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Abstract: Pollution permi trading programs typically focus on individual pollutants,many
environmental management problems invatwudtiple pollutants. Hence, potential benefits may
arise from developing mulpollutant strategies that take a more comprehensive approach to
environmental management. There is interest in expanding raaket approaches that
traditionally involve intrapollutant trading, or trading OlikeO pollutants, to allow-pdutant
trading, or trading across imperfectly substitutable pollutants. XAf@iee the design of a
market involving both interand intrapollutant trades when some firms generate multiple
pollutants. Our focus is on choosing trade ratiob@ihtypes of trades. We also extend prior
work on markebased approaches for megibllutant problems by examining the secdoasbt
design of interandintra-pollutant trading ratios whepermit caps are inefficienthis is
important since permit caps are typically set exogenongsjffset programsWe demonstrate
analytically that ondor-one intrapollutant trading is not generally optimal for uniformly mixed
pollutants inthis settingregardless of whether intpollutant trading is allowedecause the
equimarginal principle is not satisfie@his contrasts with prior work that anadgzinter

pollutant trade ratios when ot@-one intrapollutant trading rates are assumed due to uniform
mixing of like pollutants. Wdlustrateour analytical results using a numerical example of
nitrogen trading inhe Susquehanna River BaginPennsylvania.
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Pollution permit trading offers the potential to improve the efficiasfqyollution control by
reallocating abatement effort towards lower marginal cost emitRedfution markets have been
successfullyapplied to manageariousair pollutantgBurtraw et al. 2005)and efforts to apply
marketsto water pollutantave beg increasindFisherVanden and Olmstead 2013While
programs havaistoricallyfocused on individual pollutantsrany problems involvenultiple,
linked pollutants for examplefirms mayemit multiple pollutants and/or multiple pollutantgy
contribueto a common environmental problem (US EPA 2(®EL1; NRC 200¢4

The presence gdollutantlinkages impliegpotentialbenefitsfrom developingmulti-
pollutant strategiethat take a more comprehensive approachdnagementNRC 2004 Lutter
andBurtraw 2002, including multimedia efforts to protect both air and water (EPA 1997,
Aillery et al. 2005) Multi-pollutant management is considered to be a key facebaf
generatiorpollution control effortswith marketbased approaches offering ampiortant
mechanism for implementati¢ggPA 2011 NRC 2004. For instancethe U.S. CrosState Air
Pollution Rule is a mukpollutant approachalbeit based on distinct markets &ach pollutant
TheEuropean UnioEmissions Trading Syste(BU ETS) albws trades among Gnitrous
oxide (N20O), andperfluorocarbon$PFCs) by converting all pollutants into g€quivalents (EC
2013). There have been calls for expandimgrketbased approachdsat traditionally involve
intra-pollutant trading, or tradin@likeO pollutanty allowinter-pollutant trading, otrading

acrossmperfectly substitutablpollutantsthat cannot easily be converted into equivalent units

YIn the U.S., for example, atmospheric emissions of @ SQ have been regulated \éaparate pollution

trading markets under the Acid Rain Program and C8&bate Air Pollution Rule. Greenhouse gas emissions are

governed in some regions by carbon trading programs, including CaliforniaOs Cap and Trade(@W&§am

2006 and the Regional Greenh@u&as Initiative in nine Northeastern States. In the case of water markets, the
focus has largely been on peimbnpoint nutrient trading whereby higlost point source abatement is exchanged

for low-cost nonpoint source abatement.



(e.g., due tdneterogeneous ambnlinear environmental impactdRealizing the gains from
multi-pollutant management requires careful policy de@NRC 2004; EPA 2011)

We examine the design af markeinvolving both inter and intrapollutant trade when
some firms generate multiple pollutan@ur particular focus is ochoosingthe ratesat which
pollutants are tradear trade ratiodor both types of trades. Thisontrasts witlthe limited
prior workon multipollutantmarkets (Lutter and Burtraw 2002; Montero 2Q@thichanalyzes
inter-pollutant trade fégos whenoneto-oneintra-pollutant tradingrates haveimply been
assumediue to uniform mixing of like pollutants Althoughoneto-one intrapollutant trades
are firstbestin single-pollutant marketsvith uniform mixing this resulthas not been shown @&
multi-pollutant settingvhere optimality requires choositige policy variables jointly

We also extend prior wordn marketbased approaches for meginllutant problemsgy
examiningthe seconebestdesign of interand intra-pollutant trading ratios whepermit caps
areinefficient This is important since permit caps are typically set exogenously in the sense that
they are not chosen based on dostefit analysis and therefore are unlikely to reflect the
efficient level of emissions (Tietenbe2§05). Moreover, policy tools for managing pollutants
are often designed using a piecemeal approach (Yaffee 1997; Lutter and Burtraw 2002). Trading
rules may be establishegterbtot jointly withbEmissions regulations, particularly for the
offset progams that have been used to address nonpoint s@ategpollution and carbon

emissions (Woodward 2011Theseprograms allow previousigegulated point sources to

Zn related workMuller (2012) models cpollutants as being produced as perfect complements, such that firms
make a single abatement choice that implicitly reduces emissions of greenhouse gasgwtumicts (e.g., SO

NOx, and PM) to produce both global and local b&tge With only a single choice being made, trades
simultaneously involve tradeoffs among both like pollutants (i.e., the unifemixgd, global pollutant C¢) and
dissimilar pollutants (the epollutants, which have distinct local impacts), as doesitigde trade ratio Absentco-
pollutants,all trades could be considered inpallutant tradesind would occuat a onefor-one rate.Hence, the

trade ratio differs from unity because inteand interpollutant trades occur simultaneously due tepotiutants. A
number of other papers deal with mygtllutant problems (particularly greenhouse gases), but not in the context of
trading (e.g.. Moslener and Requate 2007; Nordhaus 2000; Repetto 1987).



purchase offsets from nonpoint sources to improve theeffesitiveness of water quality
management (Wainger and Shortle 2013; Ribaudo and Nickerson 2009:\sttEm and
Olmstead 2013) or carbon management (Califori@ébml Warming Solutions Act of 2006

The impact of inefficient caps on the design of both inte# intra-pollutant tading
ratios has yet to be addresséditter andBurtraw (2002) examine intggollutant tradingn this
contextusing an ad hoc trade ratiQthersexploresingle markes, with no interpollutant
trading,whenmultiple pollutanimarketsexistandare inerdependengincesome firms produe
multiple pollutantge.g., Woodward 2011; Stranlund and Son 20T%)ese studiemvestigate
design rules apart fromtra-pollutant tradingatios, as these are s#ta oneto-one rate For
instance, Woodward (201tpnsidersvhether it is more efficient to allow previously
unregulated firms to sell abatement in only one or several pollution offset markets.

We demonstrateralytically that onefor-one intrapollutant trading is not optimal for
uniformly mixed pollutatsin our frameworkand hence the egunarginal principle (i.e., that
effective marginal abatement costs should be equated) is not satesfi@diless of whether
inter-pollutant trading is allowed. This is in contrasté&tbook pollution markets, which
promote efficiency by replicating tregurmarginal principle The suboptimality of using
marketbased approaches to replictite equimarginal principlen the current framework
means tradings not even seconrbest

We proceed by developirgmodel of multipollutant abatemerih the next sectian
Section2 derives conditions for efficient abatement, and Se@&ierploreshe outcome of
several pollution permit trading scenaridge highlight our analyticalesultsusng a numerical
example ohitrogen trading in the Susquehanna River B&SRB)in Pennsylvanian Sectior4.

Section5 concludes



1. AMODEL OF MULTI -POLLUT ANT ABATEMENT
Consider a pollution problem wheretwo environmental media (air and water® &eing
harmed by twg@ollutants. For expositional purposes, we focus ondifferentforms of
nitrogenpollution: nitrogenemissionge.g., NO) thatcontributeto atmospheric pollutigrand
nitrogenloadingsthatpollute aquatic ecosystenfarhere loadings are defined as emissions that
are delivered to a particular water badyhis pollution is produced in three sectors, with one
sector contributing pollution to both media: an industrial s€atdexed by/) that producs
point sourceemissions, denoteg; a wastewater treatment sector (indexediyhat produce
point sourcdoadings denoted-; andan agricultural sector (indexed By that produce
nonpoint pollution in the form dfothemissionse,, andloadings 7.

We assumemissions from each source are uniformly mixed in the atmosphere so that
they are perfect substitutes in creating haithin a particular environmental medium
Likewise, our definition of loadings implicitly accounts for the spatial effects on delivered
nutrients which means we can consideadings from the various sourdesbeuniformly mixed
and therefore perfect substitutes in creating environmental Hamally, we assume emissions
and loadings from each source are determinidtitese assumptis allow us to focus on
aggregate decisions at the sector level rather than focusing on individual firms within each
sector. More importantly, hese assumptiorasllow us taillustrate howthe multi-pollutantcase
differs fromtextbook models of permit miats, which focus on a single pollutant involving

deterministic and uniformiynixed emissiond

% We concentrate on optimal market design under somtgpvistine conditions (apart from exogenous permit caps)
and ignore factors (e.g., uncertainty) discussed in prior work that complicate the analysis but do not help illustrate
the present findings. Making the more realistic assumption that agricultussdiens are stochastic makes it more
difficult to parse out the effects of multiple pollutants. This is because permit markets in such settings (based on
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Moving forward, it will be simpler to work with abatement rather than pollution levels.

Define abatement by the industrial sectonas e De;, where the gbscript O00 denotes initial
emissions prior to abatemeiihe industrial abatement cost functiords(a,, ), whereC,(0) =0
and C;,C; > 0. Likewise, wastewater treatmesetctorabatement ig,, = ryo Dry, with the
increasing, convex abatement cost functigia, ), where C,,(0) =0. Finally,agricultural
emissions and loadings abatementage= e4o Dey anda,4 = r40 Pry, respectivelywith the
increasing, conveabatement cost functio@(a,,,a,,), where C,(0,0)=0."

Finally, suppose pollution abatement preveatsnomic damagghatvarieswith the
aggregatdevel of each pollutant. Lek, = e Pa.; + e40 Pa.s andE, = rpo Da,w + rqo Pa,4
representhe ambient concentration tife air and water pollutantespectivelyAggregate
abatement athese pollutantss thena, = E.o DE, anda, = E,o DE,, where the subscript 000
denotes unregulated pollution (i.e., with zero abatemahgtemenbenefisN expressed as
avoided economicaimag®l arethendenotedB.(a.) ! DAE.) PDAE.) = DAE.0) DPDAE .0 Pa.)
andB,(a;) ! DAE,0) DDAE,0Da,), whereDy(") represents economic damages from patitg €
{er}. We assum®# D$> 0, and hencé|(a,) >0 and B}(a,) <0.

Under the framework presented here, the only potential linkage between the air and water

pollution problems arises through the agricultural abatement cost funélerassume

trades of estimated or mean agricultural emissions) can only be deestndthen damages are nonlineang

generally involve a number of complex design elements (e.g., uncertainty trading ratios to adjust for risk) that
significantly alter these markets relative to textbook markets (Shortle and Horan 2001). Our focus on the effects of
multiple pollutantasvhen emissions are deterministic offers a clearer comparison to textbook markets. The potential
impact of stochastic agricultural pollution is described in the Discussion section.

“ Abatement cost functions are defined as follows.!l{ef) be profits br sectori €{1, W, 4}, g,(z;) be the sectorOs
emissions or loadings of pollutan&{e,7}, and z; be a vector of the sectorOs production and pollution control

choices. Absent abatement activity, seefds maximized choice vectorjis Hence, abatement costs are defined as

the reduction in profitd, {(z,0) B! (z;). The abatement cost function for seatar{ W}, C(a;), is obtained by

choosingz; to minimize! (z,)) B! (z) subject taz,; %g,(zi0) Pg,(z). AgricultureOs abatement cost functitfu,.,

a,,) is obtained by choosirgyto minimize! (z,0) B! (z,) subject taz., %g.Azi) Pg.Az;) anda,, %g,.(z) Pg,.Az).
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agricultural abatement costge not linearly separable, i.8°C/(" acs" a.4) &0, to ensure the
problems are linkedOtherwise, the pollution management problem could be treated as two

independent problerfisone for each environmental medidm.

2. FIRST-BEST CONTROL
We firstcharacterizehe efficient, or firstbest,allocation of pollution control effort as a
benchmarkor comparison with market outcomes. Téfécientoutcome is defined as an

allocation of pollution control effort thabaximizes social net benefits

(1) max V=B, (&, +8,)+B (aw +a,)! C (@y)! Cy(@uw)! Ca(ae ).

33w 1 8ear B

Assuming an interior solution, the firstder conditions (FOCSs) for probler) @re

@ Moov cr=p,
|
#
3 X=0" Cl=B,
©) o Cy =B
w Voos Coog
"A IIaeA
5) Y=o# =g
I"A arA

*

The FOCH2)B(5) state the familiar result that, at the fibgtstabatemenlevelsa,, a,,, a_,,

and a:A, eachsectorOmarginal abatement castqual the marginal beneditrom abatement.

Additional insicht can be had by manipulating)§(5) to yield the following modified

equimarginal condition

°Air and water pollution linkages could also arise through economic damages if, for example, a fraction of all air
emissions are deposited into the water resource rather than contributinge@ do not analyze such linkages here.
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¢, dC,/da, C, 9C,/da,
B’ B’ B’ B’

e e r r

(6) =1,

so that the effective marginal cost of abatefNeneasured by the marginal cost normalized by

the marginal avoided damagesm abatemei is equalized across all sources under the

efficient outcome.The first and third equalitigs (6) imply the conventional equnarginal

condition: marginal abatement costs should be equated within each environmental medium. The
second eqality extends th equimarginal principleacross mediy normalizing costs in a way
thattreas abatement benefita the different mediasfungible or perfectly substitutabl@ he

final equality says marginal costs equal marginal benefits in each\64ske not a surprising

result, thismodificationcontrasts with curremegulatoryapproachege.g., distinct markets for

different pollutants) thareat abatement of distinct pollutants as4sabstitutable even when

those pollutants arise from the sasoairce.

3. MARKET TRADING SC ENARIOS

We now consider the outcome undarioustrading senariosthat differ along two dimensions
First, pollution trading can occur either in distinct markets for each pollutant that allow only
intra-pollutant trading (rdécting current markebased approaches) or in an integrated,
multipollutant market that allows both intrand interpollutant trading. Secongpint source
pollutant capgan either behosen optimallyr they can be setxogenously relative to the
market We begin by defining theectors@arket responses in a general model of tradisg

these responses will be used when constructing each of the various tradisgosc

3.1.Market Response#n a General Modelof Pollution Trading

We adopt a vy general model of trading by assumijlution permits are defined for each



pollutant andor eachsector Agricultural permits are denoteé, andf,, with initial
allocations®,, and 7*,,, and permit pricesp,, and p,,. The agricultural sector is not initially
regulated, i.e.8,, =e,, and 8, = r,,, and so farmers have initial rights to polllReint urce
permits are denoteg} and 7, , with associated initial allocatioms permit capsz,, and Q,, and
permit pricesp,, and p_,.. Point sources initially face binding regulations, i&,, < e,, and
Qo < fwo, Ut they maypurchase permitr offsets)from other source® pollute more and

reduce costs.

We examine two types of market structurgstis an integrated markétat allows both
intra- and intefpollutant trading Industrial emissions are defined as the numeraire pollutant,
and tades are guided lyading or exchange ratidisat define the number permitsthat must
be purchased fomandustrialsource to increase emissions by one unit. Three &tos

required an intrapollutant ratiofor emissions! =| dé, /dé |, and two intespollutant ratios,

eAel

lae =lDQ/d§ |and!,, , =|d,/d§ |. These ratios can be useditgfine thetrade ratiogor

the remaininggombinations opotential permit tradesn intrapollutant ratio for loadings,

T, = dr,/diy, =T, /T, and the two remaining intgrollutant ratios,
Tinen = Oy /08, [= Toa e /Teng ANA Ty =€,/ Oy, |= Tea /Ty e - The marketlearing

condition for this case is

A A A~ ~ 1 1
ep+eyl! edel T Fo /! el T Fio!! rdel = (e " a,)+(e" a,)l! ed.el

(7a) 0

+ (o " @)/ W el +(ry " a.,)/! rdel
wherethe left hand side (LHS), dendtasQ, represents theffectiveaggregate permdap

expressed in terms ofdustrialemissions



Now consider the case distinctmarkets definedhere as an emissions market and a
loadings market in which no int@ollutant trades are allowBdnly intrapollutant trading
occus within each marketPoint sourcepermits serve as a numeraire in their respective

markets with oneintra-pollutanttraderatio required for each market ., , =|dé,/d§ |and

T,,.w =|dr,/dr, |. Thereis also a distinct market clearing condition for each market:

A

A e e, —a .. 0 " r.."a
(7b) €+ 40 =(e[0—ae])+M; Qo+ | Qo :(rWO arW)+( A0 rA) .
$1 4 Tee g1 g AW ! eanw

0, Q

whereQ, andQ, represent the effective aggregate permit dapsach market

Now consideeach sector@scisions.Eachsectorchoosesbatemento minimize
abatement cosfdusthe cost of purchasingermits We show in the Appendix thittese
problems can be written &sllows, regardless of whether we are dealing with an integrated

market ordistinctmarkets:

(8) nalln CI (a‘el) + pel[eIO | a‘el I QO]
(©) min G, (@w) + Prwlfwo ! 8w ! Rl

(10) agliarrl CA(aeA’aTA) + peA[eAO ' a'e ' éAO] + prA[rAO | arA I QO]

with the following FOCsfor interior solutions

(11) Cr' = pel

(12) C:\;\I = er
aC

(13) A=,
aa'eA "
aC

(14) 4 = prA'
aarA



Conditiors (11)B(14) simply state that, at the optimueach sector@sarginalabatementost
equals theermitprice of the abated pollutantAdditionally, we show in the Appendix that
additionalmarket equilibrium conditionselate the trag ratios to permit price ratiospnsistent
with prior work involvingmarkets for a single pollutarg.g., Malik et al. 1993)Using these
relations fronthe Appendix, along with (3#(14), he market equilibrium conditionfor an

integrated markedre

! n l
(153.) Codel = P = C[ ) #rA,eI :& :L' an IIrW,eI = Pe :&'
P 9C,l0a,, Pa 'Culla, Pw Gl

The market equilibrium conditionsifdistinctmarketsare

(150) Hopy =Pz S g, =P G
peA I CA/I a'eA ' prA ' CA/| arA

Theabatement choices thatlvetherelevantmarket equilibrium conditions (15nd the

relevantmarketclearing conditior(7) can be expressed as responses to the policy variables
a,(!,6,a,(!,0, a,(.,é,anda,,(!,e), where! andé representhe policy variables.
Specifically,! =[t,,o Twe Teaa] iNthe integrated market scenaaiod! =[! ., ! Wl

in thedistinctmarkets scenarjavhereas®=[€, K{,,] in both scenariosNote thateach

sectoOs behavior dependstbapolicy variables associated wiblz air and water pollution. It

is obvious that this should be the case for an integrated mhuitdtis also true fodistinct

marketsdue to the agricultural source participating in both marketapitsseparable abatement
costsimply its decisions are not independent across markeis analytically intractable to

identify the signs of the comparative statics results for the abatement response functions, as this
requires the application of CrameRDge to evaluatex 4# 4 matrix. However, pior work on

trading a single pollutantceoss two sectorisdicates that a larger rat#. generally makes it
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more expensive for sectoto trade to reduce abatemé¢Hbran and Shortle 2015)

3.2. Market Design with EndogenousPermit Caps First-Best Markets
We begin with the case in whiglermitcaps are endogenously chosen, as this case most directly
relates to prior work on market desi@ng.,Montero 200). The plannerOs problem, after
substituting the behavioral responses Kt
max V =B,(a,(!,€) +a.(".€) + B.(aw (!,€) +a,(!.8)

1 C (8, (1.8)! Cy(Bw(!,8)! Ca(@n(!.8).a4(!,8)

Problem (16)s written generally to reflect both market scenaridbe FOC for anyelevant

(16)

policy parameter, defined as scalar element dfie policy vectas, is

v
T

=Bl

=0 Vu.

o [B) () v o) ([P B

aeA# A u

(17)

Comparing (17) with the efficient conditions £89), it is clear that an efficient market design is
one that causemach of the foubracketed terms in ()70 vanish. Ensuring such an outcome
will generally require four instruments, whiahe availablén both the integrated amistinct
market scenéos.®

For the integratedcharketscenarioFOC (17) can be written in terms dlfireetrading
ratios by using theector® FOCalong with the market equilibrium relatiorss§):

(188.) [B*) pel] ael +0/6*) Pe § a~eA /6*) Pe §!arw +/§*) Pei § ™~ 0 V.
(eAel# 'u & (fW9|# lu & (rA,eI# u

® As depicted in proleim (16), the integrated market scenario involves five policy choices to manage four abatement
levels. In this case it is equivalent to transform the problem slightly by treafirggm the market clearing

condition (7a) as the policy variable rather thagtividual permit levels. Then the abatement response functions
would take the forna (! ,Q), a.(',0), a,(!,0), anda,.(!,0), and the choice @ along with the three trading ratios
would be sufficient to manage the four abatement levels. Optimiz&)gnith respect t@ and! yields the first

best level®)” and!*. Then the initial permit allocatiog, and ¢, may be set at any combination to satigfy=

€, +6,/! eAI+rW0/ WI+rA0/ Al

11



Thebracketederms in (18a), and hence ih7(), will vanish to yield an efficient outcome when

* It

"we = ae = Be andt,, , =—% =1andé is setsuch thatp, =B}’ (see footnoté). Using

r e

the market equilibrium conditions, we can use the traditig results to derivehe remaining

equilibrium pricesp,, = P = B, p,. = "pe| =B[,andp, = ..pEI

rw el eAel rAel

BI". This solution

ensuregquivalent intrepollutanttrading ratie for emissions! _, , = p,, / p., =1, and loadings,

' eAeI

*

| *
CIAIW T

= pw ! P,y =1, s well as equivalent intgollutanttrading ratios ™ =1, =1, .

= B!"/B!". The optimal intrgpollutant ratios implyneto-onepermit trading within each

environmental medium, consistent with current apginea for uniformlymixed pollutants.The
optimal interpollutant trade ratio, based on relative economic benefits, contrasts with the
standard approach in current multipollutant markets of setting the ratio according to the
pollutantsO relatiyghysical or chemical qualiti€sHowever, theefficientratio is consistent
with prior economic resear¢hat says efficient trades should occur at the marginal rate of
substitution of damagése.g.,Schmalensee 199Butter and Burtraw 2002

For thedistinctmarkets scenarid;OC(17) can be written in terms of two trading ratios

by using thesector® FOCalong with the market equilibrium relations (15b)

31 31
18b) [B)( p )2 +/62< AT o [B)(pul 2 +o/@>( - ;;.aff =0 v
eAeI rArW

The bracketed terms in (18b), and hence in (17), will vanisketd &n efficient outcome when

) u
" onel = E? =1, t,,,, =—==1, &, is setsuch thatp,, = B!, and §j, is setsuch that

<] r

7‘For example, different types &HGs are traded based on their global warming potential, denominated in units of
Ocarbonlioxide equivalents.O Trades governed by these typeadd ratiosare unlikely to be costffective as they
ignore the economic characteristics oflptibn that vary across pollutant speci€dchmalensee 1993; Muller 2012)

12



P = Bl'. Usingthe market equilibrium conditions, we can use the trading ratio results to

derivethe remaining equilibrium pricep,, = "pe' =Bl and p,, = "hW =B!". This solution
eAel rA,rW
ensures the poirtonpoint emissionand loadingsrading ratie are! ,,,, =! ., =1.

There is one important caveatthese results fdvoth the integratetharketandthe
distinctmarkes. Let E; =(g,! ay)+(ey! @) and E, = (1,4 —a,, ) +(r, —a,,) be the
efficient levels of total emissions and loadings, respectivedguming agricultural sources are
not initially regulated so that they have implicit initial permit caps@andr,o, then the
efficient permit caps for the emissions and loadings by the industrial and wastewater treatment

sectors, respectively, aé, = E.! e,, andf,, =E, ! r,,. Notethat®,,! E, andg,! E,

r

are required to obtain the efficient outcome w@h =e,, andQ, =r,,. Otherwise, initial

nonpoint source emissisrand/or loadings are so large that the-fiesst outcome cannot be

attained simply by regulating point source emissions and loadings. In such insigniceture

must be regulatedd,, < e,, and/or7,, <r,,, to obtain theifst-best outcome.

The results for the two market scenarios imply the following result:

Result 1. Suppose point source permit caps are endogenously chosen while nonpoint source caps
are essentially set at unregulated levels. Either the integrated or distinct markets can be efficient
in this case (provided unregulated agricultural pollution is not too great) because the tradeable
permit markets are able to replicate the first-best equi-marginal principle. Moreover, one-to-
one trading is optimal for intra-pollutant trades involving uniformly-mixed pollutants, consistent

with the traditional equi-marginal principle.

13



Result 1 indicates that we could obtain an efficient outcome by integrating permit markets, but
there is no need for this integratioropided the point source permit caps are chosen optimally to
reflect the linkages created by the agricultural sector (or, more generally, any seqioHlubed
in multiple markets Moreover, neither the linkages nor the chosen market scheme affect the
standard result aineto-onetrading forintra-pollutanttrades involving uniformiymixed
pollutants

In practice, market caps are rigpically chosen efficiently, but instead are eatside the
marketto meet environmental or human health standak#snow turn to thenore realisticase

of exogenoushdefined pollution caps to examit@ding in a secontest setting

3.3. Market Design with Exogenous Brmit Caps

Considerthe optimal choice of given thaté has already beegxogenouslgpecified, likely at a
suboptimal value.The objective function for this new problem whichwe simplify the
notation by suppressirfg is

Ly MY =B, (D) £, (D) + B, (0,() *a,,(7)

9 L Ci(ay (1)) Cylay()! C,la,(1).a,(7)

The first order conditions are analgily equivalent to (17)putnowu is only defined as a scalar
element of the vectdr. This meanshere areo longer four policy instrumeritsin either type

of markel to ensure that each of the bracketed terms in (17) \esisproduce the efficient
outcome the resulting market solutiorisereforecamot be firstbest.

First mnsider thecase ointegratedmarkets We show in the Appendix that tbetimal

trading ratios aréefined implicitly by the following relations

14



Behavioral 2ndbest

Behaviorakpilloversin spillovers efficiency
ﬁ |11 erissgyectys ) g gopagordnas g1 Jgsg
com 1 =B BlCa ) D+ )], B ) | [BE G ()
TWel T o | | !
C, C, c, o}
Behaviorakpillovers Behaviorakpilloversn 2ndbest
f inpuﬁia‘emi&sions 11 Ipqdir#$pctqrs L 1 efjici%v_m)[ logs n
(20b) | _ Bzi B "’ el (I eAel ) ! l] B 3 rw (' eAel ) + "’ rA(! eAel )] By" ' CA /I aeA]' eA(! e/-\el)
‘eAel T 1C, + 1Cp + 1Cp + 1Cp
Tag, lags lag laga
Behavioral spillovers Behavioral spillover 2ndbest
in emissions sectors from WWT efficiency loss
! ! !
(ZOC) _ B; Be [(pel (TrA,eI ) - 1)+ peA (TrA,eI )J Br er (trA,e[) [Br - aCVA /aarA})rA (trA,eI)
Trter = aC, + aC, + aC, + ac,
9, 9,4 a4 9a,,
("aj/"!yz)/!jz . 8 H
where# (! )= ’ =1 _forjyz€{el ed, rW, r4} and$,, = 1" The first RHS

)_$ ("ak/"!y,z)/!k,z -

k%
term in (20)represents the ratio of marginal benefit@batement in secterelative to the
marginal cost ohbatemenin sectory, which is of the same form as the fiksst trade rati@, -
presented above (given that segt®s marginal benefits and marginal costs of abatement are
equated in the firdbest outcome)

The remaining terms in (2@re adjustmes © address inefficiencies from having too
few instruments tperfectly controkach source@batementThe second and third terms reflect
the economic impacts afefficientbehavioral responses $0. outside of sector. These
responses are manstedthroughthe %$,.) terms, which represesectoriOsehavioral response
to the trade rati®, - relative to the abatement responses in all sectors othey {wath all effects
beingdenominated in terms of sectdds permi}s The finalRHSterm in (20) reflects an
inefficient deviation in the marginal benefits and marginal costs of abatement inysecising

from aninability to adjust permit level® equate these value®ve expect' (! ,) to be

8 As described in the Appendix, the te¥(®,.) is indicated to be a function 8. to reflect the derivatives arising
within this term, but actually the term depends on all of the tradesrat
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negative, which mear$ - is optimally decrease@increasedjo incentivize morgless)
abatement in secterwhenever thénefficiencies increas@ecreasethe marginal benefits of
abatemenin sectory relative to themarginalabatement costsThe firstbestforms of the trad
ratios (i.e., ratios of marginal benefitgjse wherpermit levels are set to ensure the behavioral

responses$ (!, ,)=0Vj&zy, suchthat (! ,)=1(i.e,achange i$,fory &z only guides

trades between sectarandz, having no effect on other sectorsO abatement responses at the

margir), and# (!, ,)="! , Vj&zy. Withtoo few instruments, however, saptimal

abatement responses to a lai§eoccur in all sectors, with beneficial (adverse) responses
yielding a larger (smallefj,..

A key result from equation (20) is thabaeto-onerateof intra-pollutant tradindi.e.,

=!ne /M we =1) is unlikely to be optimaleven though pollidn is uniformly

Peaet =L 1 iaw
mixed within each environmental mediumNote that this result holds even in the special case
where agricultural abatement costs are linearly separddeto the fadhat the integrated
market linksbehaviors affecting both environmentaedia.

Another key result is that the optimal permit marfketthe integrated scenairi® not
even secontdbestin the current settingro see thisgdenotethe level of benefits associated with
an optimalpolicy in this setting a8 =B. +B, . As shown in the Appendix, the leastst

(or most efficientmethod of achieving these benefits satisfies the-eguginalprinciple

(21) Q:MI 1, _:%l 1,
B, B, B B

where the inequality holds except in the special edmre point source permit levels et at
the firstbest valuesWe refer to this outcome as the sectwedt outcomeln contrastthe FOC

for the intrapollutanttrade ratio can be written as
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C *C,l* B,
(22) E;z il+ATaEA§OeA(! eAeI) +" el (I eAeI) + Eg" rW(! eAeI) +" rA(! eAel )]

(with the other FOCs being analogouSlearly, relations (21) and (22) generally differ: the
trading outcome with inefficient permit levels cannot replicate the maquginal principle, and
thereforedoes not represent the secdrest approach as we hadefined it. Rather, trading in
this situationcan only be thirdest’ Neverthelesspollution marketsmay remairmore desirable
than other policy instruments, such as taxes and standards, sik@stan coordinate efforts
across sectors that are typlty managedeparatelyut that are responsible for multiple, linked
pollutants

Now consider the case of distinct markefge begin by noting this scenario has one less
policy tool than the integrated market scenario (two rdtersversus three in the integrated
marke).'® This means the distinct market scenario cannot yield larger benefits than the
integrated market case by GhatelierOs Princip{8amuelson 1947 ven so, lte optimality
conditions are still given by (17). Usiagprocess analogous to that described above, the optimal

trade ratios for this casee (20p and

Behavioral spillovers Behavioral spilloversin 2ndbest
ﬁrqm ]N\%Ilpadjngrs 11 erpiqsi(#sqectprsl " $ |efficig#cy| logs
0 n (o) n " 0 "
(200) n _ r0/0+ Br rW( rA,rW) $1] + B el ( rA,rW) +#eA( rA,rwW )] + [Br/$' C:A/I arA]#rA( rA,rW)
rAIW T 1C, ICa 1C, 1C,
Laga las Laga taga

The interpretation of this intrpollutant ratio is the same as abpas is the result thattra-

pollutant tradingat a oneto-one ratds unlikely tobe optimal Theonly difference is that the

behavioral result# (", ) ! 1, $, (!, ) #"! , and#,(", ,)! O Vj&zy now arise simply due

° Beavis and Walker (1983jse the terminology OthitiestO to descrittkeir solution to the pollution control

problem whichsatisfiesthe environmental constraint but is inefficient.

9Recall this was also true when permit levels were endogenous, although there were no efficiency implications in
that case since there were sufficient numbers of controls in each market scenario to attdiest brgcome (see
footnote 6). Making peritlevels exogenous results in two fewer controls in each market scenario, imposing
efficiency-reducing restrictions for each scenario.
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to the fact thaagricultural abatement costs auat linearly separablewhereas explicit market
linkages also contributed to this result in the integrated markets sceSappose agricultural

abatement costs were linearly separable, suctihbaharkets were truly separate with

"Ly )=L# (N, )="t, and (1)) =0 V) &zy. Then setting =1 =1yields

eAel " rArwW
theleast cost allocation associated with the chosen permit levels.

Theresultsof this sectioraresummarized as follows:

Result 2. Suppose point source permit caps and nonpoint source caps are set exogenously
relative to the trading program. We find that one-to-one intra-pollutant trading is generally sub-
optimal in this case, even when pollutants within a particular medium are uniformly-mixed.
More generally, the equi-marginal principle does not generally apply when permit markets are
designed optimally for this setting. This means integrated markets can only be third best,

whereas distinct markets are likely to be even less efficient.

In practice caps are set exogenously for individual pollutants, and then distinct markets are
implemented with trading occurriran a oneto-one basis for uniformly mixed pollutants.

Result 2 indicates that such a market designmisven third best.

4. NUMERICAL MODEL: MULTI -POLLUTANT TRADING IN THE SUSQUEHANNA
RIVER BASIN

We now illustrate the theory using a modehafltipollutanttrading in the Pennsylvania portion
of theSRB. The SRB ighe ChesapeakBayOs largest drainage basiontributingabout 60

percentf the total streamflov@ndnearly 46 percentf the nitrogerioads to the Bay(US EPA
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2010) Most of the SRB is in Pennsylvania, which is the major source of the SRBOs nutrient
inputs. Pennsylvania established a nutrient water quality trading program in 2005 under its 2004
Chesapeake Bay Tributary Strategy (Shortle 2012). Trading activitye ggulrse initially, has
recently increased due to stringent new caps imposed by the 2010 Chesapeake Bay Total
Maximum Daily Load (TMDL).ThePennsylvania portion of tHeRBalsofeatures numerous
pointand nonpoinsources ofjreenhouse gases (GHGR)llution in the form of greenhouse gas
emissions and water quality loadingsses a major threat to environmental qualitd economic

activitiesin the Chesapeake Bay aiim surrounding airshe(Birch et al. 2011)

4.1. Model Specification andCalibration

We begin byspecifying anctalibrating a numerical model abatementosts and benefiter

the SRBLet C,(a,, ) =! a’, be the industrial sector@satement cost so that marginal abatement
costs areC/'(a, ) = 3! aZ. Assuming a marginabatement cost of $3for a one metric ton

increase in C@equivalent emissionsritCO,€]) at an abatement level af; = 19.8 million

mtCOe (RGGI 2014US EPA 2013 we solve fo& = 8.93107,

LetC, (a,,) =!a, be the wastewater treatment seGabatement costso that

marginal abatement costs &g (a,,) = 3¢pa’, . Kaufman et al. (2014) estimate the marginal
abatement cost for point sources in the Pennsylvania portion of the SRB to be $8,8Qhe
metric ton increase in total nitrogen [mtNf) an abatement levely = 2,267 mtN Substituting
this informationinto themarginal abatement cost relation and solving fgrelds’ = 0.0064.
Finally, let C,(a,,,a,,) = ($/3)al, +#/3)a’, " 'a,a,, bethe agricultural sourcesO
abatement cost functior~ollowing WoodwardZ011), we assumé > 0, whichmeans
agricultural emissions and loadings abatement are complement$, refitesenting the degree
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of complementarity. We are unaware afy@mpirical measurement of the complementarity
between agricultural emissions and loadings abatement, so we dsswB##0™. This is small
enough that marginal abatement costs do not become negative over reasonable ranges of
abatement! The parameters and* are calibrated bgubstituting values for marginal abatement
costs and abatement levelto the marginal cost relationsor loadings, we us€aufmann et

al.0£2014) marginal abatement cosilueof $66,000mtN at an abatement levef 9,525 mtN.
Using these values in the marginal abatement cost relf§@oi$a,_, = #a2, " 'a,,, we solve for
) = 1.810™.

We use tk agriculturalloadings abatement value to determine the corresponding level of
emissions abatemeof a., = 734,451 mEOe.*? Assuming a marginal abatement cost of/$10
mtCOse (Golub et al. 2009)we use the marginal abatement cost rela#on/$a,, =#a’, " 'a.,
to solve for* = 0.00073.

We assume the damage function for emissions takes theXd@fy) = +£. since GHGs
are a globally mixed pollutant and the emissions from the Pennsylvania portion of the SRB
represent a small portion of the worldOs GHG emissions. We $44mtCQOse in accordance

with TolOs (2005nedianestimate of thenarginal damage valugf CO, emissions.

Finally, the damage from loadings is assumed to take the Bt&, ) =! E?, so that

marginal damages amdD, (E,) = 2! Ef where, > 0 is a parameteiKaufman et al. (2014)

estimate marginal damagjr total N loadingsn the Chesapeake B&y be$7,414mtN at an

aggregate emissions level §f= 45,000 mtN Substituting these values into thmarginal

1 We performed sensitivity analysis and found that our numerical results are largely insensitive to

12 gpecifically,we used the initial loadings abatement value along with transport coefficients from the USGS
SPARROW model (Ator et al. 2011) to calculate the average change in applied nitrogen for cropland in the SRB,
assuming all abatement was due to changes in nitrggication. We then follow the approach of Reeling and
Gramig (2012) of using the DAYCENT model (NREL 2011) to estimate emissions abatement associated with this
change in nitrogen applications.
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damage relation, we solve for= 0.082. The model parameters greesentedn Table 1.

4.2. Simulation Results

We simulatea variety oftrading scenarios for the SRBingMathematica 7.0 (Wolfram
Research, Inc. 2008he resultarepresented in Table. The first scenario, which wefer to
astheefficient outcomeis the solution tehe social planner@sblem () or from efficiently

designed integrated distinctpollution markets (i.e., where the initial emissions and loading

caps, o andrlyp, are chosen tensurehe market outcome yields,, = p,, =B} and

P.w = P,» = B!, given that nonpoint sources have an implicit right to polluléje social net

benefitsin the efficient outcoméotal $141.5 million. The efficient intgrollutanttrade ratias
small($.; = $.4., = 0.0023)and suggesthat, at the firsbest outcomethe marginal benefits
(and hence the marginal costs) from abating loadings are more than 43latgeetharthose
from abating emission#ccordingly, the small ratio encourages more abatement in the loadings
sectorat the margin The optimal inframarginal trade ratios are unitgs is expected in a first
best setting Point sourcesire optimally responsible féine majority ofemissionsabatement
whereasagricultureoptimally abates the majority ddadings The difference arises due to the
agricutural sectorOs relatively higiarginalcosts of abating emissions, but relatively low
marginalcost of abating loadings.

We compare the efficient outcometh® more realistimtegratedand distincimarket
scenarios in which thiaitial permit caps for &h pollutant have been stogenously andub

optimally, e.g.,by different agenciesegulating point sources in each secldrese sutmptimal

13 Notice that three trade ratios are presented for eaclseeane interpollutant trade ratio and two intgollutant
trade ratios. In the analytical section above, we optimized over thepwitatant ratio$,, .; rather than the intra
pollutant ratio%, . This is of no consequence, since any three rghi@srise to all other ratios. We focus on the
intra-pollutant ratio in our numerical results to make comparisons with the case in whitdtr@me intrapollutant
trade ratios are imposed exogenously.
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point source permit caps represent the only differences in initial regulations relative to the
efficient outcane, as we have assumée agricultural sector is not initially regulatedeither
case Therefore, to facilitate comparison with the fibgist casegk thepoint sourcgpermit caps

be@,="!.6,and g, =!, K, Where- (for s € {e, r}) is a parameteindicating the degree of

regulation relative tdhe efficient case. A value ef = 1 represents an efficient cap on point
sources of pollant s, whereas; < 1 (> 1) implies an inefficientlgtrict (lax) cap orpoint
sources opdlutants. Note thatan efficient cap in only one sector (e-g.7 1,-. &1 or vice
versa) will not yield an efficient allocation of either type of pollutinte agricultural choices
respond to incentives in both markeEficiencyis only obtained when, = -, = 1. Because our
interest is in highlighting how traditional results change when caps are set exogenously, rather
than in exploring every qualitative combination pand-, relative to unity, we set. =-, = -.

Table 2 illustates results fotases where=1 + 0.05. First consider the case of
excessively strict caps € 0.95)where intrapollutant trading ratios are chosen optimally
Market integration results in greater social net bentifaa distinct marketslthoughthe
benefits in both integrated and distinct markets r@gpectivelynine to fourteemercent smaller
thanthose inthe efficientscenario

Consider how the trade ratios are set to reallocate abatenteese scenariokor the
integrated market scario, heinter-pollutanttraderatio involving point source&missiors and
wastewater treatment plant loadin{§s., = 0.0089 is larger than the efficient ratio, reducing
the incentives to reallocate abatement to wastewater treatment facilities trastdhe inter
pollutanttraderatio involving point source emissions and agricultural loadifigs; & 0.0009
computed based on other ratinsTable?2) is smaller than the efficient ratio encourage an

exchange of industrial emissions abatemenaggicultural loadings abatemeritikewise, e
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smallintra-pollutant trade ratio in the loadings sect®y {» = 0.101)encourages an exchange of
wastavater treatment abatement for agricultural loadings abatehhersimallintra-pollutant

trade ratio in themissionsector §., ., = 0.369)alsoencouragesore abatement by agriculture
by takingadvantage of the complementaritiesagricultural abatement costsdeed total
agriculturalloadings abatemeiricreases b6 percent relative to thefficient scenaripwhile
industrial emissions abatement is reduced slightgn though it faces more stringent caps in this
scenario AgricultureOs abatement of emissions do increase relative to thedirsaise, but this

is economic due to abatement cost complementarities.

Similar results arise for the case of distinct markathough the lack of intgrollutant
trading meanghat taking advantage of agricultural abatement cost complementarities is the only
mechanism for r@locatingabatementrom emissions to loadingsThis explains the smaller
intra-pollutant ratiofor emissions relative to the integrated market scenario.

Further insight i®btained by examining the case where-tmene intra-pollutant trag@
ratios areexogenouslymposed Social net benefits decline significantly relative to shenarios
where these ratios are chosen optimally: a twenty percent dectoesunderintegrated
markets, and a 34 percent decloweursunderdistinct markets Moreover,integrated markets
perform 27 percent better than distinct market$is setting For the integrated market
scenarigthesingleinter-pollutanttrade ratioq$.; = $4.; = 0.0005)is smaller than any of the
other ratiosexaminedhus far as thiss now the only mechanism for reallocating abatement to
the loadings sectorBut note thatunlike the case with differentiated rati@tss no longer
possible to targetallocations towardabatemenin agricultural loadings. Insteate small
inter-pollutanttrade ratio encouragenore loadings abatement by both agriculure

wastewater treatment plantat the same time, the small ratio encourages less emissions
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abatement by agriculturéhe result is larger control cost¥he distinct marketcgnario is even
more limited inreallocating abatement efforts when the kgodlutant ratios are set at unity
because now policy makers have no tools available to guide the m@ketequently, this is
the least efficient outcome overall.

The welfarerankings for the case of excessively lax caps {.05) are theameas those
for overly strict capsexcept now the integrated market with @o@ne intrapollutant trading
outperforms the distinct markets with optimally chosen trade rafiable 2 indicates the
optimal choices of trade ratios, and hence the allocation of abatement efforts, are largely opposite
of the outcomes arising wher= 0.95 as might b expected

Figure 1 illustratesocial net benefitander each of the trading scenarios described above
for a wider range ofaluesof -.** The figure shows the ranking of trade scenarios is preserved
for other values of, with the welfare deviation expanding the further isom unity, at which

point allscenarios converge

5. DISCUSSION AND CONCLUSION

Environmental managers engaged in permit mat&signdecisionamayface many practical
constraintsincluding the inability to efficiently setermitcaps We demonstrate that these
constraints have imptant consequences forarket design choices the context ofnulti-
pollutantproblems In particularthe use of inefficient permit capauses the equmarginal
principle to break down in the permit market, which in turn affects the optimal values of both
inter-pollutantand intra-pollutant trade ratiosThe standard rule aneto-one intrapollutant

trading of uniformlymixed pollutantss no longeroptimal whenpermit caps ar@efficientand

4 An emissions cap greater than 107 percent of ffigent level results in initial permit allocations greater than
initial industrial emissions.
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abatement costs anenseparableThis is trueesven when intepollutant trading is not allowed
Rather, both types of trade ratios are optimally adjusted to reflect behavioral resfgdnses.

result hagpotentially wideranging implications, given the interest in offset markets, the fact that
many polluters generate multiple pollutants, and that permit caps are unlikely to be set efficiently
in practice. Moreover, the result is likely to hold settings involving nomniformly mixed

pollutants: optimal trade ratidsr non-uniformly mixed pollutants are unlikely to equal the

relative marginal benefits from abating each pollutant, in contrast with prior work.

Failure of the equmarginal principe to hold means that the level of damages arising
under an optimal trading program could be achieved at lower cost under an alternative program:
pollution markets fail to even be secebést in this caseStill, we demonstrate that
environmental marketsay have the potential to perform well, but only if they are designed
adequately We examinedvto choiceghatcan enhance efficien@nd foundarger efficiency
gainsarisefor more constrained (i.e., suptimal) permit levels(i) integrating permit m&kets
to allow interpollutant trading, and (ii) setting all trading ratios to optimally reflect behavioral
responseslin particular, narket integration enhances efficiency becahseanterpollutant trade
ratio offers an additional policy tool that chelp compensate for the inefficient permit levels.

Finally, our analysis ignoresochastic emissions and uncertainties about abatement
effectiveness that are often characteristic of nonpoint pollution problRetsentnumerical
work on nutrient water quality problems in the SRB (Horan and Shortle 2@S)that inta-
pollutant trade ratiom this singlepollutant setting may be less than one due to nonpoint source
risks, especially when permit caps are exogendhese results sggst that risk may further
enhance our numerical results that optimal Hpisutant ratios involving nonpoint sources are

less than oneHowever, including cost uncertainty is unlikely to affect our qualitative results
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since we are comparing market dgswithin apollution permittrading framework rather than
comparingdifferentpolicy instruments such gsice and quantity instrument#/e leave a

formal accounting ofheseuncertainiesfor future research.
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11:328&837.

Appendix
Deriving Sector-Level Cost Minimization Problems
Consider the case of an integrated marke&tlowing the approach dfioran and Shortle (2005),

supposehe wastewater sectaray hold permitsold byany other sectorThis sectorOsitial

emissions permit holdingse 4),,, and denotés purchases of permits from other sources by
€,.6,,, andK),,. The sectorOs costs of abatemenpanmditpurchases ar€ (a,,) +p.* ,,+

P, st DMy, Moreoverthis sector is constragalin that its total emissions cannot be greater
than its permit holdings;, " Q0 + €y /' o v T 8ual ! carw +Qial ! aw» Where the final three RHS
terms represerhe emissionthat thewastewater treatmesectorcan generate based on permits
obtained from other sector&\ssuming the emissions constraint is satisfied as an equality, then
K., can be eliminated as a choice variable sottitat costs are

C:W(arW) + prA! rA,rW[rW I QIO I QVI /!el,rW l QVA/ I eArW] + peIQVI + peAQVA

(A1) L ) ) )
:QN(aTW) + prA! rA,rW[rWO | aTW I QIO l QVI /!el,rW ' QVA/!eA,rW] + peIQVI + peAQVA

Here, the choice variables agg,, €),,, and+y,. The FOCsssociated withé),, , ands , are

!r r
(AZ) pel = prAlA—’W

" el,r\w

!r r
(A3)  Pep =P
" eArw

where theequalitesin equatiols (A2)E{A3) emergan a competitive market equilibriunDivide

(A2) by (A3) to yield
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! de, |
(Ad)  Per = Zeamw | 1= enar
Pea !el,rW ‘dQ| Al

The cost minimization problems for the other sectors are analogous, withuRD@gely

yielding the other two primary trade ratios

P,
(A5) !rA,eI ==

rd

(B6) oy = S:/Iv .

Given these relationthee« terms in (Al) cancel, s@e can writethe cost function for a

particularsectorrestricted oronly thatsectorOgollution: C, (a,, )+ p, [, ! @, ! €,],

C:\N(arW) + er[rWO rW KRIO] andCA(aeA’ rA) + peA[eAO aeA .AO] + prA[rAO ' arA I Q\O] '
Deriving Second-Best Trade Ratios
Consider the integrated market, with the fostler conditions given by (17). In particular, the

condition for the choice of,,, , is

*] "8y +( "Ca%"a, A +( )"CA%"arA =0

B ity 1B Cal e ..

" rWel eA " rWel ' rw.el ' arA " rWel

[B%)

which can be rearranged and written as

Ila || n &

(A?) ( " rW.el ' rw.el % ' rwW el ' rwW el %
_ C{# n ael + n C n aEA + C\ﬁ n a n C n arA
" I rw.el i aeA | rw.el ' rw.el a'rA "’ " rWel

Next, use¢he market equilibrium conditior{45) to write (A7) as
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(A8) _C'II T AT Sy
rwel “eAel " T rW.el “rAel " T rWel T rWel
bt 1 ta, 1 la, %o lay
1 | 1 | I I
T rWeel “eAel " T rW.el “rAel " rWel $ T rWel

We can solve (A8) for

C# _ B, o [B#s CH]. B,
A9 ! Wel — ~4 el \* rW el eA !rWeI rw !rWeI rA !rW el
(>r,cﬁcﬁ[( )+ (,)]+Cﬁ Coner) " o)

where the first equality stems from thelluters@narket equilibrium conditiof15a) and where

(a, /", ),
$Calt )N, i

k%y

#,(1,,)= foryz €{el ed, rW, r4} and$,, = 1. Theterm™ (! ) is

indicated to be a function df , to reflect tte derivatives arising within this term, battually

thetermdepend onall trade ratios.Likewise, we carerive

. __ B (1) [B$wC, /#a,,]. 0

" eAel #CA/#a . el \* eAel #CA /#a . eA\" eAel
Al10 © ©
( ) Br$ " | " I

t o (ena) ¥ ena)]
A eA
B$ [B$wC, /#a,,]

! - "€ | + n ' + A eAln I

(All) rAel #CA /#aEA [ el ( rAel ) eA( rAel )] #CA /#aeA rA( rAel )
B§ n

+— !
#CA/#aeA rW( rA,eI)

Now consider the case of distinct markets. The optimality conditions are still given by
(17). Using a process analogous to that described above, the optimal trade ratios for &inés case

(A10) and
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B$ [B$wC, /#a,,].

| o= (] + !
rA,rW #CA /#arA rW( rA,rW) #CA /#arA rA( rA,rW)
(A12) s .
+ M[H el (! rA,rw) +" eA(! rA,IW )]

Efficiency in Attaining B
Consider the problem of trying to attain the aggregate benefitAeyels defined in the main

text, in the most efficient way possible. Since benefits are fixed, we can wrippeablem as a

cost minimization problem

- min  C(ay) * Gy () + Cal@en @)
(A13) el 1AW GeAr A N
St Ba +a,) By ta,)! B
Defining. as the Lagrangian multiplier for this problem, the FOCsGire "B}, C}, =" B!,

#Cp ="Bl, andﬂ ="B/ (along with the constraint in (A13)). These conditions give rise to

o i

condition (21).
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Table 1. Simulation Parameters

Sector Parametel Description Value
Industrial ! Marginal cost parameter, 8.93 1074
industrial sector

ao Initial industrial emissions 153.5
(million mtCOZ2)
Wastewater # Marginal cost parameter, 0.0064
wastewater treatment sector
r'wo Initial wastewatetreatment 12
loadings (thousand mtN)
Agricultural  $ Marginal cost parameter, 1.82' 107
agricultural sector
% Marginal cost parameter, 7.28' 107
agricultural sector
& Complementarity parameter 5" 107
agricultural sector
€n0 Initial agricultural emissions 5.54
(million mtCOZ2)
r'po Initial agricultural loadings 28
(thousand mtN)
Damages ' Marginal damage from emission: 14
($MtCOe)
( Marginal damage parameter, 0.08

loadings
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Table 2. Simulation Results from PollutantTrading Scenarios

Emissions abatemer

Trading ratios (millions of mtCQe)

Loadings abatemer
(thousands oftN)

Social Intra- Intra-
net Inter- pollutant  pollutant
benefits pollutant (emissions) (loadings)
Scenarios ($ million) iw el lepel Learw Industry Agriculture ~ WWT? Agriculture
Efficient (first-best) 141.5 0.0023 1 1 12.52 0.88 0.96 2.86
_Exogenous caps: strict€0.95§

No trading 53.8 NN NN NN 19.5 0 151 0
Optimally chosen trade ratios

Integratedmarket 128.5 0.0089 0.369 0.1011 12.07 1.39 0.48 4.47

Distinct markets 122.3 NN 0.212 0.883 11.9 1.81 0.92 2.92
Oneto-one intrapollutant ratios

Integrated market 103.1 0.0005 1 1 12.23 0.86 2.01 6.00

Distinct markets 81.0 NN 1 19.07 1.34 1.07 3.17

Exogenouscaps:laX €1.05)

No trading 74.6 NN NN NN 5.50 0 0.41 0
Optimally chosen trade ratios

Integrated markets 124.3 0.0005 1.380 6.4 9.30 0.56 1.60 1.82

Distinct markets 100.8 NN 2.59 1.15 6.29 0.28 1.00 2.78
Oneto-one intrapollutant ratios

Integrated market 103.2 0.001 1 1 6.50 0.46 0.68 2.02

Distinct markets 98.89 NN 1 1 5.98 0.42 0.86 2.56

AWWT = Wastewater treatment sector.

® The efficient emissionsind loadingsars areof 145.6 million mEO,e and36180 mtN, respectivelyThe strictemissions and loadingsps(" = 0.95)are
setat 138.4 million mtCO,e and 34,371 mtN; while the lax emissions and loadings €aps1.(0b) are set atl52.88million mtCO,e and 3Q89 mtN,

respectivelyBaseline emissions are 159.04 million mi@@nd baseline loadings are of 40,000 mtN.(Table 1).
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Figure 1. Social net benefitsfrom abatement in the SRBunder separate andintegra
markets when permit caps are set exogenously #te fraction ! of efficient levels
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