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JEL classification: I examine a policy-making game among countries that must choose both a policy instrument (e.g., a tax or a
C72 quota) and its intensity (i.e., the tax rate or the quota level) to price pollution. When countries price pollution
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non-cooperatively, they not only set the intensity inefficiently, they are also likely to adopt Pigouvian fees,

despite quotas being better from a welfare perspective. Adopting a Pigouvian fee to address a multi-country
gié externality generates a risk externality, and in some cases non-cooperatively chosen quotas can generate higher
0ss. social welfare than maximum social welfare Pigouvian fees can deliver.
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1. Introduction research has established that economic instruments (i.e., the price

instrument and the quantity instrument), while being superior to other

Global public goods improve humanity’s welfare and sustain the ways of pricing, are equivalent under complete information.? However,

planet’s long-term health. These goods help nations address problems the consequences of incomplete information remained unclear until
such as the spread infectious diseases, the proliferation of weapons of Weitzman (1974).

mass destruction, and the rise in climatic changes. Despite their indis- Weitzman (1974) lays the intellectual foundation for considering

pensability, such goods are undersupplied (Barrett, 2007; Nordhaus, alternative ways of pricing pollution when knowledge is incomplete. A

2019; Stiglitz, 2019). What is the best way to enhance the supply of
global public goods and minimize inefficiencies? The answer to this
question not only shapes humanity’s welfare in our time, but it also
has substantial ramifications for the welfare of future generations.
While the following analysis applies to most global public goods,
let me focus on an example of addressing a global pollution problem to
fix ideas. A century of economic research since Pigou (1920) suggests
that pricing pollution is the best way to ensure efficiency. Subsequent

sensible policy raises pollution abatement considering both the benefit
and the cost of abatement. Weitzman shows that a Pigouvian fee is less
efficient than a cap-and-trade scheme when the slope of the marginal
abatement cost function is small relative to the slope of the marginal
abatement benefit function. The converse is also true. Nordhaus (2006),
Sterner and Coria (2012), Goulder and Schein (2013), and Stavins
(2020) summarize the literature about the pros and cons of adopt-
ing different policy instruments for pricing pollution. However, the
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as well as comments from Lassi Ahlvik, Stefan Ambec, Ola Andersson, Geir Asheim, Mikael Carlsson, Mitch Downey, Mikael Elinder, Gunnar Eskeland, Daria
Finocchiaro, Peter Fredriksson, Georg Graetz, Nils Gottfries, Christoph Hedtrich, Michael Hoel, Niko Jaakkola, Svenn Jensen, Larry Karp, Chuan-Zhong Li, Jing Li,
Jonathan Libgober, Raoul van Maarseveen, Aseem Mahajan, Eva Mork, Mounir Karadja, Helena Svaleryd, Peter Norman Sgrensen, Stephane Wolton, and seminar
audiences at Harvard University, Columbia University, Copenhagen University, Toulouse School of Economics, Hamburg University, Oslo Metropolitan University,
Uppsala University, Stockholm’s Research Institute of Industrial Economics, Umea University, and Swedish University of Agricultural Sciences, in addition to
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consequences of national sovereignty and the potential inefficiency
arising from countries choosing policy instruments non-cooperatively
have been absent in the literature.

A setting in which the provision of a global public good requires
cooperation by multiple decisionmakers arises naturally. The setting
arises due to the international law of national sovereignty enshrined
in the 1648 Treaty of Westphalia and the 1969 Treaty of Vienna
(Nordhaus, 2015, p. 1340). Because of that, this paper examines the
efficiency implications of national sovereignty in choosing a pollution
pricing instrument.

The main contribution of this paper is to show the general in-
sight that adopting a Pigouvian fee to address an externality, in a multi-
decisionmaker setting with incomplete information, generates its own neg-
ative externality. I refer to the inefficiency arising from a Pigouvian
fee’s negative externality as the PvQ inefficiency. If this inefficiency
is high, even non-cooperatively chosen quotas can generate higher
social welfare than the maximum possible social welfare from adopting
Pigouvian fees.

A simple way to illustrate the origin of the PvQ inefficiency is
to generalize Weitzman’s workhorse model to a policy-making game
involving multiple countries. Thus, a country benefits from the global
supply of a public good and incurs a private cost of contributing to
the global supply. When setting policies, a country’s regulator does
not foresee the technological opportunities or challenges firms face
to comply with the regulation. And, countries choose both the type
and intensity of a policy in a strategic setting facing technological
uncertainty. The analysis of the game formalizes the presence of a
novel source of policy inefficiency — a risk externality. This inefficiency
arises as a result of a country choosing a policy instrument that imposes
a negative externality on other countries. Thus, environmental policy
can be inefficient due to the intensity inefficiency (i.e., the inefficiency
arising when a country imposes a lower tax level or a higher pollution
quota than the socially optimal, in the utilitarian sense) or the PvQ
inefficiency.

To establish the PvQ inefficiency in a general setting, the first result
I discuss examines the PvQ inefficiency when countries commit to any
comparable policy intensities, including the socially optimal or the
equilibrium policy intensities. To understand the incentives behind the
inefficiency, suppose a country prefers the price instrument. A country
prefers the price instrument to let firms operating in its jurisdiction
benefit from the flexibility to respond to shocks and deliver a higher
abatement level when they face a low abatement cost, or a lower
abatement level when they face a high abatement cost. However,
this flexibility introduces variability in the country’s abatement level.
This variability, in turn, generates a cross-country risk externality
since other countries would pay a positive risk premium to avoid this
variability. When choosing the price instrument, a country considers
only its own benefit from cost reductions and ignores the externality
it imposes on other countries. A country’s risk externality increases
with the number of countries exposed to it, and when the global risk
premium is too high, adopting a quota instead becomes cooperatively
more efficient than adopting the price instrument.

If the cost shock is global (e.g., the great recession in 2008), both
the cooperatively more efficient and the equilibrium policy instruments
exhibit asymmetry. This result contrasts with the symmetric choice
of policy instruments under independent shocks. With a global shock,
a country’s optimal policy instrument becomes strictly strategic and
depends on the policy instruments adopted by other countries. With
independent shocks, a country’s optimal policy instrument is strate-
gically independent of the policy instruments of other countries. In
addition, a global cost shock provides an efficiency-based explanation
as to why a union of sovereign states often chooses the quantity
instrument instead of the price instrument. For global Pigouvian fees
to be cooperatively more efficient for n symmetric countries facing a
global cost shock than a collection of national cap-and-trade schemes,
the slope of the marginal abatement cost function has to exceed the
slope of the marginal benefit function by an order of 2n2.
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How significant can the PvQ inefficiency be? In the presence of
the PvQ inefficiency, the supply of a multilateral public good suffers
from an extra source of policy distortion. Since the PvQ inefficiency
and the intensity inefficiency are distinct and can arise independently,
the next result I discuss establishes the importance of the PvQ ineffi-
ciency by comparing its distortion with the distortion from intensity,
for a general correlation structure of shocks. Strikingly, there exists a
condition under which non-cooperatively chosen quotas result in higher
collective welfare than taxes chosen to maximize social welfare. What
is the underlying model behind these results?

2. Basic model

Suppose N = {1,2,...,n} is the set of countries indexed by i =
1,2,...,n2 A country benefits from the total abatement of O = jen 4j
and incurs a private cost C; (g;;6;) from abatement of ¢; made by firms
operating in its jurisdiction. The reduced-form shock to cost, 6;, is
drawn from a distribution with bounded support having a zero mean,
E [6;] = 0, and a positive variance ¢2. From the viewpoint of country
i’s regulator, the net benefit from abatement is

WiEB(Q)_C,’ (q,.;ai), 1)

where B” () <0< B/ () forall Q >0, aiq‘_c,. (4::6;) = C! (4;:6;) > 0, and
2
;7C,~ (9::6,)=C!" (;36,) >0forallg,>0and i€ N.*

Remark 1. Note that (1) allows for heterogeneity in size among coun-
tries. Thus, country i’s business as usual emissions is higher than
country j’s if C/(0;0) > C}(0:0) even when C/’ (g:50) = c/ (g:30) =
C" (g;;0)Vi,j € N.

First, a decision-maker in each country chooses the type of policy
T, {z,T P}, where abatement is priced through the price (tax) instru-
ment 7 or through the quantity (tradable permit) instrument 7 P. Let
T = (T, ..., T,) be the vector of the type of policy instruments countries
choose. Without loss of generality, unless otherwise stated, suppose the
set M contains m countries with the price instrument 7; = 7, and the
set R = N — M contains the remaining n—m countries with the quantity
instrument 7; = TP at the first stage.

Second, after having observed the chosen profile of types T, coun-
tries simultaneously choose the intensity I,€ {1, x; }, where a tax level
t; € R, whenever pollution is priced using the price instrument and
similarly a tradable quota level k; € R, whenever pollution is priced
using the quantity instrument. Let 1= (I, ..., 1,).

Policy choices in both stages are made under informational con-
straints. More precisely, decision-makers in each country act with-
out knowing the realization of the random variables beforehand, ex-
cept knowing the distribution. This assumption captures the notion
that a regulator, when committing to a policy, does not have the
same information as individuals regarding the available abatement
options for each firm. Going forward, I maintain the assumption in
Weitzman (1974) that the cost shocks are non-verifiable, and thus
non-contractible.”

3 There is a similar approach that starts with one region and splits it
up into smaller regions. Weitzman (1974) used this approach in a single
policymaker environment. However, I follow the conventional approach of
using a country as a unit of analysis as in Alesina et al. (2005), Barrett
(2007), and Harstad (2012). Besides, in a recent work, Karp (2020) adopts the
approach in Weitzman (1974) and confirms the qualitative insights reported
here are robust.

4 A notation with the subscript —i is used with the conventional meaning —
a vector with the subscript —i denotes the same vector with its i component
removed.

5 For example, in 2005 when the EU was setting up abatement goals for
2020, it could not know and contract on the fact that the great recession would
occur in 2008 and reduce abatement costs. However, if shocks are verifiable,
then regulators can implement mechanisms along the lines in Dasgupta et al.
(1980) and raise efficiency.
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Once policymakers have committed to the type T and the intensity I
of policy instruments, the values of shocks in each country are realized.
The realized values determine how much it costs firms to comply
with a regulatory constraint. At the final stage, firms in each country
choose the abatement level g;, where ¢ = (q,....q,), conditional
on the regulatory instrument in place and on the realization of the
shocks.®

Since the intensity of a given policy instrument can take any non-
negative value, identifying a more efficient policy instrument requires
comparing equivalent policy intensities. The basis for comparison can
be equivalence in expected abatement or expected marginal abatement
cost.

Comparability. A price instrument with intensity i, is comparable to a
quantity instrument with intensity r%,- in pricing pollution if and only if

Eg, [aiGi:0)] = k130, and ; = = 25y, [C; (a0:0,)] @

I focus on the pure-strategy (subgame-perfect) equilibrium. A pure-
strategy equilibrium is a configuration (T*,I*,q*), where a country’s
policy instrument T, € {z,TP}, its intensity I T, - R,, and
abatement ¢ T, x I; — R, such that (T,I) is the strategy of
policymakers and q is the strategy of firms, abatement is the best
response to the type and intensity of a policy instrument, and the type
and intensity of a policy instrument are the best responses to abate-
ment. The superscript ** is used to designate the cooperatively more
efficient policy instrument (or cooperatively optimal policy intensity),
and the superscript * is used to designate choices in equilibrium, in the
remainder of the text.

3. An inefficiency result

Let me start with a general result of inefficiency. For any compa-
rable policy intensities, countries tend to choose the price instrument
even if it is cooperatively less efficient than the quantity instrument.

Proposition 1. For any comparable policy intensities {7,,&;}, country i
benefits from choosing T; = =t even if it is cooperatively less efficient than
choosing T; = T P whenever
2
O ~
oy 4 (3:05)

2
o- .
AGED)

—0'2 A " 2.
X 4 (1:05) < G (Eqi (li’gi))

B (Q)

2 2
no “ — No. n
o 4 (5397) a4 (739;)
< 5 ,
o~ .
AGED)]

=E[X - E[X]]

where O = Y q; (£:0;) anda

Proof. see Appendix.

Thus, countries tend to choose the price instrument even when it
is cooperatively less efficient than the quantity instrument because
the price instrument’s cost-savings are captured privately and its risk
premium is borne globally. In the following sections, I assume that the
benefit and cost functions are quadratic,

Wi =B0-B"0*/2-[C"+6,]q -

Cc"q; /2., W-A)  (3)

with B’, B”, C’, and C” being positive parameters. Weitzman (1974)
establishes (3) as a second-order approximation of a general B(Q) —
C(g;;0;) function.

¢ The timing in the model assumes that policymakers can commit on a
choice of policy instrument in the entire period. In the contexts in which
status quo bias and institutional and bureaucratic inertia sustain a chosen
policy instrument, the assumption of commitment to a policy instrument is
reasonable.
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4. Analysis

To identify the equilibrium strategies, I first consider equilibrium
strategies beginning with the final subgame, where a representative
firm chooses abatement, and then work backward. Since firms operate
in a regulatory space in which they are exposed to technology shocks,
a firm’s abatement is contingent on a technology shock and regulation.
An optimal reaction function for firms is

q;(k;3 ‘)_a.rg mmC (q,»;H‘-) (€))
when abatement is regulated using the quantity instrument or
q;(1;;6;,) = argg_‘i‘& {Ci (a::0;) = tia;} 5)

when abatement is regulated using the price instrument.

With a cost function C; (g;;6;), the cost of abatement is zero when

= 0 and the abatement costs increases in abatement. When facing
regulation through a quota «;, firms comply with the regulation by
minimizing the compliance costs subject to the constraint ¢; > «;.
Firms minimize abatement costs by choosing the minimum abatement
¢; = k; and incurring ex-post abatement costs of C; (q,(rq, ,),6’)
Although firms minimize compliance costs, in being fixed ex-ante, a
quota prohibits a country’s abatement from responding to firms’ ex-
post marginal costs. Similarly, when facing regulation through ataxt;,
firms’ optimal abatement ¢,(;; 9;) balances marginal costs, —C (4136;)
with the marginal benefits ;. The ex-post abatement cost when facing
a tax becomes C, (¢;(t;:6,); 9,-). Since firms know the realized value of
cost shocks 6, before choosing abatement levels, a tax allows them
to incorporate the extra information about shocks. Incorporating the
extra information, in turn, lets a country’s abatement respond to firms’
ex-post marginal costs.

4.1. The origin of environmental policy inefficiencies

In choosing efficient policies, the boundaries of sovereignty across
countries are taken as fixed. At the stage of choosing policy intensities,
the cooperatively best policy intensities {£;*, x;*}/_ for all countries
maximize the collective welfare, E[}, y W] taking 1nt0 account firms’
optimal reactions to the policy intensities, (4) and (5).

In a non-cooperative world of multiple nations, a country’s decision-
maker chooses a policy intensity #; or ;' in order to maximize the coun-
try’s welfare E[W']. This maximization anticipates that all countries
choose a policy intensity and that firms react optimally in accordance
with (4) or (5). After all countries adopt their own policy instruments,
a country’s decision-maker chooses a policy’s intensity in order to
maximize the country’s welfare given firms’ reactions to the chosen
policy.

The cooperatively optimal

intensity of price is #* =
(nB’—C')C”+(n2B”+C”)C'

whereas the equilibrium intensity of price is

B”nz-)-C”
« _ B=ChC"+@B"+C")C" . . .
= — e Vi € M. And, the cooperatively optimal
intensity of quantity is x** = 2£-C"_ wh th ilibrium intensi
intensity of quantity is x}* = —-=— whereas the equilibrium intensity
!

! _ . . . . .
of quantity is « = n;/—fc”’ Vi € R. There exists inefficiency in a

policy intensity, #; < ¢/* and x/ < ¥, whenever n > 1. Formally, the
magnitude of the price instrument’s intensity inefficiency is defined as:

5w a0 0.

- EW' (q; (17.6;) .a-; (2,,6-))] - )

The following Lemma establishes the welfare consequence of the inten-
sity inefficiency from adopting the price instrument.

TE (n) :=

Lemma 1. The magnitude of the price instrument’s intensity inefficiency
1E_(n) is given by
nz B" +C”
2

B-c |’

nB" +C"

nB' —C'

n2B" +C" - (7)

IE (n)=n [
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Proof. see Appendix.

The reason why individually optimal policy intensities are less than
the cooperatively optimal levels is that decision-makers only consider
their own country’s interest and not the broader benefits of the policy
for all countries.

4.1.1. The PvQ inefficiency

At the initial stage, all policymakers choose the best way of pricing
pollution. Before proceeding further, it is worth noting that the equilib-
rium (or the cooperatively optimal) policy intensities are comparable.

Remark 2. For each country, both the best policy intensities {#;*, x;*}

i i=1
and the equilibrium policy intensities {r},«}"_, are comparable.

The result that the cooperatively optimal policy intensities {t*,
Kk;*}i_, are comparable has an interesting implication. If the level of
price or quantity a country implements is fixed at the cooperatively op-
timal level, does it price pollution more efficiently? While this thought
experiment is unrealistic, it is worth knowing whether countries will
price pollution efficiently.” Together with Proposition 1, Remark 2
implies that inefficiency arises from adopting the price instrument even
when countries adopt the cooperatively optimal policy intensities.

What is the magnitude of the PvQ inefficiency? Formally, the PvQ
inefficiency from m countries adopting the price instrument when
adopting the quantity instrument is more efficient, is given by

PuQ(m) :=E Y [W' (g (x.6,),a_; (x77,6_,))

MCN
- W(g (57.0)) 9. (155,0-))] - ®

A cooperatively more efficient policy instrument for each country
maximizes the collective welfare while correctly anticipating that all
countries implement the cooperatively optimal policy intensity and
that firms react optimally in accordance with (4) or (5). The welfare
loss from countries adopting the price instrument despite adopting the
quantity instrument is cooperatively more efficient is given by the PvQ
inefficiency.

Proposition 2. The magnitude of the PvQ inefficiency PvQ(m), when m
countries adopt the price instrument, is given by
-1
”E’ZM”?+ZZ£1Z£HHWW%]—CHZM53
PvQ(m) = 3 ) ©)
2[CM
where p;; is the Pearson correlation coefficient for 6, and 6; for i # j.

Proof. see Appendix.

The two policy instruments are equally efficient and PvQ(m) = 0
when policymakers know everything individual firms know. However,
economic research since Hayek (1945) has questioned the realism of
this assumption.

With differential information, the price instrument is more efficient
if the preference for abatement risk is neutral — a positive cost-saving
is obtained with zero risk premium. Risk neutrality is a valid assump-
tion when the marginal environmental damage from an extra unit of
pollution at low levels of pollution is exactly equal to the marginal
environmental damage from an extra unit of pollution at high levels of
pollution, which is not the case for most environmental problems. As
Pindyck (2007, p. 47) writes, “environmental cost and benefit functions
tend to be highly nonlinear.” In fact, for most pollution problems,

7 The thought experiment is the following: suppose a truly multinational
and technocratic group of economists, say in the World Bank or the IMF, have
calculated the cooperatively optimal tax or quota for each country, leaving the
choice between the two instruments for countries. Could there be an avoidable
inefficiency remaining if countries were to pick the tax or quota calculated for
them by the impartial technocrats?

Journal of Public Economics Plus 3 (2022) 100014

the preference for abatement risk is negative and the risks of crossing
environmental thresholds are significant. With differential information,
abatement risk aversion, and multiple countries, the risk externality
arises. If C""/B" > n [1 +2 LZ;:II Y p[ja,-aj] /2N af], then cost-
savings from regulatory flexibility dominate the risk premium. In this
case, it is cooperatively more efficient for all countries to adopt Pigou-
vian fees. However, if C”/B” <n|1+2|X"/ pIE pijaiaj] IR
then it is cooperatively more efficient for all countries to adopt cap-and-
trade systems due to excessive risk externality.®

The PvQ inefficiency in (9) depends upon the degree of correlation
of shocks across countries, which can be independent and country-
specific or global or perfectly correlated. In reality, the shocks can exist
between the two extremes. To obtain sharp predictions, let us explore
the two extreme cases in greater detail.

4.1.2. Consequences of a global shock

Arguably, we are living in a time when countries are going through
extensive digital, financial, and commercial integration. Knowledge
about abatement technologies invented in one place can flow quickly to
other place, while a technology of generating pollution-free energy can
make its way to other parts of the planet in a few months. To examine
the consequences of deep technological interdependence, this section
replaces the assumption of independent shocks with a global shock; that
is, 6, =0 and 02 = 6%, Vi€ N.

With a global shock, the wel/farg/ loss from adopting the price instru-
ment becomes PvQ(m) = %&2, and the cooperatively optimal
number of countries adopting the price instrument is the nearest integer
to

sk __ 1 c”
m = E F
Note that (10) has a stark implication. In reality, the value of n is about
200 sovereign countries. Thus, for adopting taxes globally to become
cooperatively more efficient than adopting cap-and-trade schemes for
symmetric jurisdictions, the value of C”” has to exceed the value of B”
by the order of 2x2, which is 80,000.

(10$)

Lemma 2. Suppose the cost silllock is identical in all countries. Then

m** is the nearest integer to % whereas m* is the nearest integer to
c"—p"

max{O, W .
Proof. Country i’s welfare difference from committing to the quantity
instrument ;" instead of committing to the price instrument #; when all
countries commit to the equilibrium amount of prices and quantities,
is

EW’ (‘]i(’(,-*;e)s q_;(I*; 94)) -EwW’ (qi(t,-*; 0),q_;(I%,, 94))

_Pm+1B"-C" ,

N 20 .

If a country expects that no other country will adopt the price
instrument in equilibrium, (11) implies that a country benefits from
committing to the price instrument only if B” < C”. However, if a
country expects that other countries will adopt the price instrument in
equilibrium, (11) implies that a country benefits from committing to

c

the price instrument only if B” < ﬁ In equilibrium, a country is

an

8 Note that the inefficiency arises not from practical limitations of adopting
a tax, such as the political difficulty of imposing a tax and changing it
over time (Slemrod and Bakija, 2017), the ease of allowing exceptions and
loopholes, the ease of being undermined through subsidies to complementary
inputs, or countries with a weak fiscal capacity failing to enforce a tax and
avoid evasion (e.g., Besley and Persson, 2009; Besley and Persson, 2011),
etc. Since the analysis in this paper focuses on efficiency, considerations of
distribution and practical issues similar to the ones mentioned above are
outside the scope of this paper. For a more complete coverage of other issues
in addition to efficiency, see Sterner and Coria (2012) and Stavins (2020).
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indifferent between committing to the price instrument or the quantity
instrument; thus the equilibrium m* becomes the nearest integer to

" _ pn
m* :max{O,%}. 12)
In this particular case, a country having B” = % is indifferent

between adopting the price and the quantity instrument; hence, it has
a mixed strategy whereas the remaining countries have a pure strategy
of choosing either the price or the quantity instrument. If g—:: =2n+1,
then m* = n and m** < 2; whereas if CB—:: > 2n* for n > 1, then

m*=m"* =n. [J

A global technology shock has numerous implications. First, with
a global cost shock, the cooperatively more efficient policy instrument
and an individual country’s choice in equilibrium exhibit asymmetry —
only some countries choose the price instrument despite all countries
being identical in every respect. Second, with a global cost shock, the
equilibrium number of countries adopting the quantity instrument is
positive, despite C” > B’. Third, having no country adopt the price
instrument despite C” > B can be cooperatively more efficient if
C" < 4nB".

4.1.3. Consequences of independent shocks

If the cost shocks are country-specific and independent, p;; = 0,
the magnitude of the PvQ inefficiency takes a simple form, PvQ(m) =
"BH;ZC” Y, o2 When C” > nB", the policy distortion decreases in m
ar%g all countries choosing the price instrument is Pareto inefficient.

Lemma 3. At the equilibrium levels of policy intensities, there exists a PvQ
"
inefficiency if 1 < <7 < n.
Proof. To find the equilibrium, continue assuming m countries have
committed to the price instrument at the first stage. Also assume that
members of the set R = N—M —i of n—m—1 countries have committed to
the quantity instrument at the first stage. Country i’s welfare gain from
committing to the price instrument instead of the quantity instrument
is
i s * i * * C,/ = B,/ 2
EW' (q,(t5:0). q_,(I*;:0_))—BEW" (g,(x}":0,).q_;(I*,.6_))) = o i
13

Note that the result in (13) follows from the main Proposition in
Mideksa and Weitzman (2019). In sum, on the equilibrium profile of
abatement, country i obtains higher welfare from committing to the
price instrument if C”” > B”, but a country’s choice of the price
instrument is inefficient whenever 1 < g—:; <n O

4.2. The significance of the PvQ inefficiency

As noted earlier, there are two potential sources of policy distortion
when countries non-cooperatively choose both their policy instrument
and policy intensity. Countries may adopt the cooperatively more
efficient policy instruments but inefficient intensities or cooperatively
less efficient policy instruments but cooperatively optimal intensities.
Or a country may have both a policy instrument and a policy intensity
inefficient. To evaluate the significance of the PvQ inefficiency, one
can compare the welfare losses from these two sources of inefficiency
and ask — under which conditions does the collective welfare from
non-cooperatively determined emissions quotas exceed the maximum
welfare that can be obtained from taxes?

Proposition 3. The social welfare from the non-cooperatively chosen
quantity intensities is higher than the social welfare from the cooperatively
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optimal price intensities (i) when the cost shocks are identically and inde-
pendently distributed across all countries if p;, (n) > 1/c?, (i) when the

2pl_cN
cost shock is identical across all countries if %ﬂiid > 1/62, where
__ -] nB -C' B -C |7
Hijg (M) = T uB"+C"

[nzBu + CN] [C”]2 n2B" +C"
Proof. see Appendix.

To interpret the result, note that 6> measures the degree of infor-
mation differential between regulators setting policies and individual
firms deciding the amount of emissions to reduce. When o2 (or 6%) — 0,
regulators not only know as much as individuals regarding the available
abatement options but can also correctly anticipate shocks such as
the great recession before they occur. However, if the information
differential between regulators and individual firms is large and ¢? (or
62) - oo, the sufficient condition for the result is easily satisfied.

The result that the welfare from non-cooperatively determined quo-
tas can exceed the maximum welfare from adopting Pigouvian fees
may appear counter-intuitive at first glance. However, the economics is
straightforward. All else being equal, a country’s optimal policy instru-
ment balances the trade-off between the flexibility to take advantage
of cost-reducing shocks and the risk that abatement will be too low
or too high ex post. A fixed quantity is inflexible and does not allow
a country to benefit from cost-reducing shocks, yet it avoids the risk
premium from variable abatement. The price instrument, in contrast,
allows a country to benefit from socially useful cost-reducing shocks,
yet it imposes the risk that abatement will be too low or too high ex
post. Thus, it is rational for a country to choose the price instrument
only if the benefit from private cost savings exceeds the private risk
premium. However, adopting the price instrument is cooperatively
more efficient only if the social cost saving for each unit of abatement
is greater than the social risk premium from having a too loose or
too tight policy ex post. The misalignment between the private and
social costs highlights the risk externality arising from using the price
instrument. When a country uses the price instrument, it benefits from
the cost savings, but the risk externality to other countries can be
too high. When countries adopt the cooperatively optimal intensity of
the price instrument, each country imposes risk externalities upon the
rest. In this case, these countries are better off with non-cooperatively
determined and inefficiently low quotas. For this reason, an analysis
ignoring the fact that more than 200 sovereign nations can have a
non-zero value for risk and insurance provides a misleading answer. Of
course, welfare can increase if countries adopt cooperatively optimal
intensities of the quantity instrument.

The result in Proposition 3 relates to large body of research in
international macroeconomics, building upon Rogoff (1985), van der
Ploeg (1988), and Kehoe (1989). It identifies an inefficiency similar to
those arising due to the credibility problem, which induces cooperative
policies to backfire and reduce welfare. Rogoff (1985) and van der
Ploeg (1988) investigate the inefficiency in monetary policy coordina-
tion. Similarly, Kehoe (1989) examines the inefficiency in fiscal policy
coordination.

Note that the discussion so far has focused on a pure price or
quantity instrument. Dasgupta and Heal (1979) have shown that mixed
instruments (i.e., non-linear taxes or taxes with emissions caps and
floors) are more efficient than an extreme linear carbon tax or a cap
and trade. While non-linear prices can limit price variations and the
risk externality, they are often hard to implement in reality when the
shocks are hard to anticipate at the time of policy design. Thus, I focus
on the extreme instruments for consistency with the literature. Besides,
the extreme cases are thought to be simpler to communicate to policy
makers than the mixed instruments.
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5. Consequences of different functional forms

The choice of quadratic benefit and cost functions is strategic. It
allows for mean-variance decomposition for any type of shocks. Does
the core insight carry through other utility functions? The assumption
of a quadratic cost function is crucial for a tractable way of presenting
the benefits of Pigouvian fee’s flexibility,

F:=E[C (q(t):6,)] ~E[C (¢ = x;:6,)] = 6*/2C",

for any iid shocks with E[6,] = 0 and E[6?] = % In addition to
tractability, there are issues about the existence of the expected value
that I will discuss below.

To identify the more efficient policy instrument, a regulator will
compare this benefit from ex-post flexibility with the extra risk pre-
mium from adopting a Pigouvian fee. Let m — 1 countries have adopted
a Pigouvian fee and n — m countries have adopted a quota. If m
countries choose a Pigouvian fee, a global abatement becomes Q (1, m) =
Yu [ti—C' = 8;] /C"+3 y_y ;. For the benchmark with B(Q) := B'Q
- B"(Q?/2, the extra risk premium is RP (B",C") « E[B(Q(t,m — 1))] -
E[B(Q(t,m)] = B"c?/2[C" ]2. This gives the well-known expression
reflecting Weitzman’s profound insight:

c” - B" 0.2

20" lelld :
Weitzman’s insight in this specification has given rise to three core
observations. First, if 62 — 0, then both the benefit from the flexibility
and the risk premium converge to zero. Second, when the preference
for risk is neutral, the price instrument is more efficient. Third, when
the risk aversion increases, the price instrument becomes less efficient.
The literature has adopted a quadratic benefit function because it is
tractable. Does the trade-off remain if we consider other standard utility
functions (e.g., the CARA and CRRA)?

The analysis I sketch below suggests that the qualitative features
of risk-flexibility trade-off and risk externality carry through the other
standard benefit functions. However, tractability in a full-fledged anal-
ysis cannot be maintained, unless done numerically a point that I cover
shortly. To sketch the argument, let us focus on another commonly used
utility function, the constant absolute risk aversion (CARA) function
with 4 > 0 as the coefficient of absolute risk aversion. With the CARA
benefit function,

F-RP(B",C")= (WI-Q)

B(Q) i=—¢ 772,

the marginal benefit is positive and benefit is concave in Q. Unlike
the quadratic benefit function, the CARA benefit function is truly
non-linear and it has positive derivatives in the odd orders whereas
negative derivatives in the even orders of differentiation. When a
country chooses a Pigouvian fee, the expected benefit from abatement
for the class of normally distributed shocks becomes

_E[e0] = _H[Eeine 2fery]

suggesting that the extra risk premium of Ac2/2 [C" ]2. The difference
between the cost-saving from flexibility F and the risk premium RP (1)
from the price instrument becomes

lely} 62
20" C" :
If 62 — 0, then F — RP (A1) — 0 confirming the first insight above.
Second, if the coefficient of absolute risk aversion takes a value of zero,
then the price instrument is more efficient, F — RP (4 = 0) > 0. Third,
when the risk aversion increases, the price instrument becomes less
efficient (i.e., IUF-RPA] 0). These results suggest that the qualitative
insights are preserved under the truly non-linear CARA utility function.
Similarly, one can consider a utility function with a constant relative
risk aversion, CRRA function. For

F-RP())= (WI-CARA)

B(Q) := l—nyH
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with y # 1 and B(Q) = In(Q) with y = 1, Geweke (2001) writes that
“in a standard environment for choice under uncertainty with constant
relative risk aversion (CRRA), the existence of expected utility is fragile
with respect to changes in the distributions of random variables...”
However, for the class of log-normally distributed shocks, the expecta-
tion exists and the extra risk premium is [y — 1] 0%/2 [C¢]%. Thus, the dif-
ference between the benefit from the flexibility and the risk premium is

1+C" —y o2
20" c! .
If 6> — 0, then F — RP(y) — 0 confirming the first insight above.
Second, if the coefficient of relative risk aversion takes a value of zero,
then the price instrument is more efficient, F — RP (0) = 1;' CC,,” g—i 0
Third, when the risk aversion increases, the price instrument becomes
less efficient (i.e., AF—RPM] - 0). Thus, the qualitative insights are
preserved under the other truly non-linear CRRA utility function.

F—RP(r) = (WI-CRRA)

Simulation for Proposition 3.

Since the analytical solution arises only in restrictive functional
forms, it is necessary to see if the results hold under different functional
forms. Table-1 presents an example of numerical analysis assuming
different non-linear welfare functions, where:

+ X is utilitarian social welfare when all countries adopt taxes that
maximize utilitarian social welfare.

» Y is utilitarian social welfare when all countries adopt non-
cooperatively determined quotas.

Assuming that the shocks are perfectly correlated across countries
and drawn from a uniform distribution symmetric at zero. For example,
the cell with (8, ag) = (2.25,0.33) for n = 0.00 focuses on the case in
which the benefit function is logarithmic whereas the cost function is
C(g;;0;) =y +6;1q; + gq[_zzs in which the variance of 6; is 0.33. A cell
reports a positive sign when the utilitarian social welfare that arises
from cooperatively optimal taxes X is greater than the utilitarian social
welfare from non-cooperatively chosen quotas Y, and a negative sign
when X <Y.

Note that lim, o B(Q) = log(Q). In the rows with ¢ = 0.00, there is
incomplete information. In this case, taxes that maximize a utilitarian
social welfare result in a higher utilitarian social welfare than non-
cooperatively determined quotas. This is confirmed in the first three
rows. However, under incomplete information (e.g., when ¢ = 0.33 or
o = 1.33), the opposite can be true, consistent with proposition 3. While
Proposition 3 depends on a quadratic model for tractability, the results
in Table 1 lend some support to the possibility that risk externality
could be substantively important.

Taken together, how do the results developed so far advance the
literature?

6. Contributions to the literature

The choice between price and quantity is a long-standing issue
in different fields of economic research. To raise its profit, a firm
in an oligopoly chooses to compete with its rivals either in quan-
tity or in price (Cournot, 1838; Bertrand, 1883; Tirole, 1988). To
raise revenue, while minimizing distortions in international trade, a
revenue-constrained policymaker chooses between a tariff and a quota
(Bhagwati, 1968; Dasgupta and Stiglitz, 1977). To crack the glass ceil-
ing problem for women, policymakers choose between a price incentive
and a quota (Chattopadhyay and Duflo, 2004; Besley et al., 2017;
Bertrand et al., 2019).

The contributions of this paper advance the literature explaining
inefficient policies stemming from the limits of agency (Alesina and
Rodrik, 1994; Besley, 2006; Callander and Raiha, 2017), the power
of organized interest (Buchanan and Tullock, 1975; Grossman and
Helpman, 1994; Rodrik, 1995; Aidt and Dutta, 2004), and the problem
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Table 1
Numerical examples regarding the sign of X —Y.
BQ) = ;0 n=000 025 050 075 100 125 150 175  2.00
(2.00, 0.00) + + + + + + + + +
(2.25,0.00) + + + + + + + + +
(2.50,0.00) + + + + + + + + +
(8,03 for (2.00,0.33) - - - - - - - - -
C(q;36;) = (2.25,0.33) - - - - _
by +06/1q,+ Sq! (2.50,0.33) + _ _ _ B
(2.00,1.33) - - - - -
(2.25,1.33) - - - - - — — — —
(2.50,1.33) - - - - - _ _ _ _

of commitment (Acemoglu, 2003). Instead of relying on political fric-
tions, the current contribution identifies an inefficiency arising due to
countries’ boundaries of political power. In doing so, it complements
the rich body of knowledge using political frictions to explain the
prevalence of inefficient policy instruments.

The results in this paper relate to the literature in international
policy cooperation (Rogoff, 1985; van der Ploeg, 1988; Kehoe, 1989).
This literature examines how the credibility problem leads cooperative
policies to backfire and reduce welfare. International cooperation un-
dermines crucial devices restraining regulators (e.g., central banks and
finance ministries) from behaving credibly. Regulatory failure allows
central banks to impose a surprise inflation tax (Rogoff, 1985; van
der Ploeg, 1988) and finance minsters ministers to expropriate the
gains from savings using capital taxes (Kehoe, 1989). The results in
this paper complement this literature in several ways. First, it focuses
on an inefficiency that arises even in the absence of the credibility
problem, as regulators commit to policies before firms choose abate-
ment. Second, as opposed to Kehoe (1989), the inefficiency in focus
here arises even when the public good improves welfare. Third, this
inefficiency arises despite the regulator being benevolent and takes into
account the welfare of all citizens in contrast to Rogoff (1985) and van
der Ploeg (1988). Finally, this inefficiency arises from risk externality.
This inefficiency cannot emerge in a setting with perfect information
(Kehoe, 1989).

Besides, the contributions of this paper complement the literature
on distortions of market-based policies with incomplete coverage, such
as the carbon leakage literature (Markusen, 1975; Hoel, 1994; Harstad,
2012) and the green paradox literature (Sinn, 2008; van der Ploeg
and Withagen, 2012; Jensen et al., 2015). The current contribution
highlights an inefficiency arising even when the coverage of a policy is
complete. The results in this paper also contribute to the literature fo-
cusing on reducing emissions and maintaining the supply of a domestic
public good (Pigou, 1920; Weitzman, 1974).°

Lastly, the current paper extends Mideksa and Weitzman (2019)
to explore the efficiency properties of countries’ choice of policy in-
struments. While Mideksa and Weitzman (2019) use a framework of
multiple countries with independent shocks and establish the main
result that the policy instrument a country chooses in equilibrium
is governed by Weitzman’s rule, the current paper generalizes the
shocks to any degree of correlation and examines the global efficiency
properties of the choice of policy instruments. Generalizing the shocks
have important implications. For example, in the extreme case of a

9 Some of its many contributions include the examination of alternative
forms of uncertainty (Adar and Griffin, 1976; Roberts and Spence, 1976),
various aspects of nonlinearities (Weitzman, 1978; Yohe, 1978; Kelly, 2005),
a correlation between uncertain marginal costs and benefits (Yohe, 1978;
Stavins, 1996), coalition formation and international agreements (Endres and
Finus, 2002; Eichner and Pethig, 2015; Kornek and Marschinski, 2018),
multiple pollutants and countries (Ambec and Coria, 2013, 2018; Mideksa
and Weitzman, 2019), stock externalities (Hoel and Karp, 2002; Newell and
Pizer, 2003; Goulder and Schein, 2013; Karp and Traeger, 2018), intensity
inefficiency in a non-cooperative setting (e.g., Nordhaus and Yang, 1996;
Nordhaus, 2015) and many more contributions not cited here due to space
constraints.

perfectly correlated global cost shock, both the cooperatively more effi-
cient and the equilibrium policy instruments exhibit asymmetry across
countries. This result contrasts with the symmetric choice of policy
instruments that Mideksa and Weitzman (2019) find under independent
shocks. Thus, the current paper discovers a negative externality arising
from sovereign nations non-cooperatively choosing their own Pigou-
vian fees. It also identifies the conditions in which this inefficiency can
be significant, and generalizes the results to different settings.

7. Conclusion

In his Nobel Lecture, Nordhaus (2019, p. 2006) asks why “why have
global policies on climate change been so ineffective compared to many
other national policies.” To make progress on this question, the analysis
has focused on a framework in which countries choose both the type
and intensity of a policy in a strategic setting while facing technolog-
ical uncertainty. Countries’ choice of policy instruments can favor the
price instrument, which in turn can give rise to the PvQ inefficiency.
Focusing on efficiency, this paper has examined the conceptual origin
and significance of the PvQ inefficiency.

As a substantive contribution, this study responds to Acemoglu
(2003, p. 649), who invites “future research on the causes of inefficient
policies and the factors preventing the application of the political Coase
theorem.” Not only has the analysis isolated and identified the cause of
the PvQ inefficiency, but it has also resulted in insights complementary
to those in the literature. The PvQ inefficiency is of interest for several
reasons. First, it arises despite countries adopting a market-based rather
than a command-and-control policy instrument. Second, it persists
even in the absence of political frictions, such as a lack of credible
commitments, agency problems, or the influence of organized interest
groups, which have also been considered the primary political sources
of policy distortions in the literature. Third, it arises despite market-
based policy instruments having complete geographical coverage and
lacking the inter-temporal perverse incentive causing problems of car-
bon leakage and the green paradox. The PvQ inefficiency arises due
to the interaction between an externality spanning multiple countries
and due to uncertainty regarding technological possibilities affecting
the abatement costs of sovereign countries.

To sum up, economic analysis suggests that pricing pollution is the
most efficient way of addressing a pollution problem. The main results
advanced in this paper depend crucially on two assumptions. First,
that a country’s pollution abatement effort has the characteristic of a
public good; and second, that regulators draw policies under incom-
plete information. Both assumptions are standard (Nordhaus, 2015),
pp- 1339-1340) and considered realistic (e.g., Barrett, 2007; Nordhaus,
2015; Stiglitz, 2019). The analysis suggests that a political institution
(e.g., national sovereignty) can interact with policy instruments in a
non-obvious manner.'° However, several institutional rules govern and

10 This observation is not new. Krugman (1991, pp. 2-3) writes: “.. the
tendency of international economists to turn a blind eye to the fact that
countries both occupy and exist in space — a tendency so deeply entrenched
that we rarely even realize we are doing it — has, I would submit, had some
serious costs. These lie not so much in lack of realism — all economic analysis
is more or less unrealistic — as in the exclusion of important issues and, above
all, of important sources of evidence.”
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shape the international political economy. Thus, there is a need for
more conceptual and empirical research on the consequences of the
existing political institutions for identifying ways of addressing various
environmental problems.
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Appendix. Proofs

Proof of Proposition 1. The expected welfare from adopting the price
instrument is

i . . ~n(A) x Llnpr(As) 2
EW' (q; (1:36;) sa-; (1_30_;)) ~ B (Q) + ZB (0) GZMU“) 4;(1;:6))

A 1 ~
-G (Eq; (136,)) - EC"N (Eq; (71:6;)) ":(f,-:e,-)'

Similarly, the expected welfare from adopting the quantity instrument
is
o (e e Lpn (o
EW' (q; (#;36;) .q-; (1_:6_;)) ~ B(Q) + EB" (0) GZZM 4(i8)
-C; (Eq; (£36;)) -

For any country i, adopting the price instrument is welfare improving

only if

B" A 2 . —B" A 2 . >C(’ Eg. f-;@- 2 . ;
(©) O-ZMU(I) 4 (i;:6;) (©) OSua (i) = (Eg; (7 ’))qu(friﬁi)

however, adopting the quantity instrument is cooperatively more effi-

cient than adopting the price instrument if

nB" ( Q) 0,2

Zmugiy 9 (i:0;)

_aR"” (D) ~2
nB <Q) O—ZM oy

Country i adopts the price instrument when the quantity instrument is
more efficient only if

<C! (B (1:6)) o2

2 2
c R .
Emoiy 4 (0:6;) X a;(5:6))

< /' (Eq; (7::6;))
- B" (QA)‘

2
o~ .
a;(f1:6;)
2
— No. a
a4 (130;)

2
no .
Doy 45 (15:0)
s 2
c* .
AGED)

Proof of Lemma 1. From (5), it follows that the best response abate-
ment levels to the price intensity 7; is ¢;(7;;60;) = "_g# Using (3)
to arrive at ), EW', reinserting the best response abatement into
> v EW', and maximizing Yy EW' with respect to {1;}, one arrives at
o= nC" B'+n2C'B"

; —-——. Again, using the best responses in (3) and maximiz-
n=B"+C

ing the EW’, one arrives at the 7; that maximizes country i’s welfare:
" p! /! / !

1= %. Solving for the abatement that #; and 7;* induce

and reinserting the induced abatement back into (3), and solving for

ENEW (g (17%.6,) a2 (15.60-)) = ZyEW' (g, (1].6;) a-; (12, 0-;)),

one arrives at (7). [

Proof of Proposition 2. Using (5), the best response abatement level

—C' -0 .
to the price instrument becomes g¢,(t;;0;,) = "‘Cj#e'. Using (3) to
arrive at Y, EW’, inserting {q;(;;0,)};cps in Yy EW' and solving
. . C"' B’ +n2C' B!
MAX (1) o5, e Xy EW', one arrives at f* = “——2+-=— and k* =
B'—C ; ;
,,;'Tw' Zo [EW (q; (x%.0,) - q- (x25.0;)) —EW' (g, (17%.6,) .q_,
*, 0_,-))] gives (9). Note that Remark 2 implies the PvQ inefficiency

is also given by the difference between Y, [EW' (g, (x7.6,).q_; (x,,
0_,))] and X [EW (g, (17.6,) . a-; (12,,60-))]. O
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Proof of Proposition 3. The welfare from non-cooperatively deter-
mined quantities is given by Yy EW’ (qi(lci*; 0,),q_;(I%; 0_;)), whereas
the welfare from the socially optimal price intensities is Y, EW’
(4;(17%:6,),q_(t™:0_))). Comparing the value X' EW' (q;(x*:6,).q_;

o
(I*,;:6_,)) with the value ¥\ EW' (¢,(t7*:0,),q_;(*%;6_))), under the as-
sumptions of iid shocks or a global shock, one arrives at the expression

stated in the Proposition. []
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