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Most research on point–nonpoint trading focuses on the choice of trading ratio (the rate point source
controls trade for nonpoint controls), although the first-best ratio is jointly determinedwith the optimal
number of permits. In practice, program managers often do not have control over the number of
permits—only the trading ratio. The trading ratio in this case can only be second-best. We derive the
second-best trading ratio and, using a numerical example of trading in the Susquehanna River Basin,
we find the values are in line with current ratios, but for different reasons than those that are normally
provided.
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Among the most important EPA initiatives to
address agricultural andother nonpoint source
contributions to water quality problems is the
Total Maximum Daily Load (TMDL) pro-
gram. The program requires states to develop
and implement watershed-based plans for wa-
ter resources that are too polluted to meet
designated uses. In many watersheds, achiev-
ing designated uses will require that states
tackle long unregulated nonpoint sources. As
the leading nonpoint source, agriculture will
likely be a major target of TMDL initiatives
(USDA and USEPA).
There is substantial interest in using point–

nonpoint trading to achieve nonpoint source
reductions (GLTN, Faeth, U.S. EPA). Several
fully implemented and pilot point–nonpoint
trading programs have emerged over the past
decade, the best-known being Tar-Pamlico
(NC), Cherry Creek (CO), Dillon Reservoir
(CO), and Fox River Basin (WI) (Horan). In
January 2003, the EPA announced rules for
trading programs, with funding for eleven pilot
programs, including one for the Chesapeake
Bay region (U.S. EPA).
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Point–nonpoint trading works as follows:
Pollution sources are required to hold per-
mits that define their allowable discharges.
For metered point sources, the permits de-
fine allowable measured discharges. Because
nonpoint discharges are generally unobserv-
able, the permits define allowable “estimated”
discharges, where the estimates are derived
from models linking observable land use and
management practices to nonpoint loads.With
tradeable permits, each source can adjust its
allowances by buying or selling permits subject
to rules governing trades. Among these rules
is a trading ratio that defines how many non-
point source permits trade for one point source
permit.
The current interest in point–nonpoint trad-

ing originates in large part from the expec-
tation that trading will achieve water quality
improvements at lower cost thanwouldbepos-
sible with traditional regulatory approaches
(GLTN, Faeth, U.S. EPA). However, as with
any trading program, the magnitude of the ef-
ficiency gains (EGs) from trading will clearly
depend on how well the trading program is
designed and implemented, i.e., the choice of
trading ratios, permit allocations, etc. (e.g.,
Stavins). Theoretical research on the design of
point–nonpoint trading schemes has focused
on the choice of the trading ratio (Shortle,
Horan, Woodward), and there has been sub-
stantial attention to the choice of this parame-
ter in the design of actual programs (GLTN).
For economic efficiency, the trading ratio

should reflect the relative expected marginal
environmental (damage) impacts from each
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source, the relative uncertainty (risk) created
by each source, and the relativemarginal trans-
actions costs associated with a trade. Risk is
often the major focus of debate. Research on
optimal point–nonpoint trading indicates that
the trading ratio should be set to encourage
more control from the source whose emissions
generate the most risk—a smaller ratio (possi-
bly less than unity) is optimal if, at the margin,
nonpoint controls result in greater risk reduc-
tion than do point source controls, and a larger
ratio is optimal when the opposite condition
holds. In practice, trading ratios are all greater
than one (see table 1 in Horan) with the stan-
dard argument for these large ratios being that
it is less risky to encourage more control from
point sources, as nonpoint controls may have
uncertain effectiveness. This argumentonly ac-
counts for part of the risk; however, as failure
to provide sufficient nonpoint controls also re-
sults in risk due to the inherent randomness of
nonpoint pollution loads (e.g., due to weather)
(Horan), and the optimal response to this risk
is a reduction in the trading ratio, under rea-
sonable assumptions (Shortle). For instance,
risk due to stochastic weather processes may
result in optimal trading ratios for the Susque-
hanna River Basin (SRB) being less than one
(Horan, Shortle, andAbler 2002;Horan et al.).
So, does prior research imply that actual

trading ratios are too high?The answer is “per-
haps not.” The economics research on trad-
ing ratios has largely ignored a key policy tool
parameter in a trading program—the num-
ber of permits. In theory, permit numbers and
the trading ratio must be chosen simultane-
ously to achieve economic efficiency. But in
practice, permit numbers have been exoge-
nous to the trading program authority. Agri-
culture’s participation is voluntary in existing
programs, with the sector essentially having a
presumptive right to pollute at historical lev-
els.1 All enforceable regulations are placed on
point sources, with administration usually at

1 For trades in a watershed where a TMDL is not yet estab-
lished (pre-TMDL trading), “nonpoint source baselines are the
level of pollutant load associated with existing land uses and man-
agement practices,” and point source baselines are defined by their
NPDES permit or other applicable effluent limitation (U.S. EPA).
For watersheds with a TMDL in place, trading “should be consis-
tentwith theassumptionsand requirementsuponwhich theTMDL
is established” (U.S. EPA). States have flexibility in implementing
TMDLs and in defining nonpoint source accountability, as EPA
has no Clean Water Act oversight authority for nonpoint sources.
Our analysis is based on an aggregate emissions cap, with initial
enforceable requirements placed on point sources. This is consis-
tent with established programs (GLTN2000) andwith the example
that EPA Administrator Whitman used in her speech introducing
the national trading program (Whitman 2003).

the national level (e.g., throughNational Pollu-
tion Discharge Elimination System [NPDES]
permits).
We examine the trading authority’s (e.g.,

a state agency developing TMDL strategies)
choice of the trading ratio when allowable
emissions are allocated at suboptimal levels
by a superseding authority (e.g., U.S. EPA).
The trading ratio in this case can only be
second-best, as it becomes the only avail-
able instrument to addressmultiple distortions
(Tinbergen). We find the second-best trading
ratio depends on the initial permit allocation,
and it is likely to be larger than the first-best or
optimal value. This result is investigated with a
numerical analysis of point–nonpoint nutrient
trading in thePennsylvaniaportionof theSRB,
and we find that optimal trading ratios lie in
the range of those often applied. This provides
support for the use of current ratios, but for
different reasons than those that are normally
provided. The results also indicate that gains
couldarise if stateswere tobreakwith tradition
and impose enforceable requirements on agri-
cultural sources through the TMDL process
and link these choices with that of the trading
ratio.

A Model of Point–Nonpoint Trading

Consider a very simple model involving a sin-
gle point source (a firm) and a single non-
point source (a farm). The firm’s emissions
are denoted by e, and the firm can control
these emissions with certainty at a cost of c(e)
(with c′(e)< 0). Farm emissions or loadings
are given by r(x, �), where x represents in-
put use (e.g., production and pollution control
choices) and � is a random variable influenced
by weather and other stochastic environmen-
tal drivers. The farmer cannot control loadings
with certainty, but rather influences the distri-
bution of loadings through input choices. For
simplicity, we take x to be a scalar although in
principle it would be a vector (Horan, Shortle,
and Abler 2002). The farmer’s profit from
this input choice is �(x). In the unregulated
equilibrium, the farmer sets input use at the
level x0, earning profit �(x0), and producing
pollution loads r(x0, �). The farmer’s pollu-
tion control costs, g, are simply the reduction
in profits, or g(x) = �(x0) − �(x). Pollution
from the two sources causes economic dam-
ages, denoted by D(e, r). We assume that so-
ciety is risk-neutral so that the regulatory au-
thority seeks to minimize the expected social
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costs (TC) from pollution and its control, i.e.,
TC = c(e) + g(x) + E{D(e, r)}.2

The Market Equilibrium

Conventionally, such as in markets for SO2
permits, pollution permits define allowable
emissions for the permit holder. However,
nonpoint loads cannot be directly traded be-
cause they cannot be routinely and accurately
metered at reasonable cost and they have a
significant random component (Shortle). Ac-
cordingly, an alternative basis for nonpoint
trades is required. The option we consider en-
tails trading changes in point source emissions
for changes in estimated nonpoint loadings.
In this case, data on agricultural land uses,
and geophysical and climatic factors are input
into models (e.g., SWAT or AGNPS) that esti-
mate nonpoint loads. Existing point–nonpoint
trading programs are of this type (Hoag and
Hughes-Popp; Shortle and Abler).
The trading program works as follows.

Two categories of permits are required: point
source permits, ê, and nonpoint source per-
mits, r̂ . The former are denominated in terms
of emissions while the latter are denominated
in terms of expected loadings. Firmsmust 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. The cross-category trading ratio is de-
noted by t, i.e., t = |dr̂/dê|.
Denote the market price of expected load-

ings permits as p and the price of emissions
permits as q. The point source will choose
emissions levels, point source permit hold-
ings, êps, and nonpoint source permit hold-
ings, r̂ps, to minimize costs, C = c(e) + q[êps −
ê0ps] + p[r̂ps − r̂0ps], given that its total emissions
cannot be greater than its permit holdings,
e ≤ êps + (1/t)r̂ps, where ê0ps and r̂0ps are ini-
tial point and nonpoint source permits held by
the firm, respectively. The term (1/t)r̂ps rep-
resents the emissions the firm can generate
basedon its expected loadingspermits.Assum-
ing as in existing trading programs that firms
do not initially hold nonpoint source permits
(i.e., r̂0ps = 0, so that aggregate nonpoint per-
mits are r̂0 = r̂0nps) and also assuming that the

2 For simplicity, we assume that there is no asymmetric informa-
tion and that the regulator can easily observe the choices made by
point and nonpoint sources. Johansson (2002) provides a model in
which there is asymmetric information between the regulator and
nonpoint sources, although his analysis is not concerned with the
trading ratio.

emissions constraint is satisfied as an equal-
ity, then êps can be eliminated as a choice vari-
able so that C = c(e) + q[e − (1/t)r̂ps − ê0ps] +
p[r̂ps]. The resulting first-order conditions are

∂C

∂e
= c′(e) + q = 0(1)

∂C

∂ r̂ps
= −

(
1
t

)
q + p = 0(2)

where the second equality in equation (2)
emerges in a competitive market equilibrium.
This condition indicates indifference between
point and nonpoint permits at the margin, im-
plying t = q/p.Using this relation and substitut-
ing the permit constraint into the cost function,
we have C = c(e) + q[e − ê0ps].
Similarly, thenonpoint sourcewill choose in-

put use, nonpoint source permit holdings, r̂nps,
and point source permit holdings, ênps, to min-
imize costs. Assume, as in existing trading pro-
grams, that farms do not initially hold point
source permits (i.e., ê0nps = 0, so that aggregate
emissions permits are ê0 = ê0ps). Then follow-
ing the steps used above for point sources, the
farmer’s control costs can be written as G =
g(x) + p[E{r(x, �)} − r̂0]. The farm’s neces-
sary condition for optimal input use is

∂G

∂x
= ∂g

∂x
+ pE

{
∂r

∂x

}
= 0.(3)

The market solution is characterized by
equation (3) along with the firm’s necessary
conditions (1) and (2), and the market clear-
ing condition

ê0 +
(
1
t

)
r̂0 ≥ e +

(
1
t

)
E{r(x, �)}.(4)

The Economic Optimum

A first-best or optimal trading program is
designed by choosing the aggregate number
of permits (in either denomination) and the
trading ratio to minimize TC subject to pol-
luters’ behavior in the market as given by
conditions (1)–(4). The solution is depicted in
figure 1. The optimal trading ratio (derived
formally below and also in Shortle 1987) is
t = E{∂ D#/∂e}/E{∂ D#/∂x}, where the super-
script # indicates that damages are evaluated



Horan and Shortle Second-Best Point–Nonpoint Trading Ratios 343

 

 

a 

A

e

E{r} 

t#

E{D#} 

C# 

B 
r0

eu

C2 C1 

b 

z1 

z2 

• 

#ê

Figure 1. Comparing the optimal and conditionally optimal trading markets

given optimal values for e and x.3 When drawn
in (e, E{r}) space, this optimal ratio is the slope
of the tangent between the optimal iso-cost
curve, C#, and the optimal iso-expected dam-
age curve, E{D#}. The tangent, labeled A, is
the locus of feasible posttrade allocations that
fully utilize the available permits under the de-
sign rules. The optimal aggregate number of
permits, denominated in terms of emissions, is
ê#. However, the optimal equilibrium a is at-
tainable from any initial allocation that lies on
A, given the trading ratio t#—that is, given no
transactions costs associated with trading. So
the initial allocation does not matter for the
optimum given our assumptions.

The Conditional Optimum

Now consider the more realistic choice of a
second-best or “conditionally optimal” trad-
ing ratio by the trading authority, given that
the allocation of permits has been explicitly or
implicitly pre-specified by a superseding au-
thority. Specifically, the farm’s initial permit
allocation is equal to its expected initial loads,

3 Woodward derives a trading ratio that maximizes environmen-
tal gains from trade, irrespective of costs, given a fixed permit sup-
ply and perfect substitutability of emissions. He finds a large ratio
is optimal, although only ratios >1 produce gains in his model.

r̂0nps = E{r(x0, �)}, while the firm’s permits are
determined by the EPA under the NPDES
permit system. This is consistent with exist-
ing trading programs that are usually admin-
istered by the states and set up independently
of the EPA’s permit choice for the firm.4 The
choice of trading ratio in this situation can
only be second-best, as a first-best outcome re-
quires two instruments to address the two ex-
ternalities (point and nonpoint) (Tinbergen).
Aswe showbelow, the optimal programdesign
emerges as a special case of the restricted case
we consider, in which the exogenously chosen
permits are set at the optimal level.
There are two ways to derive the condi-

tionally optimal outcome. A primal approach
would be to use conditions (1)–(4) to derive
firms’ response functions to the endogenous
trading ratio and the exogenous permit alloca-
tion, plug these into TC, and then choose the
trading ratio that minimizes TC. In contrast,

4 Even if states could choose point source permit levels, they
may still set this value too large to lie on the optimal trading lo-
cus, given initial nonpoint permits equal to historical levels. For in-
stance, theremay be political barriers to setting a low enough value
because, under existing programs, point sources are ultimately held
responsible for meeting water quality goals if nonpoint sources do
not meet their obligations under a trade (GLTN; U.S. EPA). There
may also be physical barriers if the required value is negative (e.g.,
if segments A and B intersected to the left of the vertical axis in
figure 1).
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a dual approach is to take as given the farm’s
input demand function (x(p)) and the firm’s
emissions demand function (e(q)) that re-
sult from the firms’/farms’ first-order condi-
tions (1) and (3), and then choose permit prices
optimally subject to the constraint that the ini-
tial allocation of permits is set exogenously.
The regulator has one choice variable under
the unconstrained primal approach outlined
here, but two choice variables under the con-
strained dual approach. The constraint on the
dual approach makes it possible to maximize
over two choice variables, although it essen-
tially renders one of the choices to be trivial.
Still, insight is gained by examining how the
shadow value of the constraint affects equilib-
rium prices.
We adopt the dual approach. Plugging the

derived demand functions into TC, p and
q are chosen to minimize TC = c(e(q)) +
g(x(p)) + E{D(e(q), r(x(p), �)}, subject to
condition (4). After substituting q/p = t into
condition (4), the Lagrangian is L = c(e(q)) +
g(x(p))+E{D(e(q), r(x(p), �)} + �[(ê0 − e)+
(p/q)(r̂0 − E{r(x, �)})],where � is the shadow
value of increased permits. The shadow value
� is positive assuming too many permits are
administered (since the farm is not regulated
initially), so that a decrease in total permits
would reduce TC while an increase in permit
levels would increase TC. If the number
of permits were to equal the number that
would be chosen in a first-best optimum,
then � would equal zero since p and q would
optimally be set equal to the values that would
minimize TC in the unconstrained, first-best
case.
The necessary conditions for the condition-

ally optimal problem are equation (4) and

∂L

∂q
= c′(e)

de

dq
+ E

{
∂ D

∂e

}
de

dq

− �
de

dq
+ �

∂(1/t)
∂q

r̂0

− �
∂(1/t)

∂q
E{r} = 0

(5)

∂L

∂p
= g′(x)

dx

dp
+ E

{
∂ D

∂r

dr

dx

}
dx

dp

− �
p

q
E

{
dr

dx

}
dx

dp

+ �
∂(1/t)

∂p
(r̂0 − E{r}) = 0

(6)

where ∂(1/t)/∂q = −p/q2 and ∂(1/t)/∂p =
1/q. Consider equation (5). An increase in
the permit price q has two effects: (a) it leads
to a decrease in point source emissions and
(b) it increases the trading ratio. The first three
right-hand-side (RHS) terms (relative to the
first equality) reflect the impact of a decrease
in emissions, with the first two terms reflect-
ing standard trade-offs: a decrease in emis-
sions increases abatement costs (increasing L)
and decreases expected damages (decreasing
L). The third RHS term reflects the impact
of decreased emissions on the constraint: at
the margin, a further reduction in point source
emissions is socially costly (increasing L). This
term would not arise in a first-best optimum
because � = 0 in that case.
The final two RHS terms in equation (5),

which would also not arise in a first-best op-
timum, reflect the impact of an increase in q
on the trading ratio—or rather 1/t in this case.
The trading ratio has two effects. On the one
hand, it is partially responsible for defining the
total number of permits (expressed in terms
of emissions) in the market (the permit quan-
tity effect): ê0 + (1/t)r̂0. This is not true in a
first-best optimum where ê0 and r̂0 are cho-
sen optimally—the choice of t is irrelevant for
defining the number of permits in this case be-
cause r̂0 can be adjusted accordingly. But in
the conditional optimum, r̂0 is exogenous and
so the choice of t matters. The total number of
permits is clearly reducedas (1/t) is diminished.
A marginal increase in q reduces the number
of permits by [∂(1/t)/∂q]r̂0, which reduces so-
cial costs (decreasing L) assuming too many
permits are initially administered. Hence, the
initial endowment matters.
The second effect of the trading ratio (the

permit price effect) is to influence how much
trading occurs, as a larger t (or a smaller 1/t)
makes it more expensive for point sources
to purchase nonpoint permits. A marginal
increase in q therefore reduces the num-
ber of trades by [∂(1/t)/∂q]E{r}, which is
costly at the margin (increasing L) due to
the oversupply of permits. With r̂0 > E{r},
the permit quantity effect dominates the per-
mit price effect, so that the net effect of a
larger q on t is a reduction in social costs (de-
creased L). Combining these last two terms,
�[∂(1/t)/∂q][r̂0 − E{r}] < 0, the net effect is
larger. The larger is the excess supply of non-
point permits, [r̂0 − E{r}] (or the larger is the
excess demand for point source permits, since
[r̂0 − E{r}]/t = [ê0 − e] in equilibrium), so
that there are net social benefits from
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increasing q and hence lowering t in this case
to effectively reduce total permit levels.5
The trading ratio terms arise in the condi-

tional optimum because t must perform two
tasks in this case—determine the quantity of
nonpoint permits and determine the relative
price of these permits—and it cannot do both
optimally. This is not an issue in the first-
best optimum because the additional degree
of freedom associated with the choice of non-
point permits takes the burden off of the trad-
ing ratio so that it can be chosen only to affect
the relative price of the permits. Note that
these results do not necessarily vanish when
point and nonpoint emissions are perfect sub-
stitutes because the trading ratio still performs
double-duty in the conditional optimum. Fi-
nally, equation (6) has an identical interpre-
tation, although with opposite effects on the
trading ratio since a larger value of p decreases
t (and hence increases 1/t).
The conditionally optimal permit prices are

derived by plugging the results of expres-
sions (1) and (3), along with t = q/p, into con-
ditions (5) and (6)

q = E
{

∂ D∗

∂e

}
− �∗

− �∗ p

q2
[r̂0 − E{r}]dq

de

= E
{

∂ D∗

∂e

}
− �∗ − �∗seε∗

qe

(7)

p = E
{

∂ D∗

∂r

}
+ cov {∂ D∗/∂r, ∂r∗/∂x}

E {∂r∗/∂x}

− �∗

t∗ + �∗

t∗ sr ε∗
pr

(8)

where ε∗
qe < 0 is the firm’s inverse elasticity of

demand for emissions, ε∗
pr < 0 is the farm’s in-

verse elasticity of demand for expected pol-
lution loads, se = (e∗ − ê0)/e∗ is the firm’s
proportional excess demand for point source
permits, sr = (r̂0 − E{r∗})/E{r∗} is the farm’s
proportional excess supply of nonpoint per-
mits, and the superscript ∗ indicates that all
variables are set at their conditionally optimal
values. Note that the second equality in equa-

5 If too few permits were initially allocated (i.e., over control),
then an increase in permits decreases TC; hence � < 0 and the signs
of the three final terms in equations (5) and (6) are reversed.

tion (7) comes from setting (4) as an equality:
(r̂0 − E{r∗})/t = (e∗ − ê0).
These two prices are designed to address

two externalities: one by the point source and
the other by the nonpoint source. However,
due to the constraint (4), it is not possible
to fully address either externality. So in this
sense the prices in equations (7) and (8) are
only second-best. As described above, the eco-
nomically optimal permit price for each source
equals the expectedmarginal damages created
by the source. This result emerges from condi-
tions (7) and (8) when the aggregate number
of permits is chosen optimally and hence � = 0.
But, in the present case, an inefficient number
of permits and a suboptimal number of pol-
icy tools reduce the ability of the market to
create efficient incentives to reduce expected
damages. In consequence, the conditionally
optimal permit prices are modified by two ad-
ditional terms to account for these two sources
of inefficiency. Additional terms typically arise
for second-best incentives to reflect the impact
of the incentive on externalities or distortions
that the regulator is unable to perfectly tar-
get in a second-best world (e.g., Baumol and
Oates).6
Consider the point source permit price, q.

The second RHS term in equation (7) (rela-
tive to the second equality sign),−�∗ < 0, is an
adjustment that reduces the emissions permit
price relative to expected marginal damages.
This adjustment accounts for the oversupply of
permits in themarket, which would tend to de-
crease the permit price relative to the optimum
value. The third RHS term, −�∗seε∗

qe > 0, ac-
counts for the fact that q plays a role (through

6 Lipsey and Lancaster first formalized the concept of second-
best, finding that “first-best” rules (e.g., marginal cost pricing) in
one sector of the economy may be sub-optimal if distortions (i.e.,
prices not equal to marginal cost) remain in one or more other
sectors. In the environmental economics literature, the classic ex-
ample is of a monopolist, where two distortions exist: pollution
and an inefficient output price. An emissions tax cannot efficiently
address both distortions, so a Pigouvian tax is not optimal. Rather,
the second-best emissions tax in this case equals marginal dam-
ages plus a term that accounts for the impact of the tax on re-
ducing the pre-existing monopoly distortion. More generally, the
concept of second-best is applicable when legal, institutional, or
informational constraints restrict policy makers’ choice or design
of policy instruments in a way that prevents them from achiev-
ing first-best allocations (i.e., usually meaning Pareto Optimal)
(Mas-Colell, Whinston, andGreen; Boadway). For example, when
polluting discharges are imperfectly mixed, an optimal emissions
tax is source-specific to account for the imperfect substitutability
of emissions from alternative sources (Baumol and Oates). Sim-
ilarly, tradable discharge permits should not generally be traded
one to one (1:1) under such conditions (Tietenberg) (although 1:1
trading is standard inmost point–nonpoint programs). In such con-
texts, a restriction requiring uniform tax rates or 1:1 trading creates
second-best problems.
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its impact on t) in affecting thenumberof avail-
able permits. As described above, since there
are too many permits in equilibrium, there are
benefits from increasing q in order to increase t
and hence decrease total permit numbers. The
benefits of this are greater, the larger is the

excess demand for permits by point sources
(i.e., the larger is se), so essentially this term is
a corrective tax based on the firm’s excess de-
mand for emissions; the initial allocation mat-
ters. Prior models of trading have only found
the initial allocation to matter when there
are transactions costs associated with trades
(which could implicitly arise if there are restric-
tions on how trades could take place) or when
firms behave strategically (e.g., due to imper-
fect competition) (see Hanley, Shogren, and
White for an overview). In the present model,
the initial allocationmatters primarily because
it affects the path to the final allocation by way
of the trading ratio, which is determined by
the permit price q and also p. We describe the
impact of the initial allocation in more detail
below.
The same sorts of results emerge with re-

spect to the nonpoint permit price, p, with
three exceptions. First, there is an additional
covariance term in the nonpoint permit price
to account for the risk created by nonpoint
source loads. Assuming damages are convex
in r, then the covariance term is positive: the
stochasticity of nonpoint loads creates socially
costly risk and so there are incentives to re-
duce nonpoint loads in order to reduce this
risk (Shortle). Second, �∗ is scaled by 1/t∗ to re-
flect the fact that nonpoint source permits are
denominated in terms of expected nonpoint
loads as opposed to emissions. Third, the final
term in equation (8), (�∗/t∗)sr ε∗

pr , represents a
corrective subsidy instead of a tax. The reason
is that the associated reduction in p increases t
and hence reduces the total number of permits.
The benefits of reducing p for this purpose are
greater, the larger is the excess supply of non-
point permits, sr .

The Conditionally Optimal Trading Ratio

Using the result that tp = q in a market equi-
librium, we can substitute in expressions (7)
and (8) and solve for t to obtain the following
equilibrium condition for the trading ratio

t = E {∂ D∗/∂e} − �∗s∗
e ε∗

qe − �∗s∗
r ε∗

pr

E {∂ D∗/∂r} + (
cov {∂ D∗/∂r, ∂r∗/∂x}/E {∂r∗/∂x}) .(9)

For the special case in which permit levels are set optimally, � = 0 and t reduces to

t = E{∂ D∗/∂e}
E{∂ D∗/∂r} + (

cov {∂ D∗/∂r, ∂r∗/∂x}/E {∂r∗/∂x}) .(10)

This is the standard result in the literature
(Shortle). The trading ratio depends on the
relative expected marginal impacts from each
source, adjusted for the additional risk cre-
ated by nonpoint sources. The effect of the co-
variance term is to reduce t. In consequence,
t will be less than one if nonpoint loads and
point source emissions have similar expected
marginal impacts or if point source emissions
have smaller expected marginal impacts. Oth-
erwise, the ratio may be greater than one.
Two additional terms emerge in the numer-

ator when the number of permits is chosen
exogenously (see equation (9)). These terms
account for the additional role that t now
plays—defining the number of total nonpoint
permits. Consistent with the discussion above,
both terms have the effect of increasing the
trading ratio so as to decrease the number of
permits, as would be expectedwhen the permit
supply is inefficiently large.
Figure 1 illustrates the intuition behind this

result. As existing trading programs are struc-
tured, the initial permit allocation is not likely
to lie on A. Rather, the initial allocation will
lie to the right of A at a point along segment B,
which defines the possible initial permit com-
binations given initial nonpoint permits equal
to r0 and given initial emissions permits less
than some unregulated level, eu, but greater
than the value that would place society on the
optimal trading locus A (i.e., too many initial
permits relative to the optimum). The regula-
tor’s objective is to choose a trading ratio so
that polluters can trade from the initial allo-
cation on B and move toward a more efficient
equilibrium. Although a is optimal when both
the trading ratio and thenumberof permits can
be chosen, a is unattainable from any point on
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B (except the intersection of B and A) for any
constant trading ratio. This is because in a de-
centralized trading market the polluters will
minimize their control costs by choosing the
pollution allocation where the trading curve is
tangent with their iso-cost curve, the optimal
tangent A only intersects B at a single point.
So another equilibrium must be pursued.
As an example, suppose the initial allocation

was at b in figure 1. Implementing a trading ra-
tio greater than the optimal ratio t# would lead
to an equilibrium such as z1 while a trading
ratio smaller than t# would lead to an equilib-
rium such as z2. Visually, z1 is “closer” to the
optimum a, with control costs higher and ex-
pected damages lower at z1 than at z2. Given
toomany initial permits—or too littlepollution
control—and given convex cost and expected
damage functions, we would expect that the
expected marginal benefits of pollution con-
trol (the reduction in expected damages) are
greater than the marginal costs of control. In
this case it is beneficial to pursue a lower iso-
expected damage curve at the expense of con-
trol costs, and this is accomplished by choosing
a relatively steep trading ratio so as to reduce
the number of permits.7 We now turn to a nu-
merical example to provide additional insights.

Numerical Example: The Susquehanna
River Basin

We analyze optimal and conditionally optimal
trading programs for the Pennsylvania por-
tion of the SRB. The SRB is the major source
of freshwater and also nutrients entering the
Chesapeake Bay (Chesapeake Bay Program).
Approximately, 31 million kg of nitrogen an-
nually load into SRB water resources, with
about 87% coming from (primarily agricul-
tural) nonpoint sources (Nizeyimana et al.).
Reducing SRB nutrient loads is a key chal-
lenge for state and federal agencies develop-
ing programs to improve water quality in the
Susquehanna River and the Chesapeake Bay,
and a major reason for the EPA’s new trading
program in this area. The simulationmodel for
this region is taken from Horan, Shortle, and
Abler (2002) and is outlined in the Appendix.

7 If the permit supply was inefficiently small (so that � < 0),
then t would be smaller in the conditional optimum. The reason
is that marginal costs of pollution control would exceed the ex-
pected marginal benefits, so society would gain from reducing t to
increase permit numbers and reduce control costs at the expense
of increased expected damages.

Results for the baseline model are reported
under Scenario I in table 1 for an optimally de-
signed trading program and several condition-
ally optimal programs. For the conditionally
optimal scenarios, total permit levels depend
on historical nonpoint pollution levels and al-
lowable point source emissions, denoted �eu,
where eu represents baseline emissions levels
and� is a percentage reduction from these lev-
els.Results are reported forvariousvaluesof�.
The first column of results reports an ef-

ficiency gain index (EGI). An index is used
due to our interest in the relative (as opposed
to absolute) performance of the trading pro-
grams and also to overcome some scaling ef-
fects. EG for a particular scenario is calculated
as the percentage reduction in TC relative to
the baseline data that consists of an unregu-
lated equilibrium for agricultural sources and
someprior degreeof controls for point sources,
i.e., EG = (TCB − TCs)/TCB, where TCs rep-
resents expected social costs in scenario s and
TCB represents baseline expected social costs.
ThemaximumEGoccurs in anoptimal trading
program. We therefore divide each scenario’s
EG by that of the optimal trading program;
hence, the EGI for the optimal program is 100.
The next four columns, respectively, report

nonpoint control costs, nonpoint gains after
selling its excess permits to point sources, point
source control costs, and expected damage
costs for the various scenarios. These costs are
represented by indices, with the base in each
case being the efficient level of total costs, TC#.

Net sales are given by p(r̂0 − E{r∗})/TC#. In
the conditionallyoptimal scenarios, initial non-
point permits equal mean unregulated non-
point loads, i.e., r̂0 = E{r(x0)}. This is not the
case in the optimal trading scenario, however,
because trades must occur along the trading
locus (e.g., tangent A in figure 1) and this
would involve negative point source permits
for r̂0 = E{r(x0)} (e.g., while segments A and
B intersect to the right of the vertical axis in fig-
ure 1, theywould intersect to the left of the axis
in the context of the current simulation). We
therefore define sales in the optimal scenario
to be from an initial allocation with zero point
source permits and nonpoint permits arising at
the intersection between the trading locus and
the vertical axis (i.e., r̂0 = E{r(x∗)} + t∗e∗). Of
course, any combination of nonnegative initial
permit levels along the trading locus would be
feasible in the optimal solution.
The last three columns in table 1 report

the trading ratios as well as equilibrium permit
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levels in each scenario.Equilibriumpermit lev-
els are defined as an index, with the base being
baseline point source emissions and nonpoint
loads.
Results for the optimal trading program in-

dicate that nonpoint sources incur almost three
times the control costs of point sources. This is
in accordance with the fact that t is less than
unity, encouraging more nonpoint controls at
the margin (and is consistent with prior work,
e.g., Horan, Shortle, and Abler 2002; Horan
et al.). This result is due mainly to the risk as-
sociated with nonpoint pollution and it stands
in stark contrast to the ratios of 2 or 3 that are
often used in practice (see table 1 in Horan).
Results for the conditionally optimal pro-

gram are presented for two percentage reduc-
tions (1 − �) in point source emissions from
baseline levels. Note that the trading locus
would involve negative point source permits
when r̂0 = E{r(x0)} because nonpoint loads
are a large proportion of aggregate initial dis-
charges, and so no positive value of � can yield
the optimal outcome. When � = 0.6 (so that
r̂0 = 100 and ê0 = 60), the optimal trading ra-
tio is 2.9 and this coincides with anEGI of 79.7,
or roughly a 20% loss in the EG that could
have been achieved under an optimal pro-
gram. The efficiency loss arises because non-
point sources pollute toomuch (loadsof 83.3 as
compared to 69.5 under optimal trading) and
point sources pollute too little (emissions of
86.5 as compared to 94.2 under optimal trad-
ing). This results in inefficiently low nonpoint
costs (an index of 5.0 as compared to 18.8 un-
der optimal trading), excessive point source
control costs (9.6 versus 7.0), and excessive ex-
pected damages (90.8 versus 74.2). In terms of
actual control costs, nonpoint sources benefit
at the expense of point sources. This makes
sense given the initial permit entitlement that
nonpoint sources are provided within the con-
ditional optimum. However, nonpoint sources
are strictly better off (and point sources worse
off) in the efficient scenario after permit sales
are accounted for, sincepoint sources purchase
more nonpoint controls in the optimal trading
program (at least, given the assumed permit
allocation).
When � is decreased to � = 0.2 (so that

r̂0 = 100 and ê0 = 20), both the trading ratio
and the efficiency loss decrease, primarily due
to additional reductions in nonpoint loads. In
the context of figure 1, a smaller� corresponds
to an initial allocation that lies farther to the
left along segment B. When starting from such
initial allocations, smaller trading ratios are ca-

pable of guiding trades to a lower iso-expected
damage curve. Finally, relative to the optimal
trading scenario, nonpoint sources again in-
cur lower control costs at the expense of point
sources, although not asmuch as when � = 0.6.
But in contrast to the case where � = 0.6, non-
point sources are strictly better off (and point
sources worse off) in the conditional optimum
after sales are accounted for. This is because
nonpoint sources receive a greater entitlement
in the conditional optimum: the final alloca-
tions in both the optimum and conditional op-
timum are similar, but initial nonpoint permits
in the conditional optimum equal unregulated
levels while, as explained above, initial non-
point permits are less than this in the optimum.

Comparative Statics

Scenarios II and III in table 1 represent two
alternative specifications that are used to in-
vestigate the impact of some key model fea-
tures (i.e., risk, heterogeneity, and initial loads)
on the results. In each case, costs are still
expressed relative to the optimum for that
scenario, so that costs are not generally compa-
rable across scenarios.Ourmain focus is on the
trading ratio and relative permit levels, which
are generally comparable.
In Scenario II, risk is increased by making

damages more convex and by increasing the
variance of precipitation. The optimal trading
ratio falls slightly, as is expected from equa-
tion (10), to increase the relative value of
nonpoint source permits and encourage more
nonpoint controls. Moreover, risk makes pol-
lutionmore socially costly and so there is also a
move to a lower iso-expected damage curve, as
evidenced by smaller equilibrium permit lev-
els for both sources relative to Scenario I. In
contrast, the conditionally optimal ratios in-
crease, as this is the only way to proceed to a
lower iso-expected damage curve given the ini-
tial allocation. Indeed, the conditional optima
exhibit reduced equilibrium permit levels for
both sources relative to the analogous condi-
tional optima in Scenario I. Mathematically,
increased risk affects the conditionally opti-
mal trading ratios in twoways: (a) it diminishes
the ratio by increasing the covariance term in
equation (9) (i.e., increasing the ratio’s permit
price effect) and (b) it increases the ratio by in-
creasing the ratio’s permit quantity effect. The
conditionally optimal trading ratios are larger
in Scenario II than in Scenario I because the
effect of increased risk on the ratio’s permit
quantity effect dominates.
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In Scenario III, we divided baseline non-
point loads by five (to make initial point and
nonpoint loads more comparable) to consider
how changes in baseline loads affect the re-
sults. As expected, the optimal ratio changes
minimally and only to reflect a recalibration of
the nonpoint loadings functions given the new
baselines. The optimal allocation of controls
does change, however, placing more weight on
point source controls. This is because the ex-
ogenous reduction of initial nonpoint loads in-
creases nonpoint marginal abatement costs, as
nonpoint sources now have fewer loads that
they can abate. Now consider the condition-
ally optimal outcomes. When � = 0.6, the
trading ratio is significantly reduced relative
to Scenario I. Graphically, the segment B in
figure 1 has shifted down and a flatter trading
locus can lead to the same iso-expected dam-
age curve.Mathematically, the permit quantity
effect as impacted by the term sr is reduced,
reducing the ratio (see equation (9)). When
� = 0.2, the trading ratio is even lower than
the optimal ratio! This is because the reduc-
tion in baseline nonpoint loads combined with
the small initial number of point source per-
mits has resulted in too few permits relative to
the optimum. Hence, � < 0 and all the mathe-
matical results are reversed—the permit quan-
tity effect in equation (9) reduces the trading
ratio.
Finally, although not reported in table 1, we

also investigated the implications of imposing
a homogeneous mean and variance of delivery
coefficients across all sources of pollution (and
also significantly increasing the heterogeneity
of delivery). The impacts of this are quite small
and do not significantly alter any of the trading
ratios or permit levels.

Conclusion

Existing point–nonpoint trading programs ap-
ply trading ratios in excess of 1:1, often two to
three times that, to account for the risk asso-
ciated with nonpoint sources. However, prior
theory and empirical research suggest that wa-
ter quality risks associated with the inherent
randomness of nonpoint sources would be bet-
ter managed by comparatively smaller trading
ratios that would encourage greater substitu-
tion of nonpoint emissions reductions for point
source emissions reductions. There is, how-
ever, an important difference between theory
and practice. In the theoretical optimum, the
choice of trading ratio and permits is simulta-

neous and endogenous. In practice, as trading
programs are often implemented in theUnited
States, the permits are exogenous to the local
trading authority.When the number of permits
is exogenously specified at inefficiently high
levels, we find both theoretical and numerical
support for the use of larger ratios. This means
that the current large ratios might be justified,
but for different reasons than those that are
normally provided.
The results also indicate the importance of

correctly matching program development and
implementation with theory. Program plan-
ners claim to set their trading ratios in accor-
dance with efficiency principles derived from
theories of first-best program design. But in
practice they do not control the choice of
the other major policy variable—permit num-
bers, which are jointly determined along with
the trading ratio in an efficient model. In the
present model, the “efficient” trading ratio
could be used, but it would be a poor choice be-
cause the conditionally optimal ratio is vastly
different. There may be additional considera-
tions that we have not analyzed here, such as
the impact of agri-environmental and/or other
farm payments, which could also have impor-
tant impacts on the optimal choice of trad-
ing ratio (Horan, Shortle, and Abler 2004).
Clearly, an à la carte approach to policy de-
velopment, in which program designers pick
and choose some aspects of an efficient pro-
gram while ignoring others, is ill-advised. The-
ory is needed to guide choices in the context
that these choices can actually be made.

[Received October 2003;
accepted May 2004.]
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Appendix

The Simulation Model

Nonpoint sources. Most SRB nonpoint loads are
due to agriculture, with corn production being the
most important contributing agricultural activity.
Corn production ismodeled as a two-level, constant
elasticity of scale technology (Sato). All input and
output prices, except land prices, are fixed. Land
supply is defined at the watershed level to reflect
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the opportunity cost of this input, which is likely to
differ in each region. The economic model is cal-
ibrated for each region using cost shares and pro-
duction shares developed fromUSDAandPennsyl-
vania data (PASS). For the production and supply
elasticities, we adopt themean of the values used by
Horan, Shortle, and Abler (2002).

Regional nonpoint loadings functions (defined as
the amount of nitrogen entering the Susquehanna
River or its tributaries from that region) are derived
from the results of a research team that used the
simulationmodelGeneralizedWatershed Loadings
Function to develop TMDL recommendations for
Pennsylvania. The loadings functions are stochastic
due to stochastic precipitation.

Point sources. Point source abatement cost func-
tions are derived using Susquehanna River Basin

Commission data (Edwards and Stoe) for the most
important point sources of nitrogen in the SRB. The
data includes base-level emissions and estimated
costs and abatement levels for various nutrient con-
trol technologies.

Nutrient delivery. We model the fraction of the
pollution from each watershed that is delivered to
the Chesapeake Bay as a stochastic delivery coef-
ficient, with the mean and variance derived from
results of the USGS SPARROW model (Smith,
Schwarz, and Alexander).

Damages. Damages are a quadratic function of
delivered loads, calibrated using the means of the
parameters described in Horan, Shortle, and Abler
(2002).


