w; > 0.
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Substituting w; into (A.22) provides:

d , _ -
(A.30) e g i =0)a; = f.

df

Total differentiation of (1) provides for ¢ # j:
dey dft
A3l — =« + 3 l Ly Baj,
( ) dfj t ( df] Z df] J
and, for j:
de; Ldn

(A.32) =a;+0 Z .

df; dfj

Substituting (A.30) into (A.31) and (A.32) provides:

de
j—at( ft+62alfl+ﬁa],
! 1#]
J
de; -
(A.33) dT‘J =a;+B8)_ afi.
J 1#]
Upon observing

that Zt 1 ’Vj¢te (Q) =7 ije df + Zt;éj 'Vﬁbte af; = [Oéj (7§¢je + 52%]75]' ’V]tﬂste)] +
[’yj bjelB Zl# alfl} [Zt# ’chbte (Ozt (1-8)fi+ ﬁZf# alﬁ)}, it’s evident that the
second line of (A.20) can be re-written as:

X (0g) = o ATC + oA oA AT

where:

J
E,O j
A = | Vdje+ B Vidwe |
i

J
E,S j a
A =¢8> afi,
I#]

J J
Oé])\]E7X :Z’Y;(ﬁte Ot (1*ﬁ)ﬁ+ﬁzalﬁ ) and
t#j I#j

(A.34) aA] = (fj — Fy) w;

Consider the case of symmetric jurisdictions when ¢, > 0. In that case (A.34) implies
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(again assuming that A > 0 and thus all jurisdictions select binding caps):

(A35) a\ = age [7]' + 7B (J - 1)] .

Since all jurisdictions select binding caps under symmetry, there is no spillback
distortion. If some jurisdictions did not select binding caps then an analogous expression
to (A.18) holds, except where § is replaced with 6°(J —1) 3}2 + 1. After some
manipulation this yields:

JFip _ NEw
TFrw = (T = 1) frud (A =0)  (Inrw— (= D npui (A= 0))°

(A.36) 5 =

C. Decentralized Competition in Caps With Permit Trading
Under cap competition with permit trading each j government solves, after imposing
the j government’s balanced budget constraint:

(A.37) max W (Fj = Fy) +1; — g; + V; (g5) — ¢ (vse) »
J

where I; = m; + wF} is non-tax income.
The first order conditions to (A.37) are given by:

Vig = 1, and
J
de; dw dz
(A.38) ajAj = qj ;7;'@6 (dej> +aj (f; — F}) <%> (ajf; —€j) <de]) )

given:

al; d7rj o dF} L pdw dw

de] de] de] J de;’

dm; dz
A.39 il - e —
( ) dé] ==z f]d_ (e a]f]) (dej> s

(9), and the first-order conditions to the utility maximization problem for representative
consumer j (in particular, w — W;p = 0).

Total differentiation of final good supply and capital and fossil fuel demanded for the
production of the final good for t # j:

dX; dw dz
= Xpw—— + Xpz——, and
dej ¢ de] ¢ de] an
d
(A40) i - ftw ftz d_ ;

48



where,

h
th - <tf> )
hiys
th - <athtf> )
iy
1
w=1-—1], and
! (hﬁf>
(A.41) fr = (hat) .
tff

Note that Xy, <0, Xz, <0, fr <0, and f;, <0.
Total differentiation of the allowances supplied/demanded provides:

d d ,
d—‘gj = atcéj-’ for t # j, and
dy; df;

A.42 ) — 2L

( ) déj & déj

Total differentiation of fossil fuel supply provides:

dF; dw
A4 — = Fypy—,
(A-43) de; — " de;
where:
1
A.44 Fip, =1 — .
( ) ! < WtFF>

Note that Fj,, > 0.
Total differentiation of (10) provides:

LA il
o e i de
J J
dl‘t Z dXt
Z - = 5 and
t=1 de; t=1 de;
d

(A.45)

~
Il
_

[~
Q
S
I
o

Substituting fossil fuel demanded and supplied from (A.40) and (A.43) into the first
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line of (A.45) provides:

t=1 = t=1
dw dz
(A.46) — = Wi, —,
dej J d j
where:
ZJ: ftz
(A.47) Wi =l

TSl (P — fu)

Note that w;, < 0.
Substituting allowances demanded/supplied from (A.42) given (A.40) into the last line
of (A.45) provides:

dw dz
Z <atftwd€ + atftzdé') -1=0«&
J

t=1 J
dz dw
(A48) TéJ = ijE + 25,0,
where:
J
Zj = —72321 atftw, and
Zt:1 a fto
1
(A.49) 2j0= —F—-
’ Z;gjzl atftz
Note that: z;, <0 and z;p < 0.
Substituting (A.46) into (A.48) provides:
dz 250
A50 R N
( ) déj 1-— ZjwWsjz “
Substituting (A.50) into (A.46) provides:
dw
dé; j2%j j
Substituting w;,and Z; into (A.40) provides:
d, _
(A.52) d@ = frwWj + fi22Z; = [t
€5
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Total differentiation of (1) provides for all t =1, ..., J:

J
dey dfy dfy
A.53 — = 1-08)— —.
(A.53) iz, ~ (1-5) dz, + 5;041 0z,
Substituting (A.52) into (A.53) provides:
de J
A.54 = (1=-B) i+ B8 auf
(A.54) gz, ~ (L=5)fe+8 2 o fi
. e j de; e
Upon observing that a; Zijzl vj-qbte (%) = ajﬁ(ﬁjefj + « Z;;j 751@1),56;% =
: ; _
a; [ (Ve + BTy e | (i) +

aj ['yj:d)jeﬁ ZZ;&]' alﬁ} + [Z;;j Vit ((1 —B)aufr + ﬁzz;j alﬁﬂ’ it’s evident that
the second line of (A.38) can be re-written as:

E,0 E,S EX T,F
ity (Oj) = o™ +ajp; ™" 4 a4 oy + aj,uzfz,

where:

J
E,O j r
QL =y 7?(;5]'8—&-55 ’Y§¢te @ fj,
t#j

J
E.S j r
i :Oéj'}/gd)jeﬁg afi,
i

J J
E.X r r
aj,uj :aj27§¢te (1—5) atft+/82alfl )
t#£j I#5

T.F _
ajp;” = (fj — Fj) ajwj, and

(A.55) ajui” = (ajfj — &) ayZ;.

D. Pareto Optimal Allocation
Given the assumption of quasi-linear utility, the solution to the Pareto optimality
problem is exactly equivalent to the solution when a utilitarian social welfare function
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is maximized. The latter problem is given by:

max ZWF Fj) Zh (f})
7=1

{fj7Fj}j:1 j=1

_Z¢j a]fj +Bzalfl

I#5
subJect to:
J J
(A.56) LY F ().
Jj=1 J=1
The first-order conditions to (A.56) are given by:
J
hjp —aj | dje+ ﬁZ@e =w, forall j=1,..,J,
I#j
(A.57) w=W;p, forall j =1,...,J.

It is also possible to identify the vector of taxes that maximize the Utilitarian social
welfare function conditional on the resulting economic equilibrium. This problem is given
by:

J
max Y W (F; = Fj (w))

J
{Tj}j:pw j=1

J
+ Zhj (fj (w,75))

_Z¢] a; fj (w,75) +/Bzalfl (w,7)
I#j

subJect to:
J
(A.58) Zf] w,7;) < Z

and given the maximization of (2) subject to the consumer’s private budget constraint
and (4).
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The first-order conditions to (A.58) are given by:

J J
Fju (6 = Wir) + fjuw (his = 6) = i fjuw | dje+B)_ ¢ | | =0, and
Jj=1 I#j
J
(A.59) (hjf = 0) fir — ifjr | dje+ B> e | =0, forall j=1,..,.J.
1

Given Wjr = w, (5) which implies that a;7; = hjy — w, and observing that ¢ = w,
the last line of (A.59) provides the vector of first-best Pigouvian taxes:

J
(A.60) 77O=(1=8)¢je+ B e, forall j=1,..,J
=1

Note that substituting in (A.60) into (A.59) returns (A.57), given w = w.
II. Extensions
A.  Non-Uniform Spillovers

Next, I consider the case of non-uniform spillovers and cap competition across J virtual
markets. Total emissions delivered to j from j and all other jurisdictions are, e; =
> i1 Blawfi, where we assume Bj]- =1forallj=1,..,J.

Under cap competition with free trade in permits across all J virtual markets each j
government solves, after imposing the j government’s balanced budget constraint:

(A.61) gﬁ;%)éwj (Fj = Fj) + 1L — g + Vi (95) — ¢ (vje)
i=0,€;

where I; = m; + wF} is non-tax income.
The first order conditions to (A.61) are given by:

Vig =1, and
(A.62)
4 ¢ dey dw J I dz
a0 =0 Y Ylidre g | T E) | o |+ > (ﬁjajfjj - ej) e E
t=1 J J =1 J
given:
d[j dﬂ'j dFj dw
- == tw—— + Fj—,
dej dej dej dej
J
dm; dw _ dz
(A.63) ETZ- :Zt*fjﬁJFZ(@; *Bé'ajfj> (dét> )
J J =1 J

(19), and the first-order conditions to the utility maximization problem for representative
consumer j (in particular, w — W;p = 0).
Total differentiation of final good supply and capital and fossil fuel demanded for the
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production of the final good for t # j:

de t d det, o
dft
(A64) ftw _.1; thzl d_ )
where,
-
hyyy
'h
thl = <atﬁt tf) for | = 17 7J7
higy
1
w=1|-—1], and
e <htff>
l
(A.65) O A
iy

Note that X, <0, X;,, <0, fiw <0, and fi,, <0.
Total differentiation of the allowances supplied/demanded provides:

dyF d

% = 55%% for t # j and all k = 1, ..., J,
dyt df;

déi = /Bg ]d i 17 and

dy fj

!
(A.66) dej =3 0 ot = for [ # t.

Total differentiation of fossil fuel supply provides:

dF; dw
A67 —V—F — Fw 9
(A.67) det — " det
where:
1
A.68 Fo, = | — .
( ) ! < WtFF>

Note that F},, > 0.
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Total differentiation of the market clearing conditions provides:

M~
8|S
H
M~
5

N
Il
—
<
o~
Il
—
<

and

N
Il
—
<
o~
Il
—
<

M~
i
I
M-
e

~a

(A.69) =0forallk=1,..,J.

(]~
Q.
Q“@
L

N
Il

-
<

Substituting fossil fuel demanded and supplied from (A.64) and (A.67) into the first
line of (A.69) provides:

i) £ () (5) £ (4)-
(A.70) [EJ: (fiw — Fro) < ) " Z (Z fzzm> (dze’;> 0.

=1
Substituting allowances demanded/supplied from (A.66) into the last line of
(A.69)provides:

de’“ (Zﬁl alf,w> (d t) + Z (Zﬁ, a,lem> (dz’”> —O0fork#£t
(A1) det - (Zﬁlazﬁw> ( ) + Z (Zﬁlalﬁzm> (‘Z&”) —1.

(A.70) and (A.71) provide the following analytic expression for the J 4 1 vector of

total derivatives, z] jg;, Zz,}, - ‘(%J_}:
(A.72) 2t = A" by,
Where the J + 1 row vector of coefficients

{[Zl 1 (frw — -Flw)} ) (szzl flzl>, . (Zl 1flz])}, the J + 1 row vector of

coefficients Ay = {(Zf By flw>, (Zl By f,zl), . (Zi’ , @kal flzJ)} for all

k=1,..,J, the J 4+ 1 by J + 1 matrix of coefficients A = {A;};/"', and by, is the
t+1 column basis vector of length J + 1. A can be inverted so long as A has full
rank. Functionally this requires that the J by J matrix of spillover coefficients 3 has
full rank. For the case of a pollutant which generates uniform spillovers when B; =7
for all j,t = 1,...,J, this is not the case and the solution can be obtained as before in
Section I.C; J markets can concurrently exist even in the case of a uniform pollutant, but
functionally they are all identical and the caps chosen on delivered emissions to t for a
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particular jurisdiction j in the resulting Nash equilibrium are the same for allt =1, ..., J.
Note also that for the particular case of a uniform global pollutant, when /Bff =1 for all

j,t=1,...,J, that (A.71) instead implies that de_’; =1forall k=1,...,J since Zle’f = ;?ﬁ

J J
for all K = 1,...,J. For the general case when ,6 has full rank, the solution to (A.72)
implies that z% = z' for all j = 1,..., J, reflecting the fact the markets for fossil fuels
and the J permit markets are global. For a particular J, (A.72) can also be expressed
in terms of elasticities as before.

Substituting (A.72) into (A.64) provides:

dfi

(A.73) i

=f
Substituting (A.73) into (A.71) and given (A.71), provides, for all I =1, ..., J:

dey.
b= Zﬁ,alf, =0fork+#t

]

(A.74) det Zﬁlazfz =1

J

After some manipulation the last line of (A.62) can be re-written as (20). For the
general case when 3 has full rank (and therefore B;» # p forallt,j=1,..,J), when all
jurisdictions internalize global damages, summing (20) across all j7 = 1,...,J, implies,
after imposing market clearing in the market for fossil fuels and market clearing in all
permit markets, that z; = ¢4 for all t =1, ..., J.

Next, we return to the case of a global pollutant when ,8; =1 forall j,t =1,...,J.

Given that de’“ =1for all k = 1,...,J, when all jurisdictions internalize own damages,
summing (20) across all j = 1,..., J, implies, after imposing market clearing in the market
for fossil fuels and market clearing in all permit markets, that z; = (%) (Z{:l gble) for
allt=1,...,J.

In either of these two cases, substitution of the appropriate z; for all t = 1,...,J

into (19), together with the remaining first-order conditions and the market clearing
conditions provides an allocation which supports the Pareto optimal allocation identified

by (A.76), since 37| 2 = (Zle ¢le)-
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PARETO OPTIMAL ALLOCATION
Again given that v, equals the basis vector for all j, the Pareto optimal allocation
solves:

wh (Fy — F V; —
L 1 (L= Fi) + 21+ Vi(g1) — & (7€)

subject to:
W; (F —F') +$j+V‘ (gj) —qﬁ(’yje) > Uy ()\j), for all j > 1,
J

ZIBH-Qt th ft) ;

t=1

J
Z ZFt (W),

(A.75) ej = Zﬁt ay fy, for all j.

The first-order conditions to (A.75) imply, after some manipulation:

J
Wir = hj; — a; <Z 5§¢te> =w, forall j =1,...,J, and
t=1
(A.76) Vig=1, forall j =1,...,J.

The vector of taxes that support the Pareto optimal allocation are now given by:

J
(A.77) TJPO = (Z ﬁ]t'@e) ,forall j=1,..,J.
t=1

LINDAHL PERSONALIZED MARKETS FOR A GLOBAL POLLUTANT
An alternative method to address the under-provision of public good/over-provision of
public bads problem was proposed by 7. 7 proposed establishing personalized markets
in the public good/bad. We focus on the (global) public bads case in light of the model
we have so far considered. In this case the private good producer is now required to pay
for damages accrued to each jurisdiction for each unit of emissions that they produce.
Thus, they now solve:

J
(A.78) max h; (f;) — (w—}—aszt) fj-
t=1

fi=0

The first-order condition to (A.78) is given by:

(A79) hjf :w—i-OéjZZt.
t=1
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This generates the supply of the private good in jurisdiction j, X; (z,w), the demand
for fossil fuels in j, f;(z,w), and the supply of produced emissions in j, é;(z,w) =
a;fj (z,w). Focusing on the case of global emissions, realized emissions in j are still as
given in (1), i.e., e; = Eijzl oy ft.

Consumers now need a mechanism for expressing their private preferences for the
public bad. One method for achieving this, as noted by 7, is to establish a personalized
market for each consumer in the public bad. We modify consumer’s preferences in (3)
to accommodate this case. Specifically, we replace ¢ (’yje) with ¢; (ej). In effect, this
amounts to imposing ’yg =1 and ’y;- =0foral j=1,..,J and t # j in (3). We now
introduce a new, personalized market for each consumer in a virtual good, m;. Although
e;j is non-excludable, m; is assumed to be. As such the consumer in j now solves:

(A.80) F.>H01271nX.>0 W (FJ — Fj) +wF; + I + zjm; + 'V (gj) — @j (mJ)
J Mty —

The first-order conditions to (A.80) are given by:

w = WjF,
(A81) zZj = ¢je (m]) .

The last first-order condition in (A.81) is very important as it states that the price for
emissions in j’s personalized market should be set equal to their marginal willingness to
pay for a unit of avoided emissions realized in their jurisdiction.

Market clearing is as before (see (10)), except that we also require that e; = m; for
each j =1, ..., J, which reflects the excludability assumptions imposed on each of our new
J virtual markets. Given a global pollutant, this can also be written as: e = m; since
ej =eforall j =1,.,J. It’s clear from (A.79), (A.81), and the new market clearing
conditions, for all j = 1,...,J, that expanding the number of markets from one to J
virtual markets renders the equilibrium allocation Pareto optimal, even if jurisdictions
do not internalize global damages. To be precise, the last line of (A.81) first identifies
the prices on emissions in each jurisdiction realized in the Lindahl equilibrium as being
equal to marginal damages in each jurisdiction, given that emissions realized everywhere
must be the same in the case of a (global) public bad, i.e., e = m; for all j =1,..,J.
Given this, (A.79) then identifies the Pareto optimal level of emissions.

The Lindahl equilibrium concept has been regarded as impractical for two reasons.
First, solving (A.80) requires the ability to construct a personal, excludable market for
each consumer for a public bad that has historically been considered non-excludable.
Second, if each consumer has a private market in the public bad, they may wish to
exercise market power. Similarly, consumers would have no incentive to truthfully report
their marginal willingness to pay to avoid emissions since misreporting provides another
opportunity for them to free-ride off of others.

Our analysis shows that while emissions can be made excludable it is more difficult to
make damages from emissions excludable. A cap and trade system with appropriate
enforcement and monitoring can render a public bad privately excludable and thus
capable of being virtually commoditized and transacted in markets. There is little reason
to suspect that many public goods cannot also be appropriately monitored and enforced,
and thus mandate and trade systems could also allow for excludability. For example, if
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a park is constructed, a new road is built, or more bombers purchased it is not typically
difficult to ascertain who supplied these goods and thus who should be awarded a valuable
permit for their provision.

As shown in the text, cap competition by governments with free trade in permits
within a single virtual market eliminates the spillback and terms of trade distortions
arising from decentralized efforts to constrain the public bad.! This is possible because
of the excludability provided by the introduction of the single new virtual market on
global emissions when trading in permits is allowed across jurisdictions. This single
market cannot alone address the reality that damages from emissions are non-rival
in consumption across jurisdictions and so the assumption of global internalization
of damages is also necessary. J permit markets, however, can provide an alternative
mechanism for addressing non-rivalry in emissions damages. When emissions are global,
the Nash equilibrium of caps that results are identical across the J markets. The
limitations of the Lindahl solution of personalized markets for the public bad also bear
repeating for this alternative method by which decentralized governments establish J
virtual markets in the public bad. For instance, a government contemplating introducing
a new virtual market in the presence of some pre-existing virtual market(s) is unlikely
to be willing to do so given that they can free-ride off of the damage reductions provided
by the pre-existing virtual market(s). Therefore, when market entry is itself within
governments’ choice sets, it is unlikely that decentralized governments will be willing to
establish sufficient virtual markets necessary to support the Pareto optimal allocation if
they do not internalize global damages. Of course, if governments do internalize global
damages then a single virtual market will likely be superior to J virtual markets since it
will entail lower transaction and enforcement costs which have heretofore been abstracted
from in the current analysis.

B.  Multiple Mobile Factors and Abatement
CONSUMER DEMAND

Now suppose the representative consumer in each jurisdiction has preferences given

by:

(A.82) uj = Uj (K — Kj) + W; (Fj = Fj) + 2 +v; (g5, ),

where U;x > 0, Uix g < 0, W;rp > 0, and W;pp < 0. Now the consumer’s private budget
constraint is given by: z; = m; +rK; +wF; — T}, where r is the rate of return to capital.
The consumer maximizes (A.82) subject to this constraint, taking the amount of local
public good provided and emissions as exogenous. This provides the Walrasian demand
for the private good, x; (w, 7, T}), the amount of capital supplied, K (r), and the amount
of fossil fuels supplied, F; (w), where K, = ﬁ >0 and Fj, = ﬁ > 0.
FiNAL GOOD PRODUCTION

A representative final good producer located in each jurisdiction produces a final good
using clean (capital) and dirty (fossil fuels) mobile factors and labor as inputs according
to the following production function: X; = h; (fj,k;,{;). Since labor is fixed in each
jurisdiction, we can impose market clearing in the labor market, [; = Ej, to obtain
X; = h; (fj,k;), which is analogous to specifying a decreasing returns to scale production

1Recall, that in the case of a global pollutant the spillover-damage internalization is also zero.
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function in capital and fossil fuels where hj; > 0, hjp > 0, hjrp < 0, hjr < 0, and
i fhirr — hprhieg > 0.

When a government imposes an emissions cap and also allows permits to be used for
compliance, y;, the representative producer maximizes profits by solving:

max  h; (f;, k;) —wf; —rk; — zy;
feoy Y (k) i J Yj
subject to:

(A.83) a;fi —yji <& (1)

The first order conditions to (A.83) are given by:

hijp =w+ aju;,
hjk =T,
Hy =z,
(A.84) (€ —ajf; +yj)pj =0,05f; —y; < é€j,p; >0.

(A.84) generates the unconditional demands for fossil fuels, f;(w,r,z), and capital,
kj (w,r,2). We also obtain the supply of the final good, X; (w,r,z2), the amount of
permits supplied/demanded, y; (w, 7, 2,€;) = «a; fj (w,r, 2) — €;, profits, 7j (w,r,2,€;) =
hi (fj (w,r, 2),kj (w,r,2)) — (w+a;2) fj (w,r,2) — rkj(w,r,2) + z€;, and source
emissions, «o; fj (w,r, 2).

A competitive equilibrium with a permit market is the vector of prices and government
expenditures on local public goods, (w, Tz, {gi}i‘]:1>, and resulting quantities that solve

all consumers’ utility maximization problems and all firms’ profit maximization problems,
such that all markets clear:

J J J

(A.85) Zazj (w,r,2,05) + Zgj (0;) < ZXj (w,r,2,0;),

j=1 j=1 Jj=1

and the governments budget constraint is balanced for all j such that: T; = g;.
Under cap competition with permit trading each j government solves, after imposing
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the j government’s balanced budget constraint:

(A.86) max Uj (Kj — K;) + W; (Fj — F;) +1j — g; + V; (g)) Z’Wt et)

9;2>0,€;

where I; = m; + rK; + wkF} is total non-tax income.
The first order conditions to (A.86) are given by:

Vig =1, and

i = a; Z%qﬁw <d6t> +aj (fj — F)) (;@) +aj (kj — Kj) <dr>
(A.87) + (0 f; — &) o (dz>

de;
given:
dr; _ drj | dK; dr, dF; o dw
- 2 +Ki— Fi—
de;  de; | de; Jd* e M de;’
dm; dr dz
A. hala R E:— i f) [ —
(A58) = b b e ().

(A.84), and the first-order conditions to the utility maximization problem for
representative consumer j (in particular, r — Ujx = 0 and w — W;r = 0).

Total differentiation of final good supply and capital and fossil fuel demanded for the
production of the final good for t # j:

dX; dr dw dz
= Xr4 Xu) _ XZ —
déj ¢ déj + A dej + A dej
dky dr dw dz
= ki — + ko ki,—, and
dé; tdéj+tdj+td€] o
dfy dr dw
A89 - = r;— w = VAT
( ) de; Je de; + fi de; + fi d
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where,

(A.90)

hifhipr — harhegy >
hikphipe — higrhepy
hegher p — Dl >
hikghipre — hirrhery
ag (heghey — htfhtkk)>
hikphipe — hegrhegy

hirf

hikghipe — hikrhery
aihyg, f

hikphipre — hirihepy

)
)
he ) ’
)

hikghipe — hikrhepy
—hykr
Pk gl i — il r

o=
-=
%= (5
<h fhtf;}fffftkkhtff>
w=( ,
he=
=
o=

1. = < —aghygr >
- higrhepr — hkrhegs

Note that when capital and fossil fuels are technical complements with respect to the
production of the final good (e.g., hyp > 0) that Xy, <0, Xy <0, Xy, <0, kg <0,
ktr S 07 ktz S O, ftw S 07 ftr S 07 and ftz S 0.

Total differentiation of the allowances supplied/demanded provides:

(A.91)

dy; dfy

9 _ for ¢ d
iz, ~ Ctge, rt#d an
dy; _ CLfJ_

déj dej

Total differentiation of all remaining supplies provides:

(A.92)

K
df_t = Ktrifa and
dej dej
F;
Lf - Ft’u)di_wa
dej dej
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where:

(A.93) Fro = <— Wjﬁ) .

Note that K- > 0 and F}, > 0.
Total differentiation of (A.85) provides:

=1 26 =1 G
Lok, KAk,
T dey N dX
;dé;:;dé;’ and
J

(A.94) ZZZ;_O'
t=1

Substituting fossil fuel demanded and supplied from (A.89) and (A.92) into the first
line of (A.94) provides:

dw
w 3= r o z2 3= — wS= &
th +th d +th 2 F de;
dw dr dz
A.95 — )
( ) déj Wi déj ) dej
where:
J
Wi, = 5 Zt:l ft,r ’ and
Zt:l (Ftw - ftw)
ZJ: ftz
(A.96) ’U)jz = t=1

Sy (Fiw — fiw)

Again if hyp > 0, then w;, <0 and wj, < 0.
Substituting allowances demanded/supplied from (A.91) given (A.89) into the last line
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of (A.94) provides:

Z (atftrd + Oétftw + Oétftz > —-1=0¢&
de;

t=1
dz dr dw

A' T w
(A.97) de;  I7de; i,

+Z]07

where:

J
. thl at ftr
J )
Zt:l atftz
J
Zt:1 ot frw
Zjw = — =g and
thl atftz
1

22]21 atftz .

Again if hyp > 0, then z;, <0, 2, <0, and 20 < 0.
Substituting capital demanded and supplied from (A.89) and (A.92) into the second
line of (A.94) provides:

J
Zktr +Zktw +Zktz —ZKI‘/T;Z;@

(A.98) Zj’() =

dr_dw e

A.99 ;
(4.99) de; v, T agy
where:

J
k
Tjw = —7 izt Fw , and
>im1 (Kt — kotr)
J
k
(A.100) Tz = = Lizihiz
Zt:l (Kt,r - kt,r)
Again if hyp > 0, then r;, <0 and r;, <0.
Substituting (A.95) into (A.97) provides:
dz dr

A.101 z
( ) dej = Zjr de] + Zj 05
where:

By = Zar Y+ Zjutt ~, and
1 — zjupw;2
A 24,0
A.102 Zig= — 20—
( ) 70 1-— ZjwW;z



Substituting (A.101) into (A.95) provides:

dw . dr
(A].OS) g :wjrd, +wj07
J
where:
uﬁjm = —wj’r t Zj,rwjz’ and

1-— ij’wjz

(A.104) Wy = — 20
1-— ZjwW;jz

Substituting (A.101) and (A.103) into (A.99) provides:

(A.105) & Tt TR0
dej 1 —rjutlje —1j:je 7
Substituting (A.105) into (A.103) provides:
dw . . _
(A.106) E =W T + Wi0 = W;j.
Substituting (A.105) into (A.101) provides:
dz . . _
(A.107) i ZjrTj + 20 = Zj.
Substituting 7;, w;, and z; into (A.89) provides:
d, _
(A.108) % = firTj + JrwW; + fi225 = fi
J

Total differentiation of (1) provides for all t =1, ..., J:

d@t

J
(A.109) pral L(1— dft +ﬁz dfl

Substituting (A.108) into (A.109) provides:

det
(A.110) @ " =a (1 - ft+5zazfl
Upon observing that «; Zgzl 'y;@e (%) = aj'yjqﬁjede + Zt# %gbte

a; [(V§¢je + B0 7§¢te>} (s 5)

det

+

a; [Vggbjeﬂ Z;;j alﬁ} + o [ZZJ# 7§¢te ((1 — B asfi + BZZJ# alﬁ)}, it’s evident that
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the second line of (A.87) can be re-written as:

E,O E,S E.X T.F T.K
jip (Ong) = aip” + ajp” 4 g 4 g + oyt + o,

where:

J
E,O j r
iyt = ’Yg(z)je‘i‘,BE ’Y;'Qf)te @; fj,
t#]

J
E.S ‘ :
ajiy " = apyldieB Y aufi,
I

J J
ozj,uf’x :aj27§gbte (1-58) Oétft+5zalfl 5
t#j I#5

T,F _
aju; = (fi — Fj) ajw,
TK _
ajp; = (kj — Kj) o7y, and

(A.111) ajps = (ajfj — &) a;z;.

WITH TECHNOLOGICAL ABATEMENT
When technological abatement is included in the model, end-of-pipe abatement can
om; 2m.;
,%>O,amdﬁ<0&nd
given that k:j‘ is the amount of capital used for technological abatement and ng is the
amount of capital used directly in the production of the final good. With technological
abatement the firm’s profit maximization problem under cap competition with permit

trading is given by:

be supplied according to a; = m; (k:f), where 0 = m; (0)

ijO,kfnéaOﬁfZO,yj hy (fjvij) —wfj—r (kJX T k;‘) i
subject to:
mj (k') < ajfi ()
(A.112) ajfi—my (k) —y; <& (1)

The first order conditions to (A.83) are given by:

hjf =w + Qg — Oéj/\j,
hjk =T,
Mg <r+ mjk)\j (: when kf > 0),
p; =z, and
_ A A _
(A113) (&5 — (o f5 —my (K]) —w5)) 1y = 0, 05f5 — my (k5) —y; < &, 415 > 0.
(A.113) directly implies the unconditional demand for fossil fuels, capital, and abatement,

or, fj(w,r z), kj(w,rz) = k}X (w,r, z) + kj‘ (r,2z), and aj(r,2) = m; (k‘jA (r, z)),
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respectively. We also obtain the supply of the final good, X (w,r,2), the amount of
permits supplied/demanded, y; (w,, 2,€;) = «o;f; (w,r,2) — a;j (r,z) — €, and profits,
mj(w,r, 2,€5) = h; (f] (w,r,z) ch)-( (w,r, 2) | —wfj (w,r,2)—z (aj fj (w,r, 2) —aj (r,z))—
rk; (w,r, z) + ze;. Finally, the emissions released by the jurisdiction are given by

ajfj(w,r,z) —a; (r,2).
Emissions realized in each district are now given by:

J
ej = aj(fi—a)+BY o (fi —a)
1]
J

(A.114) =(1=B)a;(fj—aj)+ B> au(fi —ar).

t=1

Now, the first order conditions to (A.86) are given by:

Vig =1, and
J
de; dw dr
N = s te ot (f. — F. el (ks — K -
QA O‘Jtzl%¢t <d€j>+aj(fj 5) <d€j>+a1( j ;) (dej)
B dz
(A.115) + (o fj —aj — &) o (d) ,
€j
given:
al; dmj dK; dr dF dw
&2 el Y il J
de;, de; de; Vg Ve Tae
dm; dw dr dz
A.116 amj _ g dw o er B dz
( ) déj i fj déj jdéj (6] +a a]fj) <d€j> ’

(A.113), and the first-order conditions to the utility maximization problem for
representative consumer j (in particular, r — Ujx = 0 and w — W;p = 0).

Assuming, \; = 0, total differentiation of final good supply and capital and fossil fuel
demanded for the production of the final good for all ¢ is now:

dk; dr dw dz
——kr kiw ki,—, and
dé; tdejJr ! d]+ tde] an
dfe
(A117) d_ _ftr ‘f‘ftw +ftz )
de; de; de;
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where,

—hyy
hikphipe — hgrhesy

(o)

ZMitkk
Pk

hikphipe — hegrhs

b= )
o= )
<> (),
o= ( )
for= ( I

_ hi i
hikphi s — hgrheg
_ — ik
Pikphipe — hgrhigy
—athygg
A.118 fr = ( ) .
( ) * hikphipie — hegrher
In addition, total differentiation of abatement for all ¢, provides:
day dr dz
A.119 —_— =
(4.119) de; ~ “rae; T " de;
where,
Ay = ( Mtk ), and
Mtk
2
(A.120) ap, = — (mt’f> .
ZMikk

Total differentiation of the allowances supplied/demanded provides:

dy, df ¢ dag

= qp—— — —, for t # j, and
& “d; dg; Ori7den
dy; df;  da;
A.121 7L~ s A
( ) déj a]déj déj

Substituting allowances demanded/supplied from (A.121) given (A.117) and (A.119)
into the last line of (A.94) provides:

J dr dw dz
Z <(atft,r — Q) d76j + atftwdféj + (o frz — az) dé]> -1=0«
t=1
d d d
(A.122) - T

e e
o T e .
de; de; de;
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where:

2271(C¥tftr atr)

zj’T =
Zt 1 (atftz atz)
i = Zt 1 At frw and
Zt 1 (o fiz — atz)
1

(A.123) Zj0 = .
! 22]21 (atftz - atz)

We proceed as before to obtain 7, w;, and Z;. Substituting 7;, w;, and Z; into (A.119)
provides:

da
(A.124) d76t = QeTj + Q25 = Gy
J

Total differentiation of (A.114) provides for all ¢:

J
dey dfy  day dfy  day
A12 1— Y ca di_fany
(4.125) @ 1P <O‘td- dej) * 5; <‘” de; déj)
Substituting (A.124) into (A.125) provides:
de = d
(A.126) de; (1-p) (oatft — at Z:: ayf; — al

Finally, the LaGrange multiplier on the conditionally optimal cap can be written as:
T,K
i (0~j) = —i—a] +O‘J +O‘J/‘J +O‘j'“’j7 +agig’,
where:

J
E,O j Fo_ -
ajp; = ’7§¢je + B E ’Y;éf)te (O‘jfj - aj) ’
t#7

J
s = ayldieB Y (aufi —ar)
I#5

J
aju; ™t = a 27]¢te (1=8) (afe—a) + 8> (ufi—a) |,
t#]j I#j
OWJTF = (f; — Fy) ajwy,
ajp; " = (kj — Kj) a7y, and
(A.127) ajuy = (ajfj — aj — &) oz
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PARETO OPTIMAL ALLOCATION
We next characterize for the Pareto optimal allocation for the case of two mobile factors
and end-of-pipe abatement. Maximization of the utilitarian social welfare function is now
given by:

max

J
X pA R KL Z - ,
{fik ket By K5} =1 j=1 j=1
J

05 | (aify = my (k) + B (eufi = mu (Ki'))

Jj=1 I#j

subject to:

J
Y <Y Fj(ur), and
j=1 j=1

J J

(A.128) SOk k) <D K (uk)

=1 i=1

The first-order conditions to (A.128) are given by:

J
hig —aj | dje+ B> e | =pr, forall j=1,..,J,

I#5
hjr = pr, forall j =1,...,J,
J
Dje —1—52@6 mjppr, forall j=1,..,J,
I#5
UE = W]{, forall j =1,....J, and
(A.129) WK = U]'-, forall j =1,...,J.

The firm’s profit maximization problem with two mobile factors, end-of-pipe abatement
and an emissions tax is given by:

oy T U)oty =7 gy =y () = (5 0
subject to:
(A.130) mj (ki) < ajfi (ng)-

The first order conditions to (A.130) are given by:

hjf =W+ oyT; — oy,
hjk
(A.131) Tymj < 1T+ mjpp; (= when kf > 0).

r, and
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The unconditional demand for fossil fuels, capital, abatement are given by f; (w,r, 75),
ki (w,r, ;) = k:]X (w,r,75) + k:;4 (r,7;), and a; (r,7j) = m; (k:JA (r, Tj)), respectively. We
also obtain the supply of
the final good, X; (w,r,7;), and profits, m; (w,r,7;) = h; (fj (w,r,75) , kJX (w,r, Tj)) -
wf;(w,r, )= (aj fj (w,r,75) — a; (r,7;))—rk; (w,r,7;). Finally, the emissions released
by the jurisdiction now equal: o f; (w,r,7;) — aj (1, 75).

Again, it is possible to identify the vector of taxes that maximize the Utilitarian social
welfare function conditional on the resulting economic equilibrium. This problem is given
by:

J
max ZU]' (Kj—Kj(T))"‘ZWj (Fj_Fj(w))

J
{Tj}j:1>wv7' j=1 j=1

J
+ Zhj (f] (w7rv7—j) 7kJX (w’T’Tj))

j=1
J
- Z¢] (ajf] (w,r, Tj) — aj (7", TJ))
j=1
—Z@ 52 afy (w,r,m) — ap (r,7))
I#j
subJect to:

J
ijer] §Z , and

J

J
(A.132) S ES (wor )+ k5 (nm) <K () (Ok),

j=1 j=1

and given the maximization of (A.82) subject to the consumer’s private budget constraint
and (A.130).
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The first-order conditions to (A.132) are given by:

J
[Fjw (07 = W) + fjuw (hjy — 6) + k% (hjk — 0x) — kfu0x]
j=1
J J
- Z (cjfjw — mjukin,) | dje + B Z b | | =0,
j=1 i
J
[Kjr (6K = Uj) + fir (his — 68) + kix. (hjr — 6k) — kK]
j=1
J J
- Z (o) fir — mjkkﬁn) dje + 8 Z ¢le | | =0, and
=1 o
(hjs = 0F) fir + (hji — 0K) Ky — Ockih
J
(A.133) — (ajij — mjkkﬁ) Gje + BZ@@ =0, forall j=1,...,J.

I#j

As shown above, the vector of first best Pigouvian taxes is again (A.60).
C. Private Adaptation
Next, I extend the model to account for private adaptation. To do so, I modify
the emissions damage function. Emissions damages were given by: ¢(’yje)

& (y1,5€15 -,V j€)- Emissions damages are now instead: ¢; (’)’je,l/}j (aj)) =

¢ (7173'61, ey Vi—1,€5-1, *yjej - ¢j (aj) s Vi+1,5C5+1-+s ’)/JJ‘@J), where wja > 0 and Q/Jjaa <0
and a; is the amount of private adaptation chosen by the consumer in j. Local
marginal damages are still ¢, and global marginal damages with respect to emissions
are still 22721 ¢dre. We also still have jurisdiction j’s weighted global marginal damages,
ZZ]:1 'y;»(;ﬁte. Now, the private marginal benefit to jurisdiction j from adaptation is ¢t jq4.
A representative consumer in each district has preferences as in (2) and (3), with
emissions damages as modified above. We assume that the consumer only internalizes
local damages (from their perspective ’y§ = 0 for all £ # j). The consumer solves, taking
g; and e; as fixed:
(A.134) max W; (Fj —Fj) +Ij+ij—paj+Vj(gj)—¢j (ej — (aj)).
F;>0,a;>0
where p is the price of adaptation, I; is the consumer’s non-fossil fuel income, given that
the consumer’s private budget constraint is: z; = I; + wFj}.
The first-order conditions to (A.134) are given by:

w = Wjp, and
(A135) b= (ﬁtewja-

which provides the supply function for fossil fuels, Fj (w), the amount of the private
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final good demanded, z; (p, w), and the amount of the private adaptation demanded by
jurisdiction 7, a; (p).

The final good is again produced following (A.154). In the case of a cap with permit
trading, the firm instead solves (8) relabeling f; with ij . Again suppose that the local
public good is produced linearly from the numeraire.

A private adaptation supplier in each jurisdiction maximizes profits according to:

(A.136) max  pb; (ff) —wii.
>

The first-order condition to (A.136) is given by:
(A.137) pbjr = w,

the solution to which yields the demand for fossil fuels for the global public good,
fJA (p,w), the supply of adaptation by the firm in j, A; (p,w), and the profits to the
firm in j, 71'34 (p,w). A competitive equilibrium before cap competition is the search
for the price vector (p,w) and a vector of government expenditures on local public
goods, {gi};lzl, such that: ZZ]:1 hy (ftX) = Zilzl (x¢ + gt), Z{Zl bs (ft“‘) = ZZ]:1 at, and
Yo Fr = Z;Z:l (f*+ ftA), given that I; = 7T]X+7T34—Tj and g; =Tjforall j=1,...,J,
and the resulting quantities that solve (A.154), (A.134), and (A.136). A competitive
equilibrium under cap competition with trading is the search for the price vector (p, w, z)
and a vector of government expenditures on local public goods, {gi}gzl, such that:
Zilzl hy (ftX) = 25:1 (¢ + g1), Zilzl bt (ftA) = 25:1 ag, Zt:l F = ZZ]:1 (ftX +ftA)’
and 25:1 yy = 0, given that I; = 77])»( + TI'JA —Tjand gj =T} for all j = 1,...,J, and the
resulting quantities that solve (8), (A.134), and (A.136).

Under cap competition with permit trading each j government solves, after imposing
the j government’s balanced budget constraint, g; = Tj:

(A.138) max W (Fj — Fj) + I; — paj — g; + Vj (95) — &5 (v;€, ¢ (7)) ,

9;20,€;

where I; = 7rJX + 74+ wkF) is now non-tax income.
The first order conditions to (A.138) are given by:

Vig =1, and
de}”

J ) )
dwti dzHi
t X A X =
e E Do —— . A_p) (=2 B -
H t=1 ’YJ@ déj * (fj +f] j) < déj > - (ajfj ej) < déj >

(A.139) + (a; — Aj) <d£j>7
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given:

=t F W+ L,
dej dej dej dej dej
X5 . .
dm " dwti dzHi
J X g — s X)) 222
de; i ger T @ oli) dé; ’
A, ) )
dm." dpti dwti
A.140 I — A _ A
( ) déj J déj J déj ’

(9), (A.135), and (A.137). Again, one can obtain closed form solutions for dw - de’

4 de; > de;
and % by totally differentiating the first-order conditions and the appropriate market
clearing conditions. Since w*i, z#i, and p*/ are determined by national markets, it
is again the case that the total derivatives do not vary across all j. Moreover, total

Kj
differentiation of the permit market clearing condition, implies d;ef_ = 1 for all ¢ when
J

B = 1. Summing (A.139) across all j, and imposing the market clearing conditions for
fossil fuels, permits, and private adaptation and the second first order condition from
(9), we have p; = z = (%) Z}‘]=1 25:1 fyj%te for all j. Together with the first-order
conditions this supports the Pareto optimal allocation that solves (A.141) when g = 1
and all jurisdictions internalize global damages.
PARETO OPTIMAL ALLOCATION
Again given that v, equals the basis vector for all j, the Pareto optimal allocation

solves:

max Wi (FL— F1) + 21+ Vi (91) — ¢1 (e1 — 91 (a1))
a;j.9;,F5. 155 {2520
subject to:
W (Fj — Fy) +a; + Vi (g5) — &5 (e — 5 (a7)) = @5 (A;), for all j > 1,
J J
Zatzzbt( tA) (p)7
t=1 t=1
J J
S (@t g) =Y h(£5) (9),
t=1 t=1
J J
SN+ =D F (),
t=1 t=1
(A141) e = ozjij + ,BZalle, for all j.

1]
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The first-order conditions to (A.141) imply, after some manipulation:

J
Wir = hjs —aj | dje+5 | D ore
1
= PjeVjabjr = w, forall j =1,...,J, and
(A.142) Vig=1, forall j =1,...,J.

D. Preferences
Suppose instead that preferences are given by u; (Fj - Fj, acj,gj,’yje) with u;p > 0,
ujrr < 0, ujz >0, ujy > 0, and ujgg < 0. Under cap competition with permit trading
the consumer now solves, taking g;, e, and I; as fixed:
(A143) max u; (Fj—Fj,Ij+ij,gj,7je).
F;>0
given that the consumer’s private budget constraint is: x; = I; + wF} and where I; =

m; — T} is the consumer’s non fossil fuel income.
The first-order condition to (A.143) is given by:

(A.144) w = (“JF) ,

ij

which provides the supply function for fossil fuels, F) (w, 1, gj,'yje) and the
amount of the private final good demanded, x; (w, I;, gj,'yje). Moreover, the
consllmer’s indirect utility function can be written as: Uj (w,Ij, gj,’yje) =
uj (FJ - F; (w,Ij,gj,'yje) T (w,Ij,gj,’yje) ,gj,'yje), where Ujr = —ujr, Ujz = ujq,
Ujg = wjg, and Uje, = Ysuje, for all t =1,..., J.

Under cap competition with permit trading the numeraire is still produced following
(8), which yields profits equal to m; = = (w,2,€;). Moreover, the government’s
balanced budget constraint is given by g; = 7. Thus, non-fossil fuel income equals
Ij = Ij (w, 2, €, 9j) = 7 (w, 2, &) — gj-

Under cap competition with permit trading each j government solves:

(A.145) gjnzl%,)éjUj (w, Ij,gj,’yje) ,
given I; = I; (w, 2, €j, gj) and given (10) with permit trading.

The first order conditions to (A.145) are given by:

(ujg> =1, and
Ujg

J . 6Hj whi M
(A146) pj=—> ! (um> (C;et) +(fi — F) (dd:> + (a;fj — &) <Cii:. ) )

ij
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given:

-1 =1,
dg;
di; dr dF]“ i dwhi
de;  de; VU de; T ag
dﬂ—/‘u dwti dzMi
( ) déj z fJ déj +(e] ajf]) déj ,

(9), and (A.144). Again, one can obtain closed form solutions for dg’éjj and djé;, by
totally differentiating the first-order conditions and the appropriate market clearing
conditions. Since both w*i and z*/ are determined by national markets, it is again the
case that the total derivatives do not vary across all j. Moreover, total differentiation

m
of the permit market clearing condition when § = 1, implies djef; = 1 for all t.
Summing (A.146) across all j, and imposing the market clearing conditions for fossil
fuels and permits and the second first order condition from (9), we have p; = z =

_ (%) Z;le ZLI 7; (%) for all j. We say that jurisdictions exhibit consistency

i their assessment of marginal damages, when: (%) = (%) Zi]:1 (?ﬁ) for all
t = 1,...,J. Consistency requires that jurisdiction t’s marginal damages from a unit
of emissions realized in their jurisdiction should equal the average of all jurisdictions
marginal damage assessments for a unit of emissions realized in jurisdiction ¢. Under
this assumption and the assumption that all jurisdictions internalize global damages, this
expression together with the first-order conditions supports the Pareto optimal allocation
that solves (A.148) when = 1.
PARETO OPTIMAL ALLOCATION

1Agauin given that ; equals the basis vector for all j, the Pareto optimal allocation

solves:

max up (Fy — Fi,z1,91,e1
aj7gj7Fj7fX7fJA?ajj20 ( )
subject to:
uj (Fj _E7$j7gj,ej) > uj (Aj), forall j > 1,

J
> (wi+g) = th fe) (6),
t=1 ;

o

(A.148) ej = ajfj + BZ ay fy, for all j.
i

”M“
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The first-order conditions to (A.148) imply, after some manipulation:

J
@F) = hjs +aj ( J.ej)w Z( te]) ol g e
1o Ujg 21 Uty

(A.149) (””) —1, forall j=1,..., J.

u]‘x

The vector of taxes that supports this Pareto optimal allocation is now: 779 =

J
Uje . e
(ﬁ) + 4 (ZZ;&]' (%)) forall j=1,...,J.
E.  Global Public Goods

Instead of an externality with spillovers, consider instead an alternative version of the
model in which a public good is present that is non-rival and non-excludable across all
jurisdictions, e = Z;}ZI et, where e; is the amount of this ‘global’ public good demanded
in jurisdiction t. Now define each consumer’s preferences as:

(A.150) uj = Wj (Fj — Fj) +z; + v, (gj,¢€),

where vj, > 0, vje > 0, W;p > 0, and Wirpr < 0. We assume the following preferences
for the local public good and the global public good:

J
(A.151) vi (gj,€) = Vi (g;) + > _idr (e),
t=1

where Vjg > 0, Vjgg <0, ¢te > 0 and ¢ee < 0.

Note that we still retain the possibility for a local public good, g;, as before. Define I;
as the consumer’s non-fossil fuel income in j, such that the consumer’s private budget
constraint is: x; = I; + wFj}.

Consider first the case in which the consumer does not select either the local or global
public goods. The consumer in j solves the following utility maximization problem,
taking g; and e as fixed:

J
(A.152) max W, (Fy = F}) + L+ wFy +V; (g;) + Y 7jou (e)
iz t=1

The first-order condition to (A.152) is given by:
(A.153) w = Wjp,
which provides the supply function for fossil fuels, F; (w), and the amount of the private

final good demanded by jurisdiction j, z; (w).
The final good is produced by a representative producer who maximizes profits, taking
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all prices as exogenous, according to:

(A.154) max  hy (£7) —wf.
x>

The first-order condition to (A.154) is given by:
(A.155) hif = w.

(A.155) yields the unconditional demand for fossil fuels fJX (w). We also obtain the
supply of the final good, X; (w), and profits, 7; (w). Again suppose that the local public
good is produced linearly from the numeraire.

Now allow the global public good to be produced according to E; = b; ( fJE), where

bjy > 0 and bjrr < 0. In the absence of any policy, since consumers are restricted
from demanding any of the global public good, there is no market for the global public
good and so the amount of public good supplied by all jurisdictions is zero, as is ij A
competitive equilibrium prior to global public good policies is the search for the price of
fossil fuels w and a vector of government expenditures on local public goods, {gi}gzl,
such that: Zg:l hy (ftX) = 221:1 (¢ +g;) and >, | F; = Zg:l (ftX + ftE), given that
I; = 7TJX —T; and g; = Tj for all j = 1,...,J, and the resulting quantities that solve
(A.152) and (A.154).

In the case of a tax for the global public good, Tj,2 a global public good producer in
each j jurisdiction solves:

(A.156) max T7;b; (fJE) - wij

FF>0
The first-order condition to (A.156) is given by:
(A.157) Tibjr = w,

the solution to which yields the demand for fossil fuels for the global public good,
fJE (w, Tj), the supply of the global public good by the firm in j, Ej (w,;), and the
profits to the firm in j, 77;3 (w, 75).

In the case of a public good mandate, E;, with permit trading a global public good
producer in each j jurisdiction instead solves:

E
max —wf: — zy;
f7>0,y; ’ ’
subject to:
(A.158) bi (fF) + vy = Ej (ny),

where z is the equilibrium price of permits.

2As for the externality case, when 7; < 0 the tax is in fact a subsidy.
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The first order conditions to (A.158) are given by:

pibjp = w,
mj =z,
(A.159) (b; (7)) +uj — Ej) s = 0,b; (ff°) + vy = Ej,p5 >0,

the solution to which yields the demand for fossil fuels for the global public good,
fE (w,z), the supply of the global public good by the firm in j, Ej(w,z), the
demand/supply of public good permits, y; (w 2, E; ) = E; — E; (w, 2), and the profits to
the firm in j, 7 (w 2, E; )

Under tax competltlon each j government solves, after imposing the j government’s
balanced budget constraint in this instance, g; = T} + 7; /j, and given that e = thzl Ey:

(A.160) max W, (Fj — F}) + I + 75 E; — g; + V; (g +Z%¢¢

920,75

where I; = TrJX +7F + wkF) is now non-tax income.
The first order conditions to (A.160) are given by:

Vig = 1, and
dwTi
X E
(A.161) Zme Zwte ; g | T ) <dE]>
J
given:
X,7j E,T; T .

dI; _ d7rj J +al7rj J +wdFjJ +Fjdw3,

dE; dE; dE; dLE; dE;

dﬂ'&x o deTj

dE; J dEj’

dmr¥ dr; dwTJ
A.162 L - __JF B
(A.162) dE; dE fj dE

T

(A.153), (A.155), and (A.157). As before, one can obtain closed form solutions for dcgj

and dw A by totally differentiating the first-order conditions and the market clearing

condltlons
The term TJE 0

When fyj =1forallt,j=1,...,J, then, if r; = 7' © for all §, substitution into (A.157) for

J . .. . . .
=—>, ’y;qﬁte is analogous to the own emissions Pigouvian correction.

all 7, implies Zt | Gte = (7) which together with the remaining first-order conditions

and the market clearing conditions would support the Pareto optimal allocation given
n (A.181). If instead v} = 1 for all j = 1,...,J and 7} = 0 for all ¢ # j, then a benefit

internalization distortion will be present. If 7; = TjE O for all j then this is analogous
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to the classic under-provision of public goods result. A second term also emerges that
is analogous to the sum of the spillback and other jurisdictions’ emissions Pigouvian

. E.,S E.X J dE)’ . .
corrections, 7,77 + 7; = - fy}iqﬁte > £ dEéj) Finally, a fossil fuel market

terms of trade effect is also present, TjT = ( fJ‘X + fJE — Fj> ( ‘2‘%;).

Under mandate competition with permit trading each j government solves, after
imposing the j government’s balanced budget constraint in this instance, g; = T}, market

clearing in the global public good, Z,‘le E; = Zle E;, and given that e = 22121 E;:

J
(A.163) max W (Fy = Fy) + 1 — g5+ V; (95) + >_iee | Bi+ D> _Ei |,
9i20.E; =1 1%
where I; = 7rJX +7F 4 wk)j is now non-tax income.
The first order conditions to (A.163) are given by:
Vig =1, and
J . )
dwhi _ dzti
X | ¢E
(A164) =y = =D b+ (f + 17— F)) (m) + (5 = 5) (m) |
t=1 J J
given:
){7 . E‘7 . .
d; _ dwji Hi . dwji K . wdF;‘f i F duw
dE; dE; dE; dE; dE;
@ = —fX %
dE; 7 dE;
dr? _ dzHi dwhi
A.165 & (B — ) © _ppt
(A.165) dE, 2 (B = B) dE; 7 dE;
(A.153), (A.155), and (A.158). Again, one can obtain closed form solutions for d;"EfL.j
. J
and Cﬁfgj by totally differentiating the first-order conditions and the appropriate market

clearing conditions. Since both w#i and z#/ are determined by national markets, it is
again the case that the total derivatives do not vary across all j. Therefore summing
(A.165) across all j, and imposing the market clearing conditions for fossil fuels and
permits, and the second first order condition from (A.159), we have p; = z = Zthl 'y;qﬁte
for all j. Therefore, when fy§ =1forall ¢t,j =1,...,J, then substitution into (A.159) for

all 7, implies Zgzl Ote = (%) for all j, which together with the remaining first-order
J
conditions and the market clearing conditions support the Pareto optimal allocation
given in (A.181).
The term Hf’o = — Z;]ZI 75@6 is again analogous to the own emissions Pigouvian
correction. The analogous expressions for the spillback and other jurisdictions’ emissions
Pigouvian corrections are both equal to zero. A fossil fuel market terms of trade effect
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is again present, ujT’F = ( fJX + fJE - FJ> (d(fé?), as is a permit market terms of trade

effect, ,uz.z = (Ej — Ej) cfi%tj_ . As for the emissions cap case, the sum of these two terms
of trade effects again equalsj zero under decentralized mandate competition with permit
trading so long as all jurisdictions internalize global benefits.
WiITH LOCAL PROVISION OF THE GLOBAL PUBLIC GOOD
Now, suppose instead that a representative consumer in each jurisdiction also
voluntarily selects some level of global public good to consume, e;. The consumer solves,

taking g;, ¢; for all [ # j, and Ejforalll=1,...,J, as fixed:

(A.166)

J J
g oax W (Fj = F) + L+ wFj —pej + Vi () + > Ao [ e+ > e+ > E
J=mr= t=1 I#£j5 =1

where p is the private market price of the global public good and 'ij forallt =1,...,J are
the consumer located in j’s benefit internalization weights, which need not equal those
used by the government in k, 7%.

The first-order conditions to (A.166) are given by:

w = W,p, and
J
(A.167) P> Albre, = if ¢; > 0.
t=1

which provides the supply function for fossil fuels, Fj (w), the amount of the private
final good demanded, z; (p, w), and the amount of the global public good demanded by
jurisdiction j, e; (p).

Given that individuals can free-ride off of the consumption choices of other consumers,
Zl# e;, as well as the amount consumed by governments, 22721 E}, it will be the case

J
that for some k jurisdiction that Y7, Ak dre = argmax{zgzl ’7§¢te}, - For this k
]:

jurisdiction, define éj (p) as the solution to the equation p = Z,‘Ll At dre (€x), where we
assume that ég (0) is appropriately bounded. If é; (p) > Zle Ej, then the k jurisdiction
also demands a positive amount of the public good, ¢, (p, {El}le) = éx (p) _22]:1 E; >
0, and otherwise the k jurisdiction demands ey, (p) = 0 since the k consumer can free-ride
off of the public good demanded by governments. Because all other j # k consumers
free-ride off the public good demanded by k or demanded by governments, e; (p) = 0 for
all j # k.

Observe that when e; (p) > 0 and E; = 0 for all [ = 1, ..., J, we are likely to observe
an instance of an incomplete private market for the public good, unless 4}, = 1 for all
t=1,...,J, in which case the k consumer selects an ey, (p) > 0 that supports the Pareto
optimal allocation in (A.181).

When decentralized governments select non-zero public good mandates there is the
possibility that their mandate choices when permits are freely traded can replace an
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incomplete private market for the public good with a virtual market that is complete.
A complete virtual market will be achieved when the vector of mandates selected by
governments, {El}ljzl, with free trade in permits supports the Pareto optimal allocation
in (A.181), in which case z > 0, where z is the permit price relaized in the equilibrium.
Governments may also select caps Zi]:1 E) that exceed é; (p), but which fall short of the
Pareto optimal allocation. In this case, governments will replace an incomplete private
market for the public good with an incomplete (although less so) virtual market for the
public good. In either of these two cases, consumers will directly demand no quantity of
the public good themselves since they can free-ride off of the consumption mandated by
governments, and, therefore p = 0 and z > 0.

However, governments may also create a virtual market that is more incomplete than
that which consumers would be willing to establish if left to their own devices. In
this case, é; (p) exceeds Zle E;. The consumer k will then create a second, possibly
incomplete real market for the public good, which fully accounts for the public good

demanded by the virtual market, hence, e (p, {E’l}{ﬂ) = ¢k (p) — ZLI E; > 0, in this
instance. Furthermore, p > 0 and z > 0.

Prior to any policies and only a real market for the public good exists, a global public
good supplier maximizes profits according to:

(A.168) max pb; (ij) - wf]E.

fP>0
The first-order condition to (A.168) is given by:
(A.169) phis = w,

the solution to which yields the demand for fossil fuels for the global public good,
ij (p,w), the supply of the global public good by the firm in j, E;(p,w), and the

profits to the firm in j, Tr;E (p,w). A competitive equilibrium prior to global public
good policies is the search for the price vector (p,w) and a vector of government
expenditures on local public goods, {gi}{zl, such that: ZLI Iy (ftX) = ZZ]:1 (¢ + gt),
Z{ejzl by (ftE) = lezl ep,and o,y Fy = 25:1 (ftX + ftE)v given that [; = WgX ‘HV}E —1j
and g; = T} for all j = 1,...,J, and the resulting quantities that solve (A.154), (A.166),
and (A.168).

In the case of a tax for the global public good, 7;, a global public good producer in
each j jurisdiction solves:

(A.170) e (0= 73) b (f]7) —wfj-

The first-order condition to (A.170) is given by:
(A.171) (P —=75)bj = w,

the solution to which yields the demand for fossil fuels for the global public good,
f]E (p,w, ), the supply of the global public good by the firm in j, E; (p,w,7;), and
the profits to the firm in j, 7T]E (p, w, 5).
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In the case of a public good mandate, Ej, with permit trading we have:
E E
max  pb; () —wf; — zy;
Eoy 7 (57) =i ’
subject to:

(A.172) bi (f7) +y = Ej (1),

where z is the equilibrium price of permits.
The first order conditions to (A.172) are given by:

(p+ 1) bjg = w,
Hj =2,
(A.173) (b; (£7) +y5 — Ej) i = 0,05 () +v5 = Ej, i > 0,

the solution to which yields the demand for fossil fuels for the global public good,
fE (p,w, z), the supply of the global public good by the firm in j, E;(p,w,z), the
demand/supply of pubhc good permits, y; (p, w, z, E; ) = Ej—Ej (p, w, ), and the profits
to the firm in j, 7 (p,w z E)

Under tax competltlon each j government solves, after imposing the j government’s
balanced budget constraint in this instance, g; = T} + 7;E;:

J
(A.174) max W; (Fj — Fj) + I — pe; + 7 Bj — g; + V; (g5) + > 7ioe (€)

>0,7;
95 =Y,T;5 —1

where I; = TI'JX + 7F + wFj is now non-tax income and e = 221:1 er = Z{Zl E;.
The first order conditions to (A.174) are given by:

Vig =1, and
de™i deT]
Z'ijlste < ) (Z ’Yk¢te> ( >
dwi dp7i
E_ .
(A.175) + (5 + A )<dE >+(ej E])<dEj>,
given:
dI; dwj( i . drrf T3 . dFjTj . dw™
p— u) -77
dE;  dE; dE; dE; =’ dE;
d7TjX de
dE, I dE,
dr¥ dp dr; dw
Al J R
(A.176) dE; <d,E dE; ) —J

83



T

(A.155), (A.167), and (A.171). As before, one can obtain closed form solutions for dd%

and dw ! by totally differentiating the first-order conditions and the market clearing

condltlons.

Under mandate competition with permit trading each j government solves, after
imposing the j government’s balanced budget constraint in this instance, g; = 7}, and
the permit market clearing condition with private provision of the global public good,
Z{Zl Yyt + ZZI:1 e; = 0 (and the resulting equilibrium price of permits (z):

J
(A177) e W W (Fj = Fy) + I —pej — g; + Vi (95) + > _ vid (e)
j t=1

where I; = 7TJX + 7TJE + wFj is now non-tax income, and given that 25:1 Yt + Z;le e =

O@S—Zt 1et+2t | By = Et 1 B
The first order conditions to (A.177) are given by:

Vig =1, and

_tjl;w;@ﬁ(z ¢te>< fﬂ) (1 - )(%)

_ dzt dpts
+ (E] - E]) (Z—J) + (ej - E]) ((g) when ij > 07 or,

dE; y
dwt
THi = Z'quste f] +f] ) <dE )
_ I
(A.178) + (Ej — Ej) <‘;ZEJ> when p/ = 0,
given:
dl; dwf’“j N dﬂf’“j . dF}” r dwhi
- = — — w = : —
dE;  dE; dE; dE; 7 dE;’
ﬂ _ de“f
dE; 7 dE;
dr¥ dpti Azt dwti
TEJj =—2+E; dpE' (E E) dE] JE dué; when p*7 > 0, or
d7TE _ i m
A.179 77]:—2—{— E;, — F; da1 Edwj Whenp“j:()’
J J

dE; "7 dE;

. . . dwhi  dzti
(A. 155) (A.167), and (A.172). Again, one can obtain closed form solutions for ;;E- , dZE- ,

and ~ by totally differentiating the first-order conditions and the appropriate market
clearlng conditions. Since both w#J, z#i, and p*i are are determined by national markets,
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it is again the case that the total derivatives do not vary across all j. Summing (A.179)
across all j, and imposing the market clearing conditions for fossil fuels, the public good,
and permits, and the second first order condition from (A.173), we have pu; = z =

(%) Z}‘Izl Z;tlzl 7§¢te - (ZZJ 17 ¢te> < Hj) + ek <dZ J) <Zt 1Et> (dpuy)} when

pt >0, and pj =z = (%) [Z}Ll 227:1 ’y}gbte] when pHi = 0, for all j.

The consumer in k is likely to under-provide the global public good relative to the
Pareto optimal allocation in (A.181) and when this occurs the private market is likely
to be incomplete. We are interested in the case when governments can secure the
Pareto optimal allocation through their mandate choices and thus efficiently provide the
global public good. When the private market is incomplete, and when all governments
internalize global benefits, i.e., 7; = 1forallt,j =1,...,J, it will be the case that 22]:1 E,
exceeds &}’ (0), and thus p# = 0. Therefore, when all governments internalize global
benefits, z = ZZ]:1 ¢te. Substitution of this plus p* = 0 into (A.173) for all j, implies

Z;]ZI Pte = (%) for all j, which together with the remaining first-order conditions and
J

the market clearing conditions support the Pareto optimal allocation given in (A.181).
PARETO OPTIMAL ALLOCATION
The Pareto optimal allocation solves:

max Wi (Fr — F1) + 21+ Vi (91) + 1 (e)
6,9j7Fj7 ]}<7fJE7mJZO
subject to:

Wi (Fj — Fj) + =+ Vi (g5) + é5(e) > 15 (A;), forall j > 1,

J
e:th(ftE) (M),

M“
B
_l’_
$
M
&
t’*

t=
J

1
(A.180) ST+ ) ZFt

t=1

The first-order conditions to (A.180) imply, after some manipulation:

J
Wirp = hjr = (Z ¢te> bjf=p, forall j =1,...,J, and
t=1

(A.181) Vig=1, forall j=1,..., J.
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