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PART I: MARKET POWER IN POLLUTION MARKETS

• Market power in different kind permit markets (where scarcity rents have
been created by a regulation that restricts access)

• pollution markets (SO2 in EE.UU.; NOX in California; EU ETS), fishing
quotas, water rights, taxi medallions, etc.

• Hahn (QJE 1984): one strategic agent and a competitive fringe in a static
context where permits are allocated for free





• Recent developments:

— more than one strategic agent (McAfee and Hendricks, EI 2010; Malueg
and Yates, ERE 2010)

— interaction with the output market (Misiolek and Elder, JEEM 1989;
von der Fehr, 1993; Kolstad and Wolak, 2008)

— dynamic markets in which permits can be stored (Liski and Montero,
EconJ 2011)



Hahn’s (1984) market power result for a static permit market

• he shows that a large polluting firm fails to exercise market power only
when its permits allocation is exactly equal to its emissions in perfect
competition.

• If the permits allocation is above (below) its competitive level of emissions,
then, the large firm would find it profitable to restrict its supply (demand)
of permits in order to move prices above (below) competitive levels.

• it is true than in most permit markets permits are allocated for free to
firms (grandfathering) and not auctioned off





but...

• ...it is also true that limits become tighter over time (dynamic problem)

• Acid Rain: 30% of allowances/permits allocated during Phase I (1995-
1999) were saved for use in Phase II (2000 and beyond)

• Climate change: tightening of emission constraints due to economic growth
and lower permit allocations

• think of this problem as firms receiving a initial stock of permits to be
gradually consumed until they reach some long-run emissions goal



LISKI & MONTERO (2011)

• perfectly competitive equilibrium solution is well known (Hotelling), but
what if one agent receives a large share of the initial stock of permits?

• how large is the share of the stock needed for market manipulation?

• do we find evidence of market power in the US sulfur market, for example?



Approaching this Dominant Firm — Competitive Fringe Problem

• Not obvious to us for two reasons:

1. Unlike conventional non-renewable resource markets, our firms must
decide on two variables at each point in time: how many permits to
bring to (take from) the spot market and how many permits to use for
own compliance (useful parallel: OPEC country members caring about
domestic oil consumption)

2. Existing literature provides insufficient insights into what the equilib-
rium outcome might look like: Salant (JPE 1976) on market power in
non-renewable resource markets vs Hahn (QJE 1984) on market power
in static permit markets (or with commitment)



Our approach solves the following dynamic game

NOTATION

• initial stock allocations:

sm0 , stock for the large agent (Stackelberg leader)

s
f
0 , stock for the fringe (group of followers)

• long-run allocations: am and af (i.e., long-run emissions goal is a =

am + af)



• unrestricted (i.e., baseline) emissions: um and uf

• strictly convex abatement cost functions: cm(qm) and cf(qf)

• emissions at time t: et = ut − qt

• interest rate r (common to all firms)



TIMING OF THE GAME

• everyone observes stocks at the beginning of period t: smt and sft

• large agent first announces its spot sales xmt (smt , s
f
t ) (>0 seller)

• fringe members observe xmt (along with smt and sft )

• large agent and fringe simultaneously decide on abatement: qmt (smt , s
f
t )

and qft (x
m
t , s

m
t , s

f
t )

• fringe clears the market : xft = −xmt



Large agent’s (finite horizon) problem

its equilibrium strategy {xmt (smt , s
f
t ), q

m
t (s

m
t , s

f
t )} solves

V m
t (s

m
t , s

f
t ) = max

{xmt ,qmt }
{ptxmt − cm(q

m
t ) + δV m

t+1(s
m
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f
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where δ = 1/(1 + r) and

smt+1 = smt + amt − umt + qmt − xmt ,

s
f
t+1 = s

f
t + a

f
t − u

f
t + q

f
t − x

f
t , (1)

x
f
t = −xmt (2)
q
f
t = q

f
t (x

m
t , s

m
t , s

f
t ), (3)

pt = c0f(q
f
t ), (4)



NOTE: we abstract from market power in the long-run (we can come back to
this) by assuming either long-run efficient allocations

p = c0f(q
f
t = uf − af∗) = c0m(q

m
t = um − am∗).

or that the long-run equilibrium price p is fully governed by backstop technology
prices (particularly true for tight limits)



DEFINITION: The Hotelling consumption shares of the initial stock, s0, are
defined by

sm∗0 =
Z T ∗

0
(um − qm∗t − am∗)

s
f∗
0 =

Z T ∗

0
(uf − q

f∗
t − af∗),

where the pair {qm∗t , q
f∗
t }t≥0 is socially efficient (or perfectly competitive).



Subgame perfect equilibrium conditions for "large seller" (sm0 ≥ sm∗0 )

(i) pt = c0f(q
f
t ) and dpt/dt = rpt

while the fringe is holding stocks, that is, 0 ≤ t ≤ Tf < Tm

(ii) d[c0f(q
f
t )− xmt c

00
f(q

f
t )]/dt = r[c0f(q

f
t )− xmt c

00
f(q

f
t )] "MR"

for all 0 ≤ t < Tm

(iii) dc0m(q
m
t )/dt = rc0m(q

m
t ) MC

for all 0 ≤ t < Tm

(iv) c0f(q
f
t )− xmt c

00
f(q

f
t ) = c0m(q

m
t ) MC=MR

for all t



Properties of the (seller) subgame perfect equilibrium

• equilibrium path is consistent with Salant’s (1976) if the large firm’s initial
stock is above some (strictly positive) critical level (sm∗0 )

• like in Hahn (1984), the critical level is equal to the fraction of the stock
used by the large agent in perfect competition (sm∗0 )

• see figure (no commitment problem here, why?)





Subgame perfect equilibrium conditions for a "large buyer" (sm0 <

sm∗0 )

• the strategic buyer wants to postpone the arrival of the long run equilib-
rium: Tm < Tf

• for all t we have

(i) pt = c0f(q
f
t ) and dpt/dt = rpt

• as long as the buyer is holding stock (0 ≤ t < Tm)

(ii) dc0m(q
m
t )/dt = rc0m(q

m
t ) MC



• when the buyer has no stock (Tm ≤ t ≤ Tf)

(iii) c0m(q
m
t ) = pt +

rptXt

u
f
t − a

f
t − q

f
t + x

f
t

"MR ≈ MC"

where Xt is the buyer’s total remaining purchases from time t on along
the equilibrium....(iii) can be rewritten as

[c0m(q
m
t )− pt](u

f
t − a

f
t − q

f
t + x

f
t ) = rptXt

if the fringe doesn’t pollute (only selling permits) uft − a
f
t − q

f
t = 0





• the scope for monopsony power is reduced here (relative to Liski-Montero’s
(2011) Exhaustible-resource monopsony) for two reasons specific to the
pollution context:

— the presence of many small polluting agents that free ride on the large
agent’s effort to depress permit prices (the seller side is also consuming
from the stock)

— the substantial cost the large agent may incur from postponing the
arrival of the long-run equilibrium (i.e., WÀ0 in Liski-Montero (2011))



EXTENSION: Trends in allocations an emissions

• Firms build up a stock of permits (e.g., Acid Rain Program)

• Consider the case in Figure 3, where B −A = C





APPLICATION: Sulfur trading

• the US sulfur market has been in operation since early 1990s

• the 1990 CAAA allocated allowances/permits to electric utility units for
the next 30 years

• generous allocation of permits for the five first years (Phase I: 1995-1999)

• substantial storage of permits has been observed

• we look at the actual behavior of largest players in the market



• large players: American Elec. Power, Southern Company, FirstEnergy and
Allegheny Power (43% of Phase I permits)

• Results (see Table)





EXTENSION: MULTIPLE LARGE AGENTS

• one possibility is to follow the "Cournot model" approach (e.g., Westog,
1996), i.e., the fringe clears the market (this is in Liski and Montero
(2011)).

• it is a bit problematic, the model rules out by construction any bilateral
interaction among large firms (trading approaches zero as the fringe van-
ishes; see numbers)

• alternatively, follow the supply-function model of Klemperer and Meyer
(1989) as in McAfee and Hendricks (2010).



A model of bilateral oligopoly (McAfee and Hendricks, 2010)

• consider a market for an intermediate good (permits) with n firms (sellers
and buyers are exogenously determined!)

• Each seller i produces ouput xi using a CRS production function with fixed
capacity γi

C(xi, γi) = γic

Ã
xi
γi

!
where c0 > 0 and c00 > 0 (cost doubles if we double x and γ)

• Each buyer j consumes intermediate output qj and values that consump-



tion according to the (homogeneous degree 1) function

V (qj, kj) = kjv

Ã
qj

kj

!
where kj is the buyer´s capacity to process the intermediate output and
v0 > 0 and v00 < 0.



• Let p be the market-clearing price in the intermediate market

• the profits of a vertically integrated firm i are given by

πi = p(xi − qi) + kiv

Ã
qi
ki

!
− γic

Ã
xi
γi

!

• for a pure seller just set qi = 0 and for a pure buyer xi = 0

• to avoid multiplicity, firms in McAfee & Hendricks are restricted to what
they report to the "market maker" (one parameter as in Wilson’s (1979)
auction of shares) (or market maker knows that v(·) and c(·) are common
to all firms)



— sellers must report γ̂i

— buyers must report k̂i



Equilibrium solution

• based on reports, market mechanism "chooses" the clearing price p that
equates supply and demand

Q =
nX
i=1

qi =
nX
i=1

xi = X

• and satifies the marginal conditions

v0
⎛⎝qj
k̂j

⎞⎠ = p = c0
Ã
xi
γ̂i

!
for i, j = 1, ..., n

• efficient outcome if everyone tells the truth, i.e., k̂j = kj and γ̂j = γi



What do firms report in equilibrium?

• sellers under-report capacity or report higher marginal costs (γ̂j < γi)
while buyers over-report capacity or report lower willingness to pay (k̂j >
kj)

• which leads to a double mark-up
p− c0i
p

=
σi

ε+ η(1− σi)

and
v0i − p

p
=

si
η + ε(1− si)

where σi = xi/X = γ̂i/Σγ̂ is i’s market share, ε is the market elasticity
of demand and η is the market elasticity of supply



• unlike in the Cournot model (η = 0), if supply is very elastic (η → ∞),
there is no much a seller can do

• firms more aggresive than Cournot players in electricity markets (more
below): consistent with Wolfram (AER 1999) but not with Bushnell et al
(AER 2008)

• pollution trading context: what if the initial allocations are equal to the
cost-effective ones?



Extensions

• downstream competition (buyers/sellers of pollution permits also compite
in electricity markets)

• mergers (both horizontal and vertical); how (anti) competitive?

• competition in wholesale electricity markets where firms trade forward con-
tracts



forward contracts

• let qi denote the firm i’s forward contract (short) quantity and r the con-
tract price

πi = p(xi − qi)− γic

Ã
xi
γi

!
+ rqi

where contract positions are common knowledge

• firms are asked to report their capacities γ̂i

• given the reports and the downward-sloping inverse demand curve p(X),
the regulator clears the market

p(X) = c0
Ã
xi
γ̂i

!



for all i = 1, ...n.

• If α(p) is the elasticity of demand at the equilibrium price, then

p− c0i
p

=
σi − si

α+ η(1− σi)

where si = qi/X

• net buyers (σi − si > 0) over-report and net sellers (σi − si < 0) under-
report

• since cost functions in electricity markets are L-shaped, the predicts zero
markups in low demand periods (when η → ∞) and higher during high
demand periods (when production is near capacity)



• Consistent with Busnell et al (AER 2008) that look at the effect of con-
tracts (vertical relations) in US markets (California, PJM and New Eng-
land)?

• Not entirely since they find Cournot explains quite well the price-quantity
data once we control for "contract" positions.



PART II

DESIGNING POLLUTION MARKETS:

INSIGHTS FROM MECHANISM DESIGN



Problem and Motivation

• optimal regulation of pollution and other "common" resources (e.g., fish
stocks, water supply) when the regulator has no information on firms’
characteristics (e.g., abatement costs)

• existing mechanisms (in chronological order)

— Weitzman’s prices vs quantities (RES, 1974): second-best design

— Roberts and Spence’s safety valve approach (JPubE, 1976): only im-
plements the first-best when the regulator announces a continuum of
taxes/subsidies tracking down the marginal damage function (large
number of firms; highly non-linear)



— Kwerel’s hybrid subsidy/license scheme (RES, 1977): "implements" the
first-best when there is a large number of firms (actually it doesn’t)

— Dasgupta, Hammond and Maskin’s Vickrey-Clark-Groves (VCG) mech-
anism (RES, 1980): implements the first-best in dominant strategies

∗ firms’ specific tax schedules: Ti(xi; θ̂i, θ̂−i)

∗ difficult to implement; not collusion proof; lead to inefficient outcome
under inelastic supply (we will come back to it)

— Varian (AER, 1994): multistage mechanism for dealing with private ex-
ternalities; firms announce prices (requires complete information among
firms)

— Duggan and Roberts’ quantity mechanism (AER, 2002): each firm



announces quantities for itself and neighbor (requires complete infor-
mation among firms)



Varian’s (AER 1994) compensating mechanism

• consider two firms 1 and 2 and

π1(x) = rx− c(x)

π2(x) = π0 − e(x)

where x is firm 1’s output and c(·) and e(·) are strictly convex functions

• in the absence of regulation r = c0(x), too much output

• the regulator can restore the first-best with the Pigouvian tax τ = e0(x∗)
on output, where

r − c0(x∗)− e0(x∗) = 0



• but what if the regulator doesn’t know either c(·) or e(·) but the two firms
do?



it is a two stage mechanism (t=1,2)

• at t = 1 firms announce prices p1 and p2

• having observed the announcements, at t = 2 firm 1 decides x and firms
receive

Π1(x) = rx− c(x)− p2x− α(p1 − p2)
2

Π2(x) = π0 − e(x) + p1x

where α takes a positive (perhaps very small) value

• Nash equilibrium doesn’t implement the first-best (p1 = p2 = 0 is Nash
Eq., among many others)



• the Subgame perfect Nash equilibrium does

• by backward induction we have that at t = 2, firm 1 solves

r − c0(x)− p2 = 0 (5)

which implies that dx(p2)/dp2 < 0

• at t = 1 we have that firm 1’s best response to p2 is

p1 = p2 (6)

and firm’s 2 is
dx(p2)

dp2

³
−e0(x(p2)) + p1

´
= 0 (7)



• looking at (5), (6) and (7) ⇒first-best is implemented

• budget is balanced along the equilibrium path, but not off-equilibrium.
With 3 or more players budget balancing can be restored both on and
off-equilibrium

• but it requires firms to be completely informed!



Montero’s (AER 2008) auction mechanism

• firm i’s (inverse) demand function is Pi(xi), where xi are emissions or
resource use [Pi(·) is only known to firm i]

• firm i’s cost from restricting pollution to xi < x0i is

Ci(xi) =
x0iR
xi
Pi(z)dz

where x0i is the unregulated value (i.e., Pi(x
0
i ) = 0)

• the aggregate demand function is denoted by P (x), where x = P
xi is

total pollution



• pollution damages, which are publicly known, are given by D(x) where
D0(x) > 0 and D00(x) > 0.



what kind of auction?

• it is a uniform-price sealed-bid auction

• we know that even for large n uniform-price multiple-unit auctions suffer
from low-price (non-cooperative) equilibria (Wilson QJE 1979, Milgrom
2004)

• the number of licenses is not fixed ex-ante but endogenous to firms’ bids

• part of the auction revenues are given back to firms (NOT as a lump sum
transfer!)
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• both suggestions seem most natural in licenses programs (whether for air-
quality, water management or fisheries management)

• we proceed as follows

— single firm

— multiple firms – non-cooperative solution

— multiple firms – collusion (see paper!)

— innovation (connection to Laffont and Tirole , 1996)

— other dynamic issues...



Single firm

• easier to illustrate the workings of the auction scheme for a single firm

— the regulator does not want to give back all the auction revenues:
incentives to over-report as much as possible in order to get as many
licenses as possible

— neither the regulator wants to keep all the revenues for himself: incen-
tives to under-report to some extent

— so, there must be a fraction that induces the firm to report its true
demand function



• the mechanism works as follows:

— firm submits an inverse demand schedule P̂ (x), or equivalently, demand
X̂(p)

— the regulator clears the auction (i.e., determines p and l) with the
marginal damage function

p = D0(l) = P̂ (x) (8)

— firm receives l licenses and pay p for each license

— firm gets a fraction α(l) of the auction revenues back (i.e., payback is
α(l)pl)



• the regulator’s problem: find the function α(l) that induces the firm to
submit its true demand P (x)

• find α(l) by backward induction

• given some α(l), the firm’s problem is to find the bid P̂ (l) that solves

minC(l) + pl− α(l)pl (9)

where p = P̂ (l) = D0(l)

• choosing P̂ (·) is equivalent as to choosing l and using p = D0(l), the
FCO for (9) is

C0(l)+D00(l)l+D0(l)−α0(l)D0(l)l−α(l)(D00(l)l+D0(l)) = 0 (10)



• Anticipating (10), the regulator would then look for the function α(l) that
leads to the efficient allocation, that is

−C0(l) ≡ P (l) = D0(l)

• the differential equation that solves for α(l) is

α0(l) + α(l)

Ã
D00(l)l+D0(l)

D0(l)l

!
=

D00(l)
D0(l)

(11)

• note that because of (8), α(l) only depends on the shape of the marginal
damage function!

• solving

α(l) = 1− D(l)

D0(l)l



• and replacing this into the firm’s objective function

minC(l) +D(l)

• the new auction scheme has converted the firm’s problem into the regula-
tor’s by making the firm bear the full cost of the pollution damages

— certainly not a new idea (Dasgupta-Hammond-Maskin for the case of
the single firm)

— but clearly it is implemented in a very different way

• note that the firm does not need to know D(l), only that it is facing a
regulator committed to implement the first-best for whatever D(l) he/she
has in mind (this is important in the multi-firm case!)
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CASE 2: Multiple firms – non-cooperative solution

• there are n ≥ 2 (not necessarily symmetric) firms

• firm i = 1, ..., n submits demand schedule bPi(xi)
• the regulator uses firms reports to obtain a "residual" marginal damage
function (or, equivalently, residual supply function) for firm i, which we
denote by

D0i(xi) ≡ D0(x)− P̂−i(x−i)

where P̂−i(x−i) is the aggregate bid of all firms but i (see Figure 2)



• there is now an αi(li) function for each firm, which is obtained replacing
D0i(li) in (11)

• note that in this multi-firms case, firm i has little idea about the D0i(xi)
it will be facing
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Firms pay for their residual damage

• firm i’s total payment in equilibrium, (1−αi(l
∗
i ))p

∗l∗i , is exactly equal to
the residual (or additional) damage caused by its pollution, Di(l

∗
i ). See

figure.

• Payment equal to Dasgupta-Hammond-Maskin (DHM) but under a very
different structure (see Figure 2); this difference has crucial implications
beyond simplicity of implementation

— DHM is not collusion proof

— DHM is not efficient if D0(x) is perfectly inelastic
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The VCG-DHM

• let Ci(xi) ≡ C(xi, θi), where θi is firm i’s true type, so firm i faces a tax
schedule

Ti(xi, θ̂i, θ̂−i) = D(xi+
P
j 6=i

x∗j(θ̂i, θ̂−i))+
P
j 6=i

C(x∗j(θ̂i, θ̂−i), θ̂j)−Ai(θ̂−i)

(12)
where θ̂i is firm i’s report to the regulator, θ̂−i is the vector of firms
j 6= i’s reports, x∗j(θ̂i, θ̂−i) is firm j’s first-best pollution level as dictated
by the reports of all firms

• and Ai is a constant term independent of firm i’s report and equal (in
VCG) to the efficient social cost had firm i not existed, that is

Ai(θ̂−i) = D(x∗∗−i) +
P
j 6=i

C(x∗∗j (θ̂−i), θ̂j)



Private externalities: Simplest example

• 2 (fishing) firms , profit function

πi(xi, xj) = (θi − xi − xj) · xi
where θi is firm i’s private information

• because of private externalities, the unregulated solution will result in over-
fishing

• the socially optimal solution when θi ≥ θj is

x∗i =
θi
2
and x∗j = 0



• how does the auction scheme work?

— firms are asked to submit demand schedules (equivalent as reporting
θ̂i)

— firms know in advance the auction rules

— if θ̂i ≥ θ̂j then li = θ̂i/2 and lj = 0

— firm i pays a total of θ̂
2
j/4 for all the licenses (or alternatively, θ̂j/2

for each license)



• It is a (Bayesian) Nash equilibrium for firms to report their true types.
Why?

— in the absence of i, firm j would have produced θj/2 and obtained
πj = θ2j/4 in profits

— firm i is paying for its residual "damage"



Dynamic incentives

• there are two dates, t = 1, 2, and no discounting.

• firm i’s abatement costs at date 1 are Ci(xi)

• and at cost Ii incurred at date 1 it can reduce its abatement costs at date
2 to Ci(xi, Ii), where Ii is the (irreversible) amount of R&D investment:
∂Ci(xi, Ii)/∂Ii < 0 for all xi.

• demand schedules for periods 1 and 2 are, respectively, Pi(xi) = −C0i(xi)
and Pi(xi, Ii) = −∂Ci(xi, Ii)/∂xi.



• the damage function in each period is D(x), where x = P
xi.

• first-period social optimum is well known: D0(x) + C0i(xi) = 0 for all
i = 1, ..., n.

• the social optimum for second-period pollution and first-period R&D is
given by the first-order conditions

∂Ci(xi, Ii)

∂xi
+D0(x) = 0 (13)

∂Ci(xi, Ii)

∂Ii
+ 1 = 0 (14)

• auction mechanism: the regulator must run two separate auctions: for
period-1 licenses and for period-2 licenses.



• since firms do not perfectly know each other, period-2 licenses must also
be auctioned off at date 1, i.e., before investments take place

• in allocating period-2 licenses each firm i is asked to bid a demand schedule
P̂i(xi, Ii), which must be a function of the different investment levels firm
i may pursue.



Dynamic incentives in Laffont and Tirole (1996)

• same as above except that regulator knows distribution of types and there
is a shadow cost of public funds (λ)

p−D0(x)/(1 + λ)

p
=

λ

1 + λ

1

η

where η is the elasticity of demand for permits and p = P (x)

• Ramsey pricing introduces a new set of issues:

— under pure spot markets firms tend to overinvest in R&D to bypass the
(high) prices in period 2

— why? because permits in period 2 are sold at a price aboveD0(x)/(1+
λ)



— regulator can reduce this overinvestment by selling futures, i.e., selling
today allowances for period 2 at price p∗2

— commitment problem: wants to sell more (then options to pollute at
price p∗2)



Some Final Remarks

• We haven’t said anything about moral hazard, i.e., when actions (emis-
sions) can only imperfectly be monitored: Segerson (JEEM1988), Montero
(RAND 2005), and Chakraborty and McAfee (2010)

• Some recent stuff

— Mason and Plantinga (2011): a mechanism to buy "additional" carbon
offsets

— Boleslavsky and Kelly (2011): a command-and-control scheme that
separate firms



• Ideas for the future

— dynamic VCG when players’ type changes over time: Bergemann and
Valimaki (EM 2010) shows it is not a problem if the regulator knows
the distribution of types

— but what if the distribution of types is not known ex-ante (not a problem
in static settings like the ones in DHM and Montero)?

— the regulator must then acquire this information from what firms report
to him

• an illustration of learning:

— an indivisible object can be allocated in one of two periods



— agent i = 1, 2 in period i only and has valuation xi for the object

— physical and monetary transfers to an agent must be made "online",
in the period when they are present

— the designer does not know precisely how types distribute: with prob-
ability 1/2 uniformly on the interval [0,1] and with probability 1/2
uniformly on the interval [1,2]

— what if designer knew the types distribute uniformly on the interval
[0,2]: post a price of 1 in period 1 and zero in 2.




