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Abstract

In ecosystem service market, credit stacking generally refer to situation where the providers
of ecosystem service credits are allowed to sell different types of credits in separate markets for
each type, even as these credits might derive from a single entrepreneurial action, likely on a
single parcel of land. With credit stacking permitted, credit production may overlap spatially
for different services. Credit stacking policy may potentially bring more profits to market par-
ticipants by allowing credit producer to sell all credits stacking on spatially overlapped area;
while not allowing credit stacking may enable us to benefit from the “by product” for free due
to production complementarity. In this research, we explore the implications when the regional
credit, such water quality credit, is traded under the cap-and-trade framework while the price
for the global credit, such as the carbon sequestration credit, is exogenous. We use the water
quality credit and carbon sequestration credit as an illustrative example, realizing when a global
market exists for the carbon credit, a single farmer has no influence in the market price. We find
there exists a certain price threshold for the carbon price, under which the water quality farmer
acquire more profits and vice versa. Our results also evaluate the cost effectiveness related the

credit stacking policies that may depend on the carbon price, water quality trading cap.
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1 Introduction

Markets for ecosystem services represent a frontier for science, policy, and management. These mar-
kets may establish financial incentives for production or creation, or demand for "environmental
credits" or off-sets necessary under regulations regarding mitigation of environmental impacts. This
frontier, then, creates an ambiguity that motivates calls to constrain the functioning of environmental
markets. A particular form for constraint concerns what may be called "credit stacking" or "dou-
ble dipping" (Cooley and Olander, P011; Fox, POOR). In ecosystem service market, credit stacking
generally refer to situation where the providers of ecosystem service credits are allowed to sell dif-
ferent types of credits in separate markets for each type, even as these credits might derive from a
single entrepreneurial action, likely on a single parcel of land. With credit stacking permitted, credit

production may overlap spatially for different services.

uation relating to the economic implications of credit stacking policy. In Woodward’s model, not
allowing credit stacking is framed as a single market institution (SM) while allowing credit stacking
is framed a multiple market institution (MM). Farmers’ technology choices involve the choices on
complementarity and specialization parameters in the joint production function. Valcu et all (2013)
is most relevant to our study as they look at the agricultural soils to be a source for both carbon
sequestration and water quality improvement; however their research differs from ours in significant
ways. Particularly, in this paper, we consider the possible impact of famers’ market choice when SM
restriction is imposed.

In this research, we explore the implications when only the regional credit is traded under the
cap-and-trade framework while the price for the global credit is exogenous. This "mixed" style
market institution has not been well studied; however, it is a possible market environment that
credit producers may face when multiple markets can be established. Monferd (2001) considered a
permit system that can accommodate multiple pollutant under regulations; however, the differences
between an exogenous credit and endogenous credit are not recognized in the model. In this study,
we use the water quality credit and carbon sequestration credit as an illustrative example, realizing

when a global market exists for the carbon credit, a single credit producer, usually a farmer, who has



no influence in the market price. We focus on farmers’ market choices in the SM, i.e., which market
they decide to participant when there is an restriction on the number of credit types they can sell;
we also evaluate farmers’s profitability in the MM and further evaluate the cost effectiveness of the
credit stacking policy when a regional credit market and a global credit market coexist.

Our results show that in the SM institution, depending on the market price for the carbon
credit (assume everything else is fixed, such as the trading cap for the water quality credit), five
different scenarios might happen as the carbon price increases; farmers specialized in water quality
improvement (water quality farmers) and farmers specialized in carbon sequestration (carbon farmers)
will choose to participant in different markets. Interestingly, we find that under a certain price range,
it is possible that carbon farmers will choose to sell in the water quality market and the water quality
farmers will choose to produce in the carbon market. In the MM institution, both types of farmers
can participate in the water quality market as well as the carbon market. We find there exists a
certain price threshold for the carbon price, under which the water quality farmers acquire more
profits and vice versa. Our results also reveal that the relative advantages of the credit stacking
policy, depending on the carbon price, water quality trading cap.

The rest of the paper is organized as follows. Section 2 provides a theoretical framework that
set up an analytical basis that differentiates SM and MM, largely based Woodward (2011) and Liu
and Swallow (2013) . Section 3 evaluates social efficiency tradeoffs based on the model . Section 4

concludes the paper by discussing policy implications from the results and the model limitations.

2 The Basic Model

In this section, we present the theoretical model in a general case, where multiple credits are produced
simultaneously by a credit producer; some credit prices are exogenous, such as the carbon sequestra-
tion credit price, while the market prices for other types of credits are determined endogenously, such
as the equilibrium price of the water quality credit under a cap-and-trade framework. Farmers are
the main providers of various kinds of environmental credits used to offset pollution. We consider a
situation where there are I farmers producing .J types of credits. The farmers are denoted by the set

Z={ieN":i=1,..,1} and the types of credit are denoted by the set 7 ={j e Nt : j =1,...,J}.



There are two broad category of credits: one category of credits is regulated under a cap and trade
framework, which we denote as J; = {j € N* : j = 1,...,5}; the other category is traded in more
or less competitive market, which we denote as J, = {j € N* : j = j +1,...,J}. Thus, the num-
ber of endogenous credits is | 71|, and the number of exogenous credits is |J2|. The market price
vector for various types of credit can denoted as P = {j € N* : Dii1sDjy2r P s}, where p; is the
price for type j credit. Farmer ¢ has a two-dimensional production technology, which we denote as
t; = (i, m:) € T that determines the individual production frontier. In our context, the production

technology T is fixed. The role of the regulator is to choose a cap vector A = (A, Ay, .., 4;

) such
that all the credits traded in the market are subject to the cap. Therefore, the amount of credits
produced is determined by the market cap A, the current technology 7, and the market price P.
Let a;; be the amount of type j pollutant that farmer ¢ chooses to abate (or the amount of credit
the farmer choose to produce). Thus, farmer i’s cost is determined by the production technology and
the amount of credits produced, specific, we use g(a;;) to denote the production cost of farmer i pro-
ducing a;; amount of credit j. Note the farmers’ cost, profit is also a function of the regulatory cap,
market price and production technology. We assume that a certain extent of complementarity exists
in farmers’ production technology; that is, given a fixed quantity of producing one pollutant, a cost
minimization farmer will "automatically" produce some amount of another credit. The total social
benefits are additively separable in each type of credit, for simplicity, assume B(A) = >, B;(4;).
The regulator can set an optimal cap for each credit Aj to induce a first-best solution. In this section,
we first briefly introduce the basic model, and then consider how the outcome might be different if
farmer can choose different management practices. In the basic model, the production technology is

constant, exogenously determined, then relax this assumption so that farmers can choose a different

management practice which will influence the production function.



2.1 The planner’s problem

Optimally, the regulator only need to choose a cap vector A for those traded under a cap-and-trade

framework, so that the net social benefit is maximized:

J I

I
A} € argmax (Z B;(A;) — Zgi(aij), st.Aj = Za”)
i=1

j=1 i=1

The optimal emission cap A* can be found from the first order condition:

dgi(ai;)

B(4) = =5,

72627.]6&71

The regulator needs to have full information on both cost and benefit sides of the credit markets in
order to set the optimal cap. In reality, the regulator might not set the cap optimally, which can lead
to distortion of credit production. Since the benefit of credit is hard to quantify, we only assume an
arbitrary regulatory choice to investigate the cost effectiveness of the two market institutions in a

partial equilibrium framework.

2.2 Allowing Credit Stacking, Multiple Market (MM)

In the multiple market, the farmer can sell all types of credits produced from the same land. We
assume a rational farmer who pursues the maximized profit by choosing the amount produced for
each type. In the equilibrium state, the market price for exogenous credits and endogenous credits

are both fixed; in this situation, the farmer maximizes profits:
max ijaij — gi(a;).
j=1
The FOC (first order condition) for a;; is:
_ 0gi(ay)

= ,Viel jeJ.
ﬁaij

Dj



The solution for the optimal choice of production amount a;; is consistent with the solutions in the
regulator’s problem if the cap is set optimally, also, the equilibrium market price for the exogenous

credit should satisfy the above equation as well.

2.3 Not Allowing Credit Stacking, Single Market (SM)

Under the SM approach, the farmer can only choose one type of credit to sell. Thus, the farmer will
maximize her profit by 1) choosing the type of credit 2) the amount of credit to sell. In this situation,

the farmer maximizes profits:

m?x {max (pjai; — gi(aij;))}-
a;j

where g(a;;) is the cost function. The decision to participate in market j will be optimal if

psai; — gi(ai;) > psay, — gs(ay,), Vs # 4, s,j € J.

Note that the optimal solution is not uniquely identified citepwoodward2011double. Also, the total
credits produced would be higher than the regulatory cap due to the complementarity in production
if the cost minimization of producing one type credit would also produce some “by product” of other

credits, which is considered as the origin of the stacking issue .

3 The Coexistent of Regional Credits and Global Credits

In the section, we explore the implications when only one type of the credit (water quality credit) is
traded under the cap-and-trade framework while the credit price for the other type is fixed (carbon
sequestration credit), i.e., |J1| = |Jo| = 1. We use the water quality credit and carbon credit as an
illustrative example only realizing when a global market exists for the carbon, an individual farmer
has no influence in the market price. The price for carbon can fluctuate a lot and the change of
the market price can certainly influence farmers’ production decisions, as well as their technology
choices. Thus, we focus on the influence of the carbon price on farmers’ technology choice and how

the choices may vary in a SM or MM institution.



3.1 Equilibrium In the SM

Still, assume the two credits market coexist and the technology choices are fixed for now and two

representative farmers, the cost functions for the carbon farmer £ and the water quality famer h are:

gr = —Ck + —/nwi + Y Cr Wi
2 2
1

gn = %Ci + 2wh + YeCrWh

with the same notation as before. Given the water quality credit cap A and the market price of

carbon p, the problem face by farmer k (who is specialized in the carbon credit) is

max pcg + powy — —ck + ﬂwi + VeCr Wi
J1 or ja 2 2

where j;, jo denote farmers’ market choices. If a farmer chooses j;, which is the carbon seques-
tration credit market, she will only get revenue from producing carbon credit while producing some
water quality credits, however without being able to sell these water quality credits. Interpretations
on choosing the water quality market is similar. First we derive the conditions under which the
carbon producer will sell the carbon market and the water quality market, respectively.

The problem face by the farmer h (who is specialized in water quality credit) is

max pcp, + pawp, — ﬁci + —Wj, + YuwChWp
Jj1 or j2 2 2

Note there are four possible scenarios: 1) both types choose to sell in the carbon market; 2) both
types choose to sell in the water quality carbon market; 3) farmers specialized in carbon offsetting
sell credits in the carbon market while the other type sell credits in the water quality market and,
maybe less likely, 4) farmers specialized in carbon offsetting sell credits in the water quality market
while the other type sell credits in the carbon market. The range of the market price for carbon, p,
may determine which of the above four scenarios may happen.

Assume the carbon farmers will sell in the carbon market, the optimal production can be expressed

as:



CSM|C . p sMm|ic __ —7cP

—7 w Y
’ (L=2n " 1 —n2
and
sSMw __ —YeP2  smw _ P27]
Ck _1_72’wk _1_72

if the carbon farmers sell in the water quality market in the single market institution.

Similarly, when the water quality farmers sell in the water market, the optimal production is:

CSMlW _ —YwD2 wSM\W _ P2
h 1—92" " (1—72)n’
and
smic D1 sMic  —YwD
h 1= 72 » h 1= ,}/2

if the water quality farmers sell in the carbon market in the single market institution.

Denote the profit of carbon selling in the carbon market as m¢c, the profit of the carbon farmer
selling in the water quality market while the water quality farmer is selling in the carbon market is
denoted as 7w, the profit of the carbon farmer selling in the water quality market while the water
quality farmer is also selling in the water quality market is denoted as moyww . Similarly, denote the

profit of water quality farmers by mw o, mwywe and mwww. Thus, we have,

232

TCIC = =77 v s
T 21 =2

regardless the choice of water quality farmer. If water quality farmers sell in the water market T,

A?p

2
2(1 - 2) (e + 1)

TCww =

If water quality farmers sell in the carbon market,

A*(1—1d)

Telwe = o

'For convenience, assuming in the equilibrium farmers of either type will choose the same complementarity level
for now.



For the water quality farmers, if they sell in the water market and the carbon farmers sell in the

carbon market, the profit is:
nA%(1—3)

Tw|\wc — 5

If the water quality farmers sell in the water market and the carbon farmers sell in the water
quality market as well, the profit for a water quality farmer is:
AQ

2
201 -12) (e + 152)

TwWiww =

If water quality sell in the carbon market, the profit is:

Twic = —77152 .
2(1 =)

Assume all the complementarity levels are fixed for now. Now the water quality farmer has two
choice: participating in the carbon market or participating in the water quality market; the carbon
farmer also has two choices: participating in the carbon market or participating in the water quality
market. Thus, there are four possible outcomes, depending the market price of carbon (assuming all
else fixed). Here we apply the Nash Equilibrium concept, and derive the price range of carbon price
under which each situation is likely to emerge. For example, the conditions that both types of famers
selling in the water quality market is: 1) given the choice of water quality farmer (the water quality
farmer sell in the water quality market), the carbon farmer cannot get a higher profit by choosing to
sell in the carbon market; 2) given the choice of the carbon farmer (in this case, the carbon farmer
is selling the water quality market), the water quality farmer cannot get a higher profit by choosing
to sell in the carbon market. We expect this situation is likely only if the market price for carbon

is extremely low. Similarly, we can use such constraints to derive the range of carbon price for the

remaining three situations. As discussed before, consider the following four situations:

e Situation 1: both types sell in the carbon market, which implies 7o > mowe and Ty >

mwwe- Thus, we have:



P A=)
2(1 —=93)n — 2n

and
np?_ nA*(1 )
20—72) ~ 2 '

We can get

p > max{A(l —~2),A(1 —~2)}.

Situation 2 both types sell in the water quality market, which implies moyww > 7o and

Twww () = mwic(y). Thus, we have:

A2 A2
5 P2 S
2(1=22) (it + %) :
and
A2 nﬁ2
2T o(1—2)
2(1-12) <(1_;3))n + #) Ui (1=13)
Thus, we can infer:
s < A
p= 1 1
(1=2)n? + 192

Situation 3 carbon farmers sell in the carbon market, and water quality farmers sell in the

water quality market, which implies 7¢ic > moww and mwwe = mwic. Thus, we have:

P A%
2(1 —~2)p — 2
( Y2 2(1 — ~2) (m + 1__7%2>

and

nA*(1—93)
2 200 -73)

Thus, we have:

10



A 1
ﬁ S 1 1 7A(1 - 7120) ) when 772 < 12
A T 12 1- T2
A , 1
p €D, when n® > TR
192

e Situation 4 carbon farmers sell in the water quality market, and water quality farmers sell in

the carbon market, which implies moywe > 70 and mw o > Twww. Thus, we have:

Ra-3) ¥

2 200 =92
and
77152 AZ
2(1—42) = 2
=) 7 20— 2) (e + 122 )
We can get:
A 1—42
pe ﬁ,A(l—ﬁ)] S when gt > 1— —&.
+ 4 1- Yw
1—yg © 1-92
1 — 2
pe whenn®<1-— e
1—192
Let p1 = ——2—1—, po = ——2——, p3 = A(1 —42) and py = A(l —~2). From the above

(1—v3)m? " 1—~2 1-72 T1-52
analyses, we can infer that p; < ps < ps.

Case 1: When 7, = 7., p1 < P2 < p3 = ps. These three different price levels divide the entire

region into four pieces. Thus, if

e p < py, both types will sell in the water quality market (Situation 2) .

e D € [p1, pao], carbon famers will choose produce in the carbon market and water quality farmers

will choose to produce in the water quality market (Situation 3).

11



® ) € [P2, P3(a)], carbon famers will choose produce in the carbon market and water quality farmers

will choose to produce in the water quality market or vice verse (Situation 3 or Situation 4).
® D > Psw), both types will sell in the carbon market (Situation 1).

Case 2: When v, > 7., p1 < p2 < p3 < ps. These four different price levels lead to five regions.
Thus, if

e p < py, both types will sell in the water quality market (Situation 2) .

e D € [p1, p2], carbon famers will choose produce in the carbon market and water quality farmers

will choose to produce in the water quality market (Situation 3).

® D € [po, p3], carbon famers will choose produce in the carbon market and water quality farmers

will choose to produce in the water quality market or vice verse (Situation 3 or Situation 4).

e D € [p3, p4), carbon farmers will choose to sell in the water quality market and water quality

farmers will choose to produce in the carbon market (Situation 4).
e p > py, both types will sell in the carbon market (Situation 1).

Case 3: When v, < ¢, p1 < (P2, Ps) < p3. The relative magnitude between p, and py is uncertain.

We need to more detailed discussion.

Case 3-1: If n > /1 — 11:'7752, then py < py, the result is the same as Case 2.

Case 3-2: If n < /1 — 11_73

—5 then p; < py < po < p3. Thus, if

e p < py, both types will sell in the water quality market (Situation 2) .

e D € [p1,p3], carbon famers will choose produce in the carbon market and water quality farmers

will choose to produce in the water quality market (Situation 3).

e D > py, both types will sell in the carbon market (Situation 1).

To summarize, there are only two general scenarios. The first general scenario includes Case 1,
Case 2 and Case 3-1: Case 1 can be regarded as a special case of Case 2, also Case 2 and Case 3-1

have identical solutions. The second general scenario includes Case 3-2, which is different than the

other cases.

12



3.2 A Graphical Analysis on Farmers’ Market Choice in SM

The above equations do not help us understand how different scenarios may happen in a straight-
forward way. Figure 1 provides more intuitions behind the mathematical equations and analyzes the
strategic interactions more carefully. Such considerations are important to further understand the
potential restrictions imposed by the SM. Figure 1 depicts farmers’ profit levels depending on their
market choice, i.e., whether they choose to sell credits in the water quality market or the carbon
market. The horizontal axis is the market price for carbon, which is treated an exogenous variable.
The vertical axis stands for a farmer’s profit level. The dashed red curves are the profit of the car-
bon farmer; the black solid curves are the profit of the water quality farmer. We split the range of
carbon price according to four price points, py, ps, p3 and p4, defined as before, and the horizontal
axis is divided into five regions. We use Case 2 (and Case 3-1) as an illustrative example since it
encompasses the most complicated situations. Under each price region, the two types of farmers may
interact with each other strategically and thus result in different profits. As before, we use m¢c,
Toww, Tewe and Twic, Twiwe, Twiww to denote the possible profit level, depending on farmers’
choices.

When p < pi1, the market price for carbon is extremely low, we expect that both farmers sell
in the water quality market. In Figure 1, p; is decided by the intersection of the profit curve when
the carbon farmer selling in the carbon market and the profit curve of the carbon farmer when both
carbon and water quality farmers are selling in the water quality market. In this region, we can rank

the six profit levels,

Telwe > Twiwe = Twiww > Teiww > Tc|c = Tw|C-

In Table 1, we list farmers’ profit depending on their own choice, as well as the other farmer.
From Table 1, if the water quality farmer chooses to participate in carbon market, the carbon farmer
will choose to sell in the water quality market, thus we underline mcwe since m7owe > mejc, as in
the above profit rank condition; if the water quality farmer chooses to participate in water quality

market, the carbon farmer will still chose the water quality market, thus we underline moww since

13



Toww > Te|c; similarly, if the carbon farmer chooses to participate in carbon market, the water
quality farmer will chooses the water quality market, thus we underline my ¢ since mwwe > Tw|c;
if the carbon farmer chooses to participate in water quality market, the water quality farmer will
choose the water quality market, thus we underline my ww since mwww > mw|c. Thus, the only
equilibrium choice is both types of farmers participant in the water quality market, given that the
market price for carbon is extremely low (relative to the water quality cap).

As the market price for carbon increases and passes p;, the carbon farmer will get a higher price
by selling in the carbon market, than selling water quality credit together with water quality farmer.

The profits rank is now,

Towe > Twiwe > (Twww, Toje) > (Tepww, Twic)-

where (mwww, Tcic) and (Toww, Twic) denote that the relative magnetite between myy -y and
Te|c, or between moyww and my o is uncertain. However, this will not create ambiguity regarding
farmers’ market choice since the profit level for the same (type of) farmer can be ranked. From Table
2, we can infer the equilibrium choice is when the water quality farmer sells in the water quality
market and the carbon farmer sells in the carbon market. Both carbon farmers and water quality
farmers will get a larger profit. The water quality farmer get a higher profit because he is selling the
water quality credit alone and the water quality price will increase.

As the carbon price passes po, which is the intersection of the profit curve of the water quality
farmer selling in the carbon market and the profit curve of the water quality farmer when both types

are selling in the water quality market, the rank of profits changes to the following,

Tolwe > (WW\W077TC|C) > Twic > TWIww > Tw|C-

From Table 3, we find two equilibrium outcomes: either the water quality farmer sells in the water
quality market and the carbon farmer sells in the carbon market or wvice verse. The price for water
quality will further increase when the carbon farmer is selling in the water quality market; in this

equilibrium (cell (ﬂ'C‘Wc,ﬂ'W‘C) in Table 3), carbon farmer will get a higher profit while the water

14



farmer will get lower profit compared to the alternative equilibrium. However, in both equilibrium,
neither type can get a higher profit by unilateral deviation.

When the carbon price rises above p3, which is the intersection of the profit curve that the water
quality farmer selling in the carbon market and the profit curve of the water quality farmer when

only the water quality farmer is selling in the water quality market, the profit rank changes to:

Teywe > Tolc > Twic = Tw|we > TWIWWw > TC|ww -

Table 4 shows that the only equilibrium is when the water quality farmer sells in the carbon
market and carbon farmers sells in the water quality market. This is a very interesting result, since
both types of farmers will choose to sell in the market in which one is not specialized. This is similar
to the counter-signaling result in the signaling games (Felfovich ef all, 2002; Araujo et all, 2007). If
this situation happens, we expect a significant loss as farmers are incentivized to focus production
on a more costly credit. This can be a quite generic result when credit stacking is not allowed, which
we will discuss later.

When the carbon price is higher to p,, which is the intersection of the profit curve that the carbon
farmer selling in the carbon market and the profit curve of the carbon farmer when only the carbon

farmer is selling in the water quality market,

Te|lc > Tw|c > Towe = Tw|we = TW|IwWw > TC|WWw -

Table 5 shows that both farmers will choose to sell in the carbon market, as expected. In this
situation, both types will sell in the carbon market; there is no supply of water quality credits.

From Section 3.1, we can conclude that if v, < v.and n > /1 — 11:35 , then py < ps. In this case,

the water quality farmer selling in the carbon market and the carbon farmer selling water quality
market is not possible. Figure 2 shows the different areas of technology choices (a combination of
the specialization level, 7, and the complementarity level, v ) that may lead to different market
choices when the credit stacking is not allowed. The horizontal axis is the 72, the squared term of the

carbon farmer’s complementarity choice. The horizontal axis is the 42, the squared term of the water

15



quality farmer’s the complementarity choice. A higher 42 indicates a more complementary production
technology. In Area 1, regardless of the specialization technology choice 7, the profit levels is shown
in Figure 1, conditional on different market entry choice. In Area 2, different profit levels is shown in
Figure 3, as the when the two types become more specialized (a large 1?), the Area 2 shrinks while the
Area 1 expands. We choose five different specialization level, n? = 0, n3 = 0.25, 2 = 0.5, n7 = 0.75
and 12 = 1 to illustrate the relative change of Area 1 and Area 2 as the specialization level changes.
From Figure 2, we can see that when n? is close to 1, the "reverse selection" is least likely to happen.
As n? increases, which indicate that as the two types of farmers become less specialized, the Area
1 expands; when n? = 1, which means when the cost functions are symmetric in the specialization
level, the "reverse selection" is always possible, regardless of farmers’ complementarity technologies.

Figure 3 shows the situation when p; < ps < ps < p3. The equilibrium choices are the same
when p € (0,p1). When p > ps3, both types will sell in the carbon market. When p € (p1, p4], the
equilibrium outcome is that the water quality farmer sells in the water quality market and carbon
farmers will sell in the carbon market. When p € (py4, p3, the equilibrium outcome is the same: the
water quality farmer sells in the water quality market and carbon farmers will sell in the carbon
market. Note the situations in Figure 3 are only possible when the technology parameters are in

Area 2, as shown in Figure 2.

3.3 Equilibrium In the MM

Still, assume the two credits market coexist and the technology choices are fixed, the cost functions

for the carbon farmer g and the water quality famers g, are:

gk = gci + ﬁwi + VeCr W,
L/n
gn = /  + wh + YwChWh,

2 2

using the same notation as before. Given the water quality credit cap A and the market price of

16



carbon p, the problem face by farmer k (who is specialized in the carbon credit) is:

1/n ,

—U}

G 2

max pcy, + pawi — (564 +
Ck, Wk

2

i T YeCrwy)

The problem face by the farmer h (who is specialized in water quality credit) is

max pcp, + powp, — ( énci +

ChyWh

2

ZWE + Y Chwy,)

We can also derive the optimal production for each type of farmers:

P Ve nop
1 ~
MM P2 % P2y TPz np2 — VeP
Ck pry pry 1 — ,72 7wk g fr 1 — 72
N Ye ¢ n Ye ¢
1 1
Ty Ty
b2 7 Yw P2
R 1 4 » .
MM __ " NP = YwP2 M| 7 _ ;_pr
Ch - - 1 — ~2 s Yh - - 1 — ~2
Y Y
Yw N Yw N
. e . e

Therefore, the profit of carbon farmers is:

%ﬁ2 — YebP2 + gp%
1 -2

The profit of the water quality farmer is:

1—92

where ps is:

17
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A+(7
2+

2 )D

D2 =
n(1-42) vw)

When 7, = 7,, the profit functions are symmetrical and the water quality credit price is:

A(1—7)+2w
N+

D2 =
More generally, the profit of the carbon farmer can be rewritten as:

3 B+ 3(B)°
Te =P~ * 2

I

the profit of the water quality farmer can be rewritten as:

1 2
2 BB )
]-_fy'w .

Therefore, the necessary condition for 7w, > 7. is:

_ p2 17(P2)2 n_ p2 17(P2)2
76(ﬁ)+2(ﬁ) +2 Vw(ﬁ)+2(ﬁ>]>0'

1

. 2n
7Tu)_7Tc:p2*[—n T T
C w

Rearrange the above equation, we can get:

> 0.

1 ;7% (1 ; vw)] (%)2 (1 = 2) — a1 = 2] (%) + [ﬂ(l —2) - in(l )

Note that since

el =72) = (1 = 42))? 4 [5E — MR 201 —42) = £(1 - 43))
(1 =921 =) (v +7)? = (n+ 5)%)]

(1 =) =72y +7)* — 2]
0

IN

<

Y

we can conclude that:
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12 _ n(l—a) 192
° whenT‘—T“’>0,orn< =5 Tw > Te-

12 _ (=) 12
owhenT—T<0,orn> =5 Tw < Te-

12 _ n(=v3) 1—92 . - ; ' H*
e when s e 0,orn= T if v. = Y, then m, < 7. if 7, > 7, then exists p

such that when p < p*, m, > 7. and vice versa.

Figure 4 shows the relative profitability between the carbon farmer and the water quality farmer,
depending the combination of different technology choices. Similar to Figure 2, Figure 4 shows the
different areas of technology choices (mainly complementarity level) that result different profit levels
for the water quality farmer and the carbon farmer. The horizontal axis is the 72, the squared term
of the carbon farmers the complementarity choices. The horizontal axis is the 72, the squared term of
the water quality farmers the complementarity choices. A higher ~? indicates a more complementary
production technology. In Area 1, the profit of carbon farmer is higher than the profit of the water
quality farmer. In Area 2, the profit of carbon farmer is lower than the profit of the water quality
farmer. Note the when the two types become more specialized (a larger n?), the Area 2 expands
while the Area 1 shrinks. We choose five different specialization level, n? = 0, n3 = 0.25, 3 = 0.5,
n3 = 0.75 and n? = 1 to illustrate the relative change of Area 1 and Area 2 as the specialization level

changes.

4 Implications on Credit Production and Cost Effectiveness

4.1 The Price for the Water Quality Credit

The price for the carbon credit is treated as an exogenous variable, which is a less concern; the water
quality credit price can be different in SM, depending on the equilibrium market choices, and also
water quality price in the SM can be different from the MM. We will abuse notations a little bit

here to highlight the differences between SM and MM. In the SM, there are three possible price

levels for the water quality credit, they are p¥ = —4—, p¥* = ——2—+— and p¢, = —4—, with

n(1-73) 1-92 " n(1—~32) 1—~2

put < pw < po; note that pi° = pan, p = psn and p, = psn. The super script w, we and ¢ denote

the situation when only the water quality farmer sells in the water quality market, both carbon and
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water quality farmers sell in the water quality market, and when only the carbon farmer sells in the
water quality market. In the SM, the water quality credit price will not change with the change of
carbon credit price.

In the MM, the water quality credit price is

MM A+( 'Ye 'Yw )]’?‘
Pw + )
2 n(1—42) %u)

which is lower than pi¢, the water quality credit price in the SM when both carbon and water
quality farmers choose to sell in the water quality market, i.e., when the carbon credit price is

extremely low. Take the first order derivatives of pM* (p) with respect to p, we can conclude that:

99 = —l- < U.
p =2 W%J

The above inequality shows that the water quality credit price will increase as the carbon price

decreases in the MM. Also, since the following inequality always holds:

P’ < Dy < Dy

Therefore, the water quality credit price in the MM is always lower than the water quality credit

price in the SM, thus,

MM _  SM
Pw < DPu

4.2 The Total Quantity Produced for the Carbon Credit and the Water

Quality Credit

In the MM institution, the total water quality credits produced equals

QUM — 4
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while the total carbon sequestration credit produced is

QMM = PT — (e + ) (1 + %) K] = (1= 12)(1 = 12 AK,

where
~ 1 i
J = + >0
(=92  1-7
and
o Ve Yw
K =] + ] <.
n2(1 —7m) + (1 =927 (L= )+ (1=72)
Since QC > 0 and 2 > 0, either an increase in the carbon price and an increase in the water

quality credit cap will increase the total carbon credits produced. In the SM institution, depending
the carbon price, the total water quality credits and the carbon credit can be different.

In Figure 1,

IA

o p<p, QY =Aand Q7Y = (25 + 7% );

5 A D SM _ Yep SM _ __p YePy .
®epE [p17p2]7 Qw =A- 1—92 and Qc — (1—2)n 1_7237

A A SM __ YeP SM __ P YePy SM __ n SM __
®pc [p27p3]7 Qw = A- 1—2 and Qc - =2 1,72627 or Qw = A+ 1—2 and Qc -

1P”72 + pwn

o pE [Ps,pa], Q3M = A+ —’7— and QM = _77_2 + 1p2,7762;

1—, —

~ N SM Y Y SM __ p YeP: ~ T

*D=ps —p(:2 2t ) and Q™ = T~ 1z = P
where pi = 4 , Pt = o —— A and pS = —i
n(1—7%) 192 n(1-%) 1—+2

In Figure 3, the situation where the carbon farmer selling in the water quality market while the

water quality farmer selling in the carbon market is not possible, thus:

IN

o P <p Q5 = Aand QM = —ple(2s + 2%

N A SM _ Yeb SM _ P Yepy .
®pcE [p17p3]a Qw =A- 1_0%2 and Qc — (1-42)n T 142

o D> P, Qi = —p(eg + 25) and QY = oy — 25 = BJ;



where p¥ = —4— and p¢ = S E—

n(1—~2) 12 " n(1-+32)

Not surprisingly, for the total water quality credits produced, we find

SM MM
Q'w 2 Qu) )

unless the carbon price is so high that both types decide to sell the carbon market in the SM.
The above inequality is due to the production complementarily: in the SM, unless both types choose
to sell in the same market (either when the carbon credit price is relative low, p < py, or relative
high, p > p4/3), the total water quality credit produced will be higher than the regulated cap. The
result for the total carbon credits is not as obvious. In the SM, when both types choose to sell in the

carbon market (p > pas3), the total carbon credit produced is the highest, for simplicity, let

QM = pJ;

the total carbon credit produced in the MM is:

QUM = pJ = ple + )L+ 1) K ~(1 - 7)1 —12)AK .

N

vV o

>0 <0
N 7\

WV Vo

<0 >0

Therefore, when

(1 —2)(1 =)A< —p(Ye + V) (1 + YY),

or

A(] — A2 2
b (1= 7)(1—7) 7
(Ve + V) (1 4+ Ye V)

the total carbon credits produced in the MM is higher than the mazimum possible total carbon

credits in the SM, and wvice versa.
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4.3 The Difference in Total Cost between SM and MM

The total cost in the MM institution is:

TCum =

wls

Pt wk + YeCrwi + —Ch + Jwj + YwCpwh

(A1) ()2 el M+ (2 + Fff ) M

(SIS

If the technology parameters of the cost function lead to Figure 1 (similar in Figure 3), the total

cost in the SM institution is :

L ﬁgﬁlv

. SM|W\a . 1, SM|Wo SMIW  SM|W | 1 SM|W  SM|W .
TCsy = %(Ck )25 (wy, ) Y€y Wy, +3; +YwCp wy, )

SM|W SM|W 2

)P+ (w)

® p € [pr,pal,
TCgy = g(ciM'C)M%?(w,fM'C)%% ngCw:M\C_i_%(CSM\W)g_i_g<w§M|W)2+7wciM|Ww}fM|W;
® p € [p2,P3),
TCsn = (e )24 g5 (w2 ™ ™ g ()24 ™) e ™Y
or
TCsy = g(C£M|W)2+%(wkSM\W)QjL,yCCSMIW SM|W+%(65M|C)2+g< SM|C’) Yl Smic SM|C’

SM|W SM|W 92 SM|W  SM|\W SM|C SM|C\2 SM|C SM|C
TCsar = 3(e0"™ )4 5 (w1 )2 e ™™ g (™) 4 ™) e ™

SM|C SM|C SM|C  SM|C SM|C SM|C\2 SMO SMC
TCsar = 1) + g (™) e ™ (@M + @™ 4 ™

In order to evaluate the cost effectiveness of the credit stacking policy, we compare the cost of

production when the outcomes (the quantity of credits produced in SM and MM) equal in the SM

and MM. Cé\/‘,M _ SM\C + SM|W7 w}]ﬂ\/[]\/[ _ w;jM|C + ;jM|W7 ChMM _ SM|C +c SM\W and UJMM _
SMlc +w SM|W Substitute them into the total cost function for MM institution, we can get, for the

carbon farmer:
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TO(c™, wi™) = (™) + 55 (wp™)? + yecg™ wi™

SMIC | SM|W\2 SMIC | . SM|W SMIC | SM|W\, SM|C | SM|W
= HETH G M M) e T @M 4 )
SM|C  SM|C SMIW = SM|W
= 170G W™ oMY WMy
b (MW SMIW | SMIC, SMICY | SMIC, SMIC | SMW  SMIW)
for the water quality farmer:
TO(M,wlf™) = (M) 4 & (W) 4 e Mt
SMIC | SM|Wy2 SMIC | . SM|W\2 SMIC | SM|Wy, SM|C | SM|W
= 3 M ™ ) (M M @ )
_ TO(ESMIC SMICY L P SMIW L SMIVY
SMW, SMIW | SMIC, SM|C SM|C, SMIC | SMIW , SMIW
el M+ M) e (M )
Therefore, we can conclude that when ¢ = M 4 (SMIW g MM SMIC g SMIW - MM
(SMIC | SMIW o 4 oMM — ySMIC | SMIW o)
TO(M wp™) < TC(™™ wy™") + 7™ W™ );
and

TC (™ wi™) < TC (""" W)+ TC (" wi™).

The above two inequalities ensure that the unit cost per credit is smaller in the MM, compared to
SM. Even though the SM may produce extra credits "for free" due to production complementarity, it
is always possible that MM produces the same amount of credits with a smaller unit cost. Though the
relative price of carbon and water quality can influence the cost effectiveness of credit production in
the SM, it is easy to see that, when carbon price and water quality price equals, T'C/(c SM|W, waIW) <
TC’(C?M‘C,w,fM‘C) and TC(c Sle,w;?MlW) > TC(c, SM|C w,fMlC), which means that, it is less cost

effective for the carbon farmer selling the water quality market, than the carbon farmer selling in the

carbon market. As discussed before, this misalignment is possible in the SM; we can expect that in
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such situations, the society be worse off as a whole since the cost needed to produce the same amount
of credits is higher. This inefficiency is largely created by the limitation on farmer’s market choice and

exaggerated by the profit maximizing goal from farmers. Note that, when water quality cap is high

SM|W7wSM|W> > TC( SM|C w:‘M|C)’

SMIW  SM|W
(ch | ; Wy, | ) <

compared to the carbon market price, it is possible that T'C'(c
or if the carbon price is relative high to the water quality cap, we may have T'C

SM|C  SM|C L :
TC(c, | Wy, | ). To see why this is case, since

SM|C SM|C\ 1n 2
TC(c, " " w, ") = gck—l— Srwi + YeCrWwy,

= (—2,)2 21/77 21

and

TC<CSM|W wSM\W)

_ n2_ 1/
k » Wi = 3 + FHf + Yecrwi

= (222023 +3—n)
77]72

2(1-2)

If TC(c, SM|W w,fMlW) > TC(c, SMIC SM‘C), then p% < 1. When the carbon type farmer sells in

the water quality market, the water quality price can take two possible values: py¢ = —; +A 7
1-92 " n(1-~3)
c_ A _ A _ _A
and p§ = —177,% . Thus, when p, —17,77% T then p( -z T (1 ) )> < An. When py _1:;3 , then

D (1—_7’7—2) < An. Therefore, when.

or

it is less cost effective for the carbon farmer selling the carbon market than the carbon farmer
selling in the water quality market. This result suggests the misalignment may be a more cost
effective way to produce credit in the SM compared to the situation where each farmer is only sell in

the market in which one is more specialized. In the water quality market, similarly, we can derive,
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SM|C SMIC\ 1 .9 |, m. 2
TC( e, " w, ") = 27 Ce T W T YwChWn

T 2(1-92)
and
TC’(C,‘?MIW, wiM‘W) = gci + #w% + Y Crwp
_ P5
T 2m(1-d)”
If
A 1 1
=< 2 2 2\’
p o 1—=92 n*(1-72)
or
A - 1
I

it is less cost effective for the water quality farmer selling the water quality market than the water

quality farmer selling in the carbon market.

5 Conclusions and Discussion

This research shows how the restriction on market choice (such as the limitation imposed by the SM
institution) can be misaligned with farmers’ types; we find it is possible, when carbon price is high
but not too high, the equilibrium outcome is that the carbon farmer chooses to sell in the water
quality market and the water quality farmer chooses to sell the carbon market. As we demonstrate
later, such misalignment can be a costly way to reach the abatement target. According to our
specification, the MM is always more cost effectiveness compared to the SM, however, it is possible
that, when the cap is set incorrect at a suboptimal level (Woodward, 2011), SM will be better
than the MM in terms of cost effectiveness. Also, our research demonstrates how the choice on cap
of one credit and the equilibrium market price of another credit can influence farmers’ production
choices respectively /together. These linkages are important when a more balanced ecosystem service

production is pursued. Currently, most of the ecosystem markets focus on the provision of only one
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credit, largely captured by the SM institutional setting, which may lead to over-provision of one
credit, at the cost of suppressing the production of other types of credits. The SM can also lead
to undesired outcome scenarios where the credit producers are incentivized to produce credits in a
less cost effectiveness manners; some ecosystem markets focus on providing a bundle of credits, such
the wetland credit, which is hard to measure and often the rules are ambiguous. In this situation,
it is possible that a farmer, who is enrolled in a wetland mitigation program, can also benefit from
the carbon credit. On the other hand, if the credit producers are allowed to sell all types of credits,
even some of credits require no additional effort, farmers will be incentivized to choose a point on
the production frontier, where he slope of the tangency line equals here the price ratio of different
credit types. Such a production is more balanced in the since that the market will help decide the
relative value of each credit type, and the resulting equilibrium production will be efficient if the cap
is chosen efficiently and if the market price truly reflect the marginal social benefit of the credit, both
for a local credit such as water quality and a global credit such as carbon sequestration.

To establish functioning and coherent multiple credit markets be can particularly challenging. If
the cap-and-trade framework is applied to one of the credit, an inappropriate choice on the cap will
lead to distortion in the multiple credit market, same as in the single market. Further, due to intrinsic
connections between multiple markets, the distortion of an inappropriate chosen cap be larger than in
a SM. Also, the process of of establishing multiple market may require significant efforts from policy
makers and may face may legislation challenges. One particular challenges may come from polluters.
The establishment of multiple credit markets require specific regulations on these credits, and such
regulations will likely increase the abatement cost of producers. However, when credit producers are
allowed to provide all types of credits, the per unit cost of a credit will likely to decrease, such as
a lower water quality price in the MM, as we showed in the previous section. Though the polluters
have to comply to multiple regulations, the overall cost is uncertain. The overall abatement achieved
from multiple, coexisting credit markets will decrease due to the production complementarity, the
precise reason why some researchers may favor a SM approach. But the additional abatement in
SM cause a much higher cost. Here we show that the complementarity will actually lead to more

abatement in the MM institution: it is always possible to achieve the same abatement objective in
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the MM with a strictly lower cost than achieving the same abatement goal in the SM.

We assume a specific functional form for the credit producers’ iso-cost lines. This functional form
captures two important technology parameters: the specialization level, which reflects the hetero-
geneity among different types of credit producers; the complementarity level, which reflects the ability
to produce other credits "for free" when maximizing profit for one type of credit. We expect most
of results can be applied to a more general functional form as long as the two technology parameters
similarly determine the shape of the iso-cost function and the positive complementarily exists. Note
that in our context, the credit producers are not able to change the technology parameters. If the
credit producers have some flexibility, Lin_and Swallow (2013) demonstrate that such flexibility will
only increase the cost effectiveness of the MM, since the farmers tend to choose a more complemen-
tary production technology in the MM, which is source that results in difference between SM and
MM, as we showed in the previous section.

The problem of designing a functional environmental credit trading system is of crucial interest to
environmental economists. Current discussions and debates surround the credit stacking policy only
reflect one aspect of potential challenges. A full understanding of the credit trading system may need
more researches from a mechanism design perspective, and an optimal institution can be regional
specific or even a mixed combination of current trading institutions, such as a mix of SM and MM. On
the other hand, perhaps bigger challenges are more practical considerations, such as how to address
the credit producers’ participation problem, how to make sure monetary compensation offers the right
incentive, how to impose appropriate regulations on polluters and enforce compliance standards; all
of these can be as important as the search for a theoretically better trading mechanism. More
researches in these two areas can complement each other and help establish credit trading markets
that can improve environmental quality, generate more revenues/profits for credit producers and

reduce pollution.
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Table 1: Farmers’ Choices and Profits in SM, p € [0, py).

Carbon Market Water Quality Market

Carbon Market | (7¢ic, mTwic) (meic, Twiwe )

Water Quality Market | (mojwe, mwic) (Teww, Twiww)

Table 2: Farmers’ Choices and Profits in SM, p € (p1, pa2).

Carbon Market Water Quality Market

Carbon Market | (7, mwic) (Teic, Twiwe )

Water Quality Market <7TC|WC’7 7Tw‘0> (7TC|WW> 7TW|WW)

Table 3: Farmers’ Choices and Profits in SM, p € [pa, p3).

Carbon Market Water Quality Market

Carbon Market | (7¢ic, mTwic) (moic, Twiwe )

Water Quality Market | (mojwe, mwic) (Teyww, Twiww)

Table 4: Farmers’ Choices and Profits in SM, p € [ps, pa).

Carbon Market Water Quality Market

Carbon Market | (7¢ic, mwic) (meic, Twiwe )

Water Quality Market | (mojwe, mwic) (Teww, Twiww)

Table 5: Farmers’ Choices and Profits in SM, p > py.

Carbon Market Water Quality Market

Carbon Market | (m¢ic, mwic) (meic, Twiwe )

Water Quality Market | (mojwe, mwic) (Teww, Twiww)
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Figure 1: Farmers’ Profits When Credit Stacking is Not Allowed (Single Market)
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Market Price for Carbon

Note: This graph depicts farmers’ profit levels under different market choice. The horizontal axis is the market price
for carbon, which is treated an exogenous variable. The vertical axis the different profit levels. The dashed red curves
are the profit of the carbon farmer; the black solid curves are the profit of the water quality farmer. We have four
price points, p1, p2, ps and pg, which divide the whole range into five regions. Under each region, the two types of
farmers may interact with each other strategically and thus result in different profits. This graph corresponds to the

Area 1 in Figure 2.
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Figure 2: The Different Ranges of Technology Parameters in SM
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Note: This figure shows the different areas of technology choices that may lead to different market choices when the
credit stacking is not allowed. The horizontal axis is the 72, the squared term of the carbon farmer’ s complementarity
choices. The horizontal axis is the 72, the squared term of the water quality farmer’s complementarity choices. A
higher v? indicates a more complementary production technology. In Area 1, the profit levels is shown in Figure 1,
conditional on different market entry choice. In Area 2, different profit levels is shown in Figure 3, note the when the
two types become more specialized (a larger 1?), the Area 2 shrinks while the Area 1 expands. We choose five different
specialization level, 7 = 0, 3 = 0.25, n3 = 0.5, n7 = 0.75 and 72 = 1 to illustrate the relative change of Area 1 and

Area 2 as the specialization level, 7, changes.
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dashed).

Figure 3: Farmers’ Profits When Credit Stacking is Not Allowed (Single Market)
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different from Figure 1.This graph corresponds to the Area 2 in Figure 2.
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Market Price for Carbon

Note: This graph depicts farmers’ profit levels under different market choices. The horizontal axis is the market price
for carbon, which is treated an exogenous variable. The vertical axis the different profit levels. The dashed red curves
are the profit of the carbon farmer; the black solid curves are the profit of the water quality farmer. We have four
price points, p1, P2, P3 and Py, which divide the whole range into five regions. In each region, the two types of farmers

interact with each other strategically and result in different equilibrium profit levels. Note that p, > p4, which is



Figure 4: The Different Ranges of Technology Parameters in MM
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Note: This figure shows the different areas of technology choices that result different profit levels for the water quality
farmer and the carbon farmer. The horizontal axis is the 72, the squared term of the carbon farmer’s complementarity
choices. The horizontal axis is the 72, the squared term of the water quality farmer’s complementarity choices. A
higher 72 indicates a more complementary production technology. In Area 1, the profit of carbon farmer is higher
than the profit of the water quality farmer. In Area 2, the profit of carbon farmer is lower than the profit of the water
quality farmer. Note the when the two types become more specialized (a larger n?), the Area 2 expands while the
Area 1 shrinks. We choose five different specialization level, n? = 0, n3 = 0.25, 73 = 0.5, n7 = 0.75 and 72 = 1 to

illustrate the relative change of Area 1 and Area 2 as the specialization level changes.

35



A Appendix 1
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