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The Design and Compar ative Economic Performance of Alter native
Second-Best Point/Nonpoint Trading M ar kets
Abstract
There is considerable interest in the use of pollution trading between point and nonpoint sources to
improve the cost-effectiveness of water pollution control, but little literature to guide the design of
trading systems involving nonpoint sources. We explore the design of two types of trading systems

that would alow trading among and between point and nonpoint sources.



Introduction

Pollution tradingisgainingincreas ng acceptance asameansfor achieving emissionsreductions.
The main appeal of trading isits potential to achieve environmental goals at lower socia cost than the
command and control instrumentsthat have been the dominant approach to pollution control intheU.S.
and other developed countries [see e.g., Baumol and Oates, 1988; Hahn, 1989; Hanley et al., 1997,
Tietenberg, 19953, b]. Air- and water-based permit systems have been implemented in the U.S,,
Germany, Canada, and Chile to control point sources emitting organic effluents, volatile organic
compounds, carbon monoxide, sulfur dioxide, particulates, and nitrogen oxides|[ Tietenberg, 19954, b].
Proposed futureapplicationsincludeaninternational market for reducing emissionsof greenhousegases
(e.g., carbontrading under the Kyoto Protocol). Thereisalso agrowinginterestinbroadening pollution
trading systems to include nonpoint sources of water pollution.

Nonpoint source water pollution controls have tended to be weak by comparison to point source
pollution controls, limiting water quality improvements in regions where nonpoint sources are an
important cause of environmental degradation [Duda, 1993; Shortle and Abler 1997]. Moreover,
reliance on point sources in regions where nonpoint sources are important increases the costs of
environmental protection by precluding efficient allocation of control between point and nonpoint sources
[Freeman, 1990]. Inthe U.S,, the limitations of current approaches, aong with the recent emphasis on
Total Maximum Daily Load (TMDL) requirements, have led to substantial interest in trading between
point and nonpoint sources as a means to strengthen nonpoint pollution controls and to enhance the
coordination of point and nonpoint source policies [Elmore et a., 1985; USDA and USEPA, 1998;
GLTN, 2000; Faeth, 2000]. Pilot point-nonpoint trading programswerefirst implemented for the Tar-
Pamlico estuary in North Carolina, the Dillon Creek Reservoir in Colorado, and Cherry Creek, Colorado.

A recent assessment indicates that the success of these programs has been limited by flawsin their design



[Hoag and Hughes-Popp, 1997]. More recently, anumber of other planned or pilot programs are being
developed or researched (Table 1).

While there may be significant potential gainsfrom reallocating pollution control between point
and nonpoint sources, there are also significant challengesin the design of point/nonpoint trading systems
that can redlize these gains. Point/nonpoint trading entails a fundamental departure from text book
tradeable discharge markets [Crutchfield et al., 1994; Letson, 1992; Malik et al., 1993; Shortle, 1987].
Conventionally, pollution permits define allowable emissions for the permit holder. With tradeable
permits, firms can adjust their allowances by buying from or selling to other permit holders subject to
rulesgoverningtrades. However, because nonpoint emissions cannot beroutinely and accurately metered
at reasonable cost, and have a significant random component, they cannot be directly traded [Letson,
1992; Malik et al., 1993; Shortle, 1987]. In consequence, a fundamental issue in the design of nonpoint
trading programsiswhat nonpoint sources will trade. Options include inputs that are correlated with
pollution flows (e.g., trading point source emissions permits for nonpoint permits restricting the use of
polluting inputs such as fertilizers), emissions or loadings estimates constructed from observations of
inputsor techniquesthat influencethe distribution of pollution flows (e.g., trading point source emissions
permits for nonpoint permits restricting an estimate of field losses of fertilizer residuals to surface or
ground waters), and estimated contributions to ambient environmental conditions [ Shortle and Abler,
1997] .2

Inthis paper, we examine the design and performance of trading systemsinvolving point source
emissions and expected nonpoint emissions, and point source emissions and nonpoint source inputs.
Ambient trading systems have merit in theory, but may be too complex for practical implementation
[Tietenberg, 1995a]. Emissions-for-expected loadings and emissions-for-inputs trading systems are

plausible and of significant practical interest. Existing and planned point/nonpoint trading programs are



of the emissions-for-expected loadings type [Crutchfield et al., 1994; Hoag and Hughes-Popp, 1997;
Letson, 1992; Mdlik et al., 1993; Shortle and Abler, 1997], whereby point sources purchase expected
loadings reductions from nonpoint sources, under established trading ratios.®> While we are aware of no
actual emissions-for-inputstrading programs, thisapproach hasbeen proposed for caseswhereinputsthat
are highly correlated with nonpoint emissions can be metered at reasonable cost [Hanley et a., 1997;
Shortle and Abler, 1997].

Theoretical research has demonstrated that emissions-for-inputs systems can be designed to
provide greater economic efficiency, transactions costs aside, than emissions-for-expected loadings
systems because they are better able to manage the variability of nonpoint loads [Shortle and Abler,
1997]. However, emissions-for-input systems that can fully exploit this advantage are so complex asto
be impractical [Shortle et a., 1998]. For this and other reasons we discuss below, the relevant
comparisons are between second-best forms of emissions-for-expected loadings and emissions-for-input
trading systems.*

Inaddition to the question of what to trade, another fundamental issueinthedesign of any trading
system is the rate at which nonpoint allowances are traded for point source allowances [Letson, 1992;
Malik et al., 1993; Shortle, 1987]. Because nonpoint inputs and expected loadings are imperfect
substitutes for point source emissions, trades should not occur at a ratio of one for one. Existing
literature provides little guidance, but suggestsfactors such asrisk and relative contributionsto ambient
pollution are important in the design of first-best markets [Malik et al., 1993; Shortle, 1987]. Thereis
no theoretical or empirical literature to suggest relative values for second-best trading ratios for either
system.

Thispaper beginswithatheoretical analysisof second-best emissions-for-expected emissionsand

emissions-for-inputs trading systems since there does not currently exist a conceptual framework upon



which an empirical examination can be developed. We define the aternative systems and obtain
expressions for second-best trading ratios. This enables us to identify factors that will influence the
relative performance of the alternativetrading systems, and the sign and size of the corresponding trading
ratios. In a companion paper [Horan et a., 2001], we build on the theoretical analysis to address
questions about the conditions under which one system will outperform another and the likely values of
optimal trading ratios. Thisis accomplished by simulating various trading markets in the Susquehanna

River Basin.

A Model of Point Source and Nonpoint Sour ce Pollution

Building on the model of Shortle et al. [1998], assume a particular resource (e.g., alake) is
damaged by asingle residua (e.g., nitrogen). The ambient concentration of the residual, a, depends on
loadings from nonpoint sources, r; (i = 1, 2,..., n), point source discharges, e (k=1,..., s), natural
generation of the pollutant, ¢, stochastic environmental variablesthat influencetransport and fate, 8, and

r., e

6, €, (L, 0, 1)

watershed characteristics and parameters, ¢, i.e, a = a(r;, r

IREERILEY

(dal/dr;,dalde >0 Vi). For heuristic purposes, denote point source (PS) polluters as firms and
nonpoint source (NPS) polluters as farms.® PS emissions are observable and nonstochastic.® NPS
loadings cannot be observed directly (at least not at an acceptable cost) and, via stochastic variationsin
environmental drivers (e.g., weather), are stochastic. Accordingly, NPS farms can only influence the
distribution of their loadings. Loadings depends on an (mx1) vector of variable inputs, x; (with jth
element x J.), site-specific, stochastic environmental variables, v;, and site characteristics (e.g., soil type

and topography), «;. Therelationship for siteiisr, = r.(x., v., o).

Cost-effective nonpoint pollution management



Cost-effectiveness is a standard benchmark for analyzing pollution control resource allocations.
Useful notionsof cost-effectivenessfor nonpoint pollution control must consider variationsinthe ambient
impacts of different sources and the natural variability of nonpoint loadings. There are several
possibilities. Thesimplest isacombination of point and nonpoint pollution control effortsthat minimizes
costs subject to an upper bound on the expected ambient concentration. For instance, if the ambient
target is a,, then the proposed allocation minimizes costs subject to E{a(-)} < a,. However, this
allocation may not have economically desirable properties. An important limitation of this constraint is
that it does not explicitly constrain the variation in ambient pollution. An allocation that satisfies the
constraint could in principal result in frequent harmful violations of the target. Another approach to
defining least-cost allocations wuses probabilistic constraints of the form
Prob(a > a)) < ® (0 < ® < 1). This “safety-first” approach has received attention in economic
research on pollution control when ambient concentrationsare stochastic and isconsistent withregulatory
approaches to drinking water quality and other types of environmental protection [Beavis and Walker,
1983; Lichtenberg and Zilberman, 1988; Lichtenberg et a., 1989]. The most interesting cost-
effectiveness concept when a is stochastic is an upper bound on expected damage costs. Only inthiscase
will allocationsthat achieve the target at least cost be unambiguously more efficient than alocations that
achieve the target at higher cost [Shortle, 1990; Horan, 2001].

We assume atarget of the form

E{D(a)} < T (1)

where D(a) is continuous and increasing. Constraint (1) is an expected damage cost constraint if D(a)
is the damage cost function. For heuristic purposes, D(a) is taken to be the damage cost function;
however, the relation defined by D(a) is fairly general and could just as easily encompass a variety of

other types of environmental quality constraints. For example, the constraint is ssimply an upper bound



on the expected ambient concentrationif D’ = 1. If D(a) is quadratic, then the constraint implies an
upper bound on alinear combination of the mean and variance of the ambient concentration [ Samuelson,
1970], which could represent adeterministic equivalent of probabilistic constraintsfor some pdf’ s[Vada,
1972]. D(a) could also represent ®(a), in which case the expectations operator vanishes.

The costs of reducing emissions from point sources of water pollution have been treated
extensively intheliterature [ see Baumol and Oates, 1988; Hanley et a., 1997]. Conventionally, costsare
treated as an increasing function of the level of emissions reduction, or abatement. Following this
convention, we define the kth PS firm’ s expected pollution control coststo be a function of abatement,
denoted e -e,where e issome baselevel of emissions. Giventhat e, isaconstant, we simplify
notation by defining abatement costs as a function of emissions, ¢, (&) (€4<0, Cg>0).

The diffuse and stochastic features of nonpoint loadings require a different approach to the
representation of control costs. Nonpoint pollution reductions are achieved by the use of practicesthat
affect the quantity, quality, and timing of pollution loads. These features make routine and reasonably
accurate monitoring of the quantity and quality of loads prohibitively expensive in most instances. The
high cost of metering along with the stochastic nature of nonpoint loads suggest that compliance with
nonpoint controls must be measured in terms of either measurable pollution control practices, or interms
of estimates of the impacts of practices on pollution loads. Accordingly, adeterministic abatement cost
function of the type conventionally assumed for point sources is not appropriate. Instead, the cost
function must be defined in terms of changes in resources controlled by the firm or in terms of changes
in selected estimators of performance [Shortle and Dunn, 1986; Shortle, 1990].

For our agricultural example, let 7. (x. ) denote the economic returnsto theith farm for avector
onfarm management choices, x. These choiceswould include both standard production decisions (e.g.,

the amount of land allocated to particular crops, the use of fertilizer and pesticides, tillage practices) and



also practices undertaken specifically to control pollution (e.g., the use of buffer strips). For simplicity,
we will refer to this vector asan input vector. The cost of pollution control activitiesis by definition the
reduction in economic returns that the farmer would incur relative to the case where the farmer is
maximizing economic returns without pollution controls [Freeman, 1993], i.e., ¢ (x) = ;- 7. (X),
where 7, represents maximized economic returns in the unregulated environment.  Thus,
dac,;/ox; = —dm,/dx;, whichisnon-positive for most inputs (except possibly those only involved with
abatement). Given these specifications, the least-cost allocation solves
Min TC =XS: c (&) +2n: c,;(x), subject to (1).

€ Xij k=1 i=1

Permit Trades Between PS Emissions and NPS Expected L oadings

Wenow consider anemissions-for-expected loadings(E-EL ) trading system. Our primary interest
at this point isto gaining insight about the rate at which permits should trade across categories. Asin
much of the prior literature on emissions trading, we analyze the system under the assumption that the
permit market is perfectly competitive [e.g., Montgomery, 1972; Hanley et al., 1997]. We begin with
some details of the market. Next we examine how firms will behave in a perfectly competitive trading
equilibrium, and based onthisbehavior, examine the optimal choice of permitsto achievethe probabilistic
environmental quality goal.

The E-EL system requires two categories of permits: point source permits, €, and nonpoint
source permits, . Theformer are denominated in terms of emissions while the latter are denominated
in terms of expected loadings. Firms must have a combination of both types at least equal to their
emissions, in the case of point sources, or expected loadings in the case of nonpoint sources? We
assume 1:1 trading of permits within source categories, with trading ratios applicable for trades between

categories. The cross category trading ratio isdenoted t, i.e., t=|df/dé|.



Therestriction of 1:1 trading within categoriesisanalogousto existing trading systemsand allows
us to focus more directly on trading between rather than within source categories. However, it aso
implies certain inefficiencies. First, it is well established that 1:1 emissions-for-loadings trades are
inefficient when firms' emissions (and/or loadings) have differential marginal environmental impacts
[McGartland and Oates, 1985; Montgomery, 1972; Tietenberg, 1995a]. Second, even if the trading
systemis modified to account for differential impacts (e.g., using spatial trading ratios or zona permits),
permits based on expected loadings would till be inefficient due to the stochastic nature of pollution
[Shortle and Dunn, 1986]. Prior work on nonpoint pollution instruments indicates that even if al firms
and farms have identical marginal effects, an E-LO trading system can be efficient only if: (i) only one
production choiceinfluences pollution, or (ii) the covariance between marginal loadings and the marginal
contribution of each farm’ sloadingsto damagesiszero Vj [Horan et al., 1998; Shortle and Dunn, 1986].
Thisisincontrast to Malik et al. [1993] and Shortle [1990], whose models basically imply that condition
(i) holds. In redlity, situations in which conditions (i) or (ii) are satisfied are improbable. Thus, the
efficiency of E-EL trading isinherently limited by theinability of such trading to fine tunetherisk impacts
of nonpoint polluters pollution control decisions.

Denote the market price of expected loadings permits as p, and the price of emissions permits
as p,. Nonpoint sources will choose inputs, nonpoint source permit holdings, r;, and point source
permit holdings, €,,tominimizecods, V,=c,;(X,) P, (& -€,) +p, (f, - F,,) ,subject totheconstraint E{r,}
<té +f,, where f;, and €, are initial nonpoint and point source permits held by farm i, respectively.
Assuming theexpected loadingsconstraint issatisfied asan equality and, without lossof generality that €

=0, f, can be eliminated as a choice variable. The resulting first order conditions are

aV, ac, ar, .
_:_+prE{_}:ovl,J @

a>gj
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Ina market equilibrium with positive pricesfor both types of permits, farms will be indifferent between
the permitsat the margin. Accordingly, (3) will be satisfied as an equality, implying t = p_/p, and hence
Vi = ¢, (%) +p,[E{r} ~Fq].

Similarly, point sources will choose emissions levels and permit holdings to minimize costs,
J.=c. (&) +p. (& -6€,) +p,(F - F,,), subject totheconstraint e, < & +(1/t)f,. Assumingthat the
emissions constraint is satisfied as an equality and, without loss of generality, that f, =0, €, can be

eliminated as a choice variable. The resulting first order conditions are
dJy  IdCy

L -0 4
de. de "Pe *
aJ, >
> = (1/)p+p, =0 ®)
afy <

Givenindifference between point and nonpoint permitsat the margin in acompetitive market equilibrium,
(5) is satisfied as an equality, implying t = p./p, and hence J, =c,, (&) +p.(e -&,) -

There are two waysto determine the number of permitsand the trading ratio that minimize TC,
subject to (1). A primal approach would be to choose the optimal trading ratio, t, the optimal number
of total permits, R (any combination of = Xn: f, and ézki €, can be chosen such that the condition

i-1 =1
F+té=R issatisfied), and distributing the permitsaccording to somerule.® In contrast, adual approach
isto take as given the nonpoint source input and point source emissions demand functions that result

from first order conditions (2) and (4), x,(p,) and e (p,), and choose permit prices optimally.

Specifically, the objective function for the dual approachis

S

Min TC :Z Cer (& (P)) +le ¢ (x(p))

Pes Py k=1
st. E{D(a)} < T

Using the dual approach, the first order necessary conditions for an interior solution can be used along



with the relationshipsin (2) and (4) to provide the following expressions for optimal permit prices

AL da*]_Jor’ da*|_Jor’ da* o || .
A*|E{D/(a")}E E +cov{D’(a"), E rooviD/(a*) 28, L ks
0’ - ;JX; { (@ )} {ari} {8)91-} COV{ (@ 8ri} {8)9} COV{ (@’ ar; 8>QJHKJ©
n m ari* .
ZZ E{a_}KIJ
i=1j=1 Xij
S * *
o, =Y 2|E{D/(a ) ELC2 LicoviD (@), S3 U|n, ™
k=1 e, e,

where A" is the shadow price of constraint (1), ;= (a&j*/apr)/(gnj Xm: ax;1ap,),
i=1j=1
M, = (aek*/ape)/(ki de /dp,)), and r and a” are functions of e, and X, wh;ch along with
-1

A" are the solutions to (1), (2) , (4), the first order conditions for p, and p,, and the zero profit
conditions defining entry and exit, V, =0 and J = 0.%

Interpreting «;; asaweight (since Xn: Xm: k;;=1), thenumerator of the expression for p, isthe

i=1j-=1

expected marginal social cost of input use, avjeraged across all farms and inputs. The denominator is
the expected marginal contribution of input use in loadings production, averaged across al farms and
inputs. The averaging of impactsacrossall farmsin equation (6) isaconsequence of the restriction of
a 1:1 trading ratio within the nonpoint source category, and the averaging of impacts across all inputs
is due to the use of a loadings-based instrument rather than an input-based instrument for nonpoint
sources. The result is that the second-best price, p,”, does not give farms incentives to exploit
differencesin their relative marginal environmental impacts as a differentiated price system (i.e., one
that would emerge from having differentiated trading ratios) would. The degree to which this creates
inefficienciesdependson the degree of heterogeneity marginal impactsand on correl ationsbetween key

environmental and cost relationships. For example, we suspect the efficiency loss may be diminished

when there is a positive correlation between marginal loadings and marginal ambient impacts and/or

10



when thereis anegative correlation between marginal abatement costs and marginal ambient impacts.

The second-best price, p, , also does not give farms incentives to exploit differences in risk-
effects among inputs. The risk-effects are represented by the covariance terms on the RHS of (6). If
damages are convex in a, then the covariance term cov{D ("), aa*/ari} is of the same sign as
dVar(a*)/ar,.™* Thus, if increased loadings increase the variance of ambient pollution and hence
damages (on average across farms), then average risk isincreased and p,” islarger, other things equal.
Similarly, if damagesare convex inloadings, thenthecovarianceterm cov{D (a*)oa’/ar;, ari*/axij}is
of the same sign as dVar (r *)/dx. Thus, if increased input use increases the variance of loadings and
hence damages (on average across inputs), then average risk isincreased and p,” islarger, other things
equal. In contrast, average risk isreduced and p,” is smaller when damages are concave in ambient
pollution or loadings.

Interpreting n, asaweight (since kXS: n,= 1), theemissions permit price p, equalsthe expected

-1

marginal social cost of emissions, averaged acrossfirms. The averaging of impactsacrossfirmsisagain
aconsequenceof therestrictionof al:1trading ratio withinthe point source category and impliescost-
increasing inefficienciesin the alocation of pollution control efforts (to varying degrees depending on
correlations between key relationships). The inefficiencies occur because p, does not give firms
incentives to exploit differencesin their relative margina environmental impacts, as a differentiated
price system would, or incentivesto exploit differencesin risk-effectsamong firms. Risk isrepresented
by the covariance terms on the RHS of (7). The kth covariance term is of the same sign as
dVar{a"}/de whenD isconvex ina. If increases in emissions increase the variance of aand D (on
average across firms), then average risk and hence p, areincreased, other things equal. The opposite

istrue when D is concavein a.

As discussed above, the second best trading ratio issimply « = p, /p, ,

11
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where 6 = Xn; Xrn; E{a ri*/axij}lci*j . Aratio t =1 implies indifference at the margin between the source
i=1 j-=
of pollution redluction. Ratios greater than one imply a high cost of NPS control relative to PS control
and thus a preference for point source reductions at the margin. Thereverseistruefor ratiosof lessthan
one.
If risk-effects are negligible (i.e., if each of the covariance terms vanishes), then the ratio is a

weighted average of the expected marginal ambient impacts of point sources to the expected marginal

ambient impacts of nonpoint sources, i.e.,

where 6, =E{dr;/ox;} /6 (an; JXm; 6,=1) 12 This ratio will be unity in the special case of
uniformly transported and mixed pollutants. Alternatively, with non-uniformly mixed pollutants, t>1in
watersheds in which, on average, point sources have alarger expected marginal contribution to ambient
pollution than nonpoint sources, and t<1 in the opposite situation.

The variance and covariance termsin (8) adjust t to account for the variability (risk) associated
with pollution from each source, and represent the average contributions of risk from each production
choice. With convex damages, if increased input use increases the variance of ambient pollution and/or
loadings (on average, across farms and inputs), then averagerisk isincreased and t is adjusted downward

so that fewer NPS permits trade for one PS permit (t is adjusted upward for concave damages).

Similarly, if increased emissionsincreasethevariance of ambient pollution (onaverage, acrossfirms), then

12



average risk isincreased and t is adjusted upward so that more NPS permits trade for one PS permit (t
isadjusted downward for concave damages). Ineach case, greater control of aparticular source category
is encouraged when that source category is an important source of risk and when risk is socialy costly
(asit isfor convex damages). In general, however, the signs of the covariance terms are ambiguous.
Thesefindingsfor the second-best E-EL trading ratio are qualitatively similar to those of Shortle
[1987] and Malik et al. [1993] for first-best ratios. However, an important differenceisthe effect of the
restriction of 1.1 trading between source categories (as reflected by the averaging of impacts across
farms) and the inability to account for input-specific risk-effects (asreflected by the averaging of impacts
acrossinputs). Asdescribed aboveinrelationto the optimal prices, the second-best trading ratio islikely

to be significantly influenced by correlations between key cost and environmental relationships.

A Permit Market Based on PS Emissions and NPS Inputs

We now consider an emissions-for-inputs (E-I) trading system. As above, we begin with some
details of the market, examine how firms will behave in a perfectly competitive trading equilibrium, and
based on this behavior, examine the optimal choice of permitsto achieve the probabilistic environmental
quality goal.

Aswith E-EL trading, the E-1 system will require multiple categories of permits. PS permitsare
denominated in terms of emissions as in the E-EL system. NPS permits are differentiated further and
denominated in terms of specificinputs. Let z denotethe (m’x1) vector of inputs for which a permit
is needed, and let y, denote the([m-m’]x1) vector of inputs that can be used without a permit
(xi/z [V; z]). Input permits are denoted Z (] =1,...,m’). We assume (i) 1:1 trading of permits
within source categories, with trading ratios applicable for trades between source categories,

t,=|dz,/dé|, and input categories, t, =[dZ/dZz |, and (ii) only a subset of inputs are traded (i.e.,

13



m’<m). Likeour assumption of 1.1 trading within categoriesfor the E-EL system, condition (i) ismore
restrictive than necessary and implies certain inefficiencies. However, as above this alows us to focus
on trading between source categories. Condition (ii) isapractical consideration because it will likely be
difficult and costly to monitor and set up trading systemsfor all inputsthat affect loadings (Shortleet al.,
1998). For example, the quantity of fertilizer a farmer purchases can be relatively easy to track, and
tradeable rightsfor fertilizer application are quite plausible. But the sameis not true for arange of other
factors that affect nutrient losses to water resources.

Define the permit price of the jth nonpoint input by p, i Given this specification and using an

approach similar to the one used in defining restricted profits for an expected loadings permit system,

m’

eachfarmwill chooseinput levelsto minimizeexpected control costs, V; = ¢(z, Y;;) +y, PilZ; %0 -
j=1

Assuming an interior solution, the first order necessary conditions for a maximum are

ocC. .

rI+p”.=0 Vi, ] 9
a;j
ac,; .

ij
Solution to (9)-(10) yields input choices as functions of the permit pricesfor all inputs (i.e., Z,=2; (p,)

and y; =y;;(p,), where p isan (m’ x 1) vector with jth element p). In addition, without any
additional instruments, farms will enter/exit the industry until the marginal farm earns zero profits (i.e.,
V. =0). The optimal number of permits and the trading ratios are determined, using a dual approach,
by taking all input demand functions as well as emissions demand functions as given and choosing input

and emissions permit pricesto solve

Min TC =k§S) cek(ek(pe))+_2nj ¢ (x(p,))
Pes Prj =1 i=1
st. E{D(a)} < T

The first order conditions for this problem can be used along with the relationshipsin (9) and (10) to
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provide the following expression for the optimal permit price for the jth input

* % n % * % * % n m % * % aCrT* *ok Kok n mo-m % * % *ok  kk
Pru :Z A™"b(z,) piy +Z Z A b(zij )+? WijuPiy +Z Z A b(yij )Yijupiu vu (11)
i-1 i=1 j-u g i-1 j-1

where
.k a .** . a .** % a .**

b(x.") =E{D'(a*")}E L 1= SALE S D'(a*"), LI 1= SALE Sy D'(a*") Ja : " ,
ari aXiu ari aXiu ari aXiu

pis =(92,719p, )Y (97,'/9p,,), wj, = ——,ad v, = ———ad z;", ",
=1 az|u /apru az|u /apru
are the solutions to (9), (10), the first order conditionsfor 0 and p,,, and the zero profit conditions.

a-d }\,**

The optimal emissions permit price, p, , isof the sameform asin (7), evaluated at the new optimum.
These pricesthe same asthose that would result from aprimal approach in which the regul atory agency
chooses the optimal trading ratiosfor point and nonpoint sources, the optimal number of total permits,
and distributing the permits according to somerule. Aswith E-EL trading, theinitial permit allocation
for either source (e.g., point sources) and/or for any inputs may be greater than the optimal number of
permits for that source and/or inputs provided the initial permit allocation for the other source (e.g.,
nonpoint polluters) and/or inputs is offset by an appropriate amount according to the trading ratios.

If p,, <0, then the market must be designed so that permits allow farmers to reduce their input
use from a minimum level. For example, farmers may be required to have a one acre buffer strip to
reduce loadings. Under a permit system, farmers would pay -p,, for a permit that allows them to
reduce the required buffer area by one-half acre. Permit price p,,” may be negativefor inputsthat reduce
loadings (i.e., for which dr;/dz;<0). However, the sign of p,, depends on input substitution and
output effects. For example, the permit price of a pollution-decreasing input will be positive if an

increase in the use of the input is associated with increased demand for the use of pollution-increasing
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inputs, resulting in adverse environmental conseguences.

The first term on the RHS of (11) can be interpreted as the average change in expected socia
coststhat result due to an increase in the use of the uth restricted input at the margin. Theterm wy;,, is
the rate of substitution of farmi’s use of the jth restricted input for the uth restricted input. Thus, the
second term on the RHS of (11) accounts for the average margina impacts of (restricted) input
substitution on expected socia and private costs. Theterm yi*jf, istherate of substitution of farmi’suse
of thejthunrestricted input for the uthrestricted input. Thus, thethird termonthe RHS of (11) accounts
for the average marginal impacts of (unrestricted) input substitution on expected social costs. Thisterm
reflects the restriction of atruncated input permit base and implies inefficiencies because p,,, does not
give farms incentives to consider the environmental impacts of al of their inputs. The averaging of all
of these impacts across farms reflects the restriction of a 1:1 trading ratio within the nonpoint source
category. Theaveragingimpliescost-increasing inefficienciesintheallocation of pollution control efforts
because, unlike a differentiated price system, p,,” does not give farmsincentives to exploit differences
in their relative margina environmental impacts. Included among these inefficiencies is the inability to
target individual sources according to their risk-effects. As with the E-EL system, the degree of
inefficiency depends on correlations between key environmental and cost relationships. For example,
we suspect the efficiency lossmay be diminished when thereisanegative correl ation between marginal
costs of input use and marginal ambient impacts.

The impact of risk on p,,” can be seen by the covariance terms. These terms are signed as
described above for E-EL trading, and their impacts are intuitive. When damages are convex (concave),
risk and hence p,, are increased (decreased) when an increase in the use of the input increases the
variance of a and hence damages on average. Similarly, when damages are convex (concave), risk and

hence p,,, areincreased (decreased) when substitution away frommore expensive and/or restricted inputs
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towards less expensive and/or unrestricted inputs has the net effect of increasing the variance of a on
average. The averaging of farm risk-effects and the truncated input permit base create inefficiencies
because p,,, isunable to transmit information about individual sources of risk.

The optimal trading ratio involving point source emissions and the uth nonpoint input is

tu:pe/pru’
S * %k * %k
Y. 4E{D(a")}E{Z2 L covlD/(a"), L2
k-1 e, g
t,=— — — YU (12)
EA**b(a:*)piu Zl Z A7b(z)") + WP, Z Z A7B(Y ) Vijupiy
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Similar to theratio for E-EL trading, when risk-effects and substitution effectsare negligible, t, issmply
the ratio of the average expected marginal ambient contribution of emissions to the average expected

marginal ambient contribution of input u,

a * % s
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ke | @

€
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The absolute value of this term is less than one if (on average) the absolute marginal ambient

Y u

impact of emissions is greater than that of the uth input, greater than one if (on average) the absolute
marginal ambient impact of emissions is less than that of the uth input, and equal to one if (on average)
the absolute marginal ambient impacts of emissions and the uth input are equal.

Additional adjustmentsare required whenrisk-effectsand substitution effectsareimportant. First,
consider the impacts of risk-effects, assuming damages are convex in ambient pollution and loadings.
Essentialy, if increased input use increases the variance of ambient pollution and/or loadings (on average,

acrossfarms), then averageriskisincreased and t, isadjusted downward so that fewer NPS permitstrade
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for one PS permit. A downward adjustment may also be required if substitution away from more
expensive and/or restricted inputs towards less expensive and/or unrestricted inputs has the net effect of
increasing the variance of a or loadings on average. The averaging of farm risk-effects and the truncated
input permit base create inefficiencies because t is unable to transmit information about individual
sources of risk. Similarly, if increased emissions increase the variance of ambient pollution (on average,
across firms), then average risk is increased and t, is adjusted upward so that more NPS permits trade
for one PS permit. Ineach case, greater control of a particular source category is encouraged when that
source category is an important source of risk, which issocially costly. Ingeneral, however, the signs of
the adjustments are ambiguous. Adjustments occur in the opposite direction when damages are concave
in ambient pollution or loadings.

Second, consider the impacts of substitution effects. If increased pollution control related to the
uth input increases undesirable substitution effects (in terms of impacts on the environmental constraint
or control costs) on average, thenthe effect isto increase t , and makeit more expensivefor point sources
to purchase NPS permits, leaving more permitsfor nonpoint sources and reducing their necessary control
efforts. The signs of these adjustments are also generally ambiguous.

Finally, theinterpretation for the ratio defining trades betweenthe uthand Ithinput, t  =p. /P,
is similar tothat of t,. Theratio will makeit relatively lessexpensiveto trade for permitsfor thoseinputs
that have greater expected marginal impacts on ambient pollution on average, and that create greater risk
on average. For example, suppose use of input j has a high environmental opportunity cost relative to
input |. The optimal trading ratio in this case will make it less expensive to trade permits denominated in
terms of j for permits denominated in terms of |. With fewer j-type permits on the market, less of input
j will be used in equilibrium.

It is apparent that even less can be said a priori about the E-I trading ratio relative to the E-EL
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trading ratio. If risk-effects are negligible and permits are defined for all inputs that affect loadings, then
the ratio will be a weighted average of the expected marginal ambient impacts of point sources to the
expected marginal ambient impacts of the nonpoint source input. Thisratio may be more or lessthan one
and will be negative for pollution-reducing inputs, even in the special case of uniformly mixed pollutants.
Additiona adjustments are needed when risk-effects are important and/or the set of permitted inputs is
restricted, but the direction of these adjustmentsis ambiguous. When the set of inputs subject to permit
restrictions is a subset of the all inputs that affect loadings, the ratio is not necessarily negative for

pollution-reducing inputs or positive for pollution increasing inputs.

Comparison of Trading Systems

Given the discussion above, the relative efficiency of each trading system is ambiguous without
further empirical specification. One important difference between the two systems is that E-1 trading
allowsdifferential targeting of inputswhereas E-EL trading doesnot. Differential treatment of inputs may
provide advantages to E-| trading relative to E-EL trading in terms of a better ability to fine tune input
risk-effects. However, with auniform trading ratio across nonpoint sources and atruncated permit base,
these advantages are diminished. If therisk-effects associated with the use of NPSinputsarevery small,
then there should be little difference in the performance of the E-EL and E-1 systems, given that there
aremarketsfor all inputsthat affect loadings. Given that the risk-effects are small, we would expect the
relative performance of E-EL trading toimproverelativeto E-1 trading asinputsthat affect loadingsare
excluded. Conversely, if risk effects are important, E-I trading may be advantageous relative to E-EL
trading provided that the set of inputsin the regulated set is not overly restricted.

Another important difference between the two systems is that the E-EL trading system has the

advantagesof transmitting moresite-specificinformationto producersabout their environmental pressures
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(i.e., mean loadings) relative to the E-I system and of indirectly targeting al inputs contributing to
loadings. However, these advantages could be diminished with a uniform trading ratio across nonpoint

sources, depending on the correlation between key environmental and cost relationships.

Discussion

There has been agrowing interest in permit markets as a comprehensive method of controlling
both point and nonpoint sourcesof pollution. However, relatively little economic research has examined
the design of trading systems involving nonpoint sources. This paper has considered two types of
point/nonpoint trading systems, differentiated by the permit bases used for nonpoint sources.
Specifically, we analyzed systems in which nonpoint permits were denominated in terms of expected
loadings or production inputs. The second-best construction of these systems limits our ability to
comparetherelativeefficiency of these systemsand therel ative magnitudesof the corresponding trading
ratios on the basis of theoretical properties alone. However, we can identify a number of factors that
could influence relative performance of the various systems and also the signs and relative magnitudes
of the corresponding trading ratios. In a companion paper [Horan et al., 2001], we show how this
information can be used to better understand environmental and economic performance differences and

program design issues in an actual watershed.
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Table 1. A Description of Some Existing, Pilot,
and Planned Point/Nonpoint Trading Programs

Program Sources Pollutants Primary Nonpoint ~ PS/NPS Trading
Involved Traded Sources Ratio
Cherry Creek, CO PS/PS and phosphorous  land use projects Range from 1.3:1
PS/NPS managed by Cherry to 3:1
Creek Basin Water
Quality Authority
Chesapeake Bay PSINPS nutrients agriculture and Greater than 1:1
Program (multi-state) urban IS suggested to
deal with
uncertainty
Dillon Creek, CO PS/INPSand phosphorous  urban, septic, ki 2:1
NPS/NPS areas
Fox-Wolf Basin 2000 PSINPS nutrients agriculture not available
Project, WI
Long Island Sound PS/PS and nitrogen not yet identified not available
(multi-state) (eventualy) (small % of total
PSINPS loads)
Lower Boise River, ID PS/PS and phosphorous  agriculture site-specific with
PSINPS uncertainty
discount built in
Michigan (statewide) PS/NPS nutrientsand  agriculture 2:1 with site-
other specific factors
Red Cedar River, WI PS/NPS phosphorous  agriculture not yet available
Rock River, Wi PS/NPS phosphorous  agriculture site-specific with
abaseratio of
1.751
Tar-Pamlico, NC PS/NPS nutrients agriculture 3:1 for cropland

2:1 for livestock

Preliminary analyses underway in Ohio, Texas, Maryland, Indiana, Illinois, and Virginia

Note: Thislist isnot exhaustive. Also, some changes are likely given the preliminary nature of some programs.

Sour ce: Horan, forthcoming.



Endnotes

This research was funded in part by Cooperative Agreement number 43-3AEL-8-80058
with the U.S. Department of Agriculture, Economic Research Service, Resource
Economics Division. All remaining errors are our own. The views expressed here are the
authors and do not necessarily reflect those of ERS or the USDA.

There are a variety of models available for simulating estimated field losses given site-
specific input choices and geographic and weather characteristics.

Under existing programs, reductions in expected loadings are calculated based on the
installation of nonpoint best management practices (BMP's).

A first-best trading system minimizes the expected net socia costs of pollution control
relative to all other systems. A second-best trading system minimizes the expected net
social costs of pollution control, subject to certain restrictions on methods of
implementation. Such restrictions may reduce the complexity of the system, easing
implementation and reducing transactions costs. When transactions costs are considered,
a second-best system may be preferred.

The term farm is used for heuristic purposes because current U.S. point/nonpoint trading
markets are designed with agriculture as the primary target of trading [Hoag and Hughes-
Popp, 1997] due to agriculture srole as the leading contributor of polluted runoff. To the
extent that agriculture impacts global warming, it could be involved in future trading
programs such as one based on carbon.

Point emissions are in fact often measured with error and subject to stochastic influences.
Nevertheless, this treatment is standard and helps to contrast the typical theoretical
treatment of point sources with nonpoint sources.

Cost-effectiveness is improved if additional conditions are defined for the number of
polluters for each source. In effect, n and s would be choice variables to capture the
expected incremental effects of NPS farm n and PS firm s on damages.

In existing and planned point/nonpoint trading programs that include agricultural sources,
agricultural sources are not required to have permits. Instead, these sources have an
implicit, initial right to pollute, which is consistent with having permits equal to
unregulated expected loadings levels. Trading occurs as nonpoint sources contract with
point sources to reduce expected loadings in exchange for afee. Such contracts represent
the only enforceable regulations on agricultural sources. However, point sources are
ultimately held responsible for meeting water quality goals if they are not met through
nonpoint source reductions.

Options range from public auctions to free-of-charge assignments. See Hanley et al.,
[1997] for discussion of options and issues.
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10.

11.

12.

The regulatory agency will not be able to induce optimal entry and exit when only permits
are used, and the zero profit conditions are different than the conditions the regulatory
agency would optimally choose.

Let f=f(q) (f’,f”>0), where g=q(h, v), his deterministic and v is a stochastic variable.
Then cov{f/(q),dq/ah} isof the samesign as cov{ q,dq/dh}=.5(avar{q}/ah),
where this equality follows from: dvar{q}/dh= d(E{q?} -E{q}?)/ch =
2(E{gdq/eh} -E{q} E{aqg/ah}) = 2cov{qg,aq/ah}. If f”<0, then
cov{f’(q),aqg/ah} will have the opposite sign relativeto dvar{q}/ah. Thisresult is

used throughout the paper, although with different definitions for f, g, and h.
Although they are not modeled explicitly, transactions costs (enforcement costsin
particular) can influence the optimal values of policy variables such as the trading ratio,

thereby affecting the optimal allocation of control between point and nonpoint sources
[Malik et al. 1993].
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