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Abstract
Recently recycling and the production of secondary materials have increased in many countries. However,
there is little analysis examining the effects of recycling on comparative advantage, trade, and welfare. In a
model with recycling sectors, the author examines whether the Rybczynski theorem is valid, how the price
effects are modified, how a recycling subsidy changes the production structure and comparative advantage.
It is found that demand has an effect on final goods production and comparative advantage since con-
sumption goods are transformed into recycling inputs.

1. Introduction

As concerns with environmental problems have increased, governments have encour-
aged recycling. Even in Japan, recycling acts were constituted. Consumers have to pay
extra recycling fees when they buy electrical goods. However, the economic implica-
tions of recycling have not been sufficiently examined. In particular, little attention has
been paid to recycling or the production of secondary materials in international trade
theory. This paper tries to fill this gap.

Exceptions related to our paper include Grace et al. (1978) and Yohe (1978), whose
analysis took a partial equilibrium approach. They considered international trade and
the international market for secondary materials. They applied the model to the case
of waste paper. Van Beukering (2001) analyzes international recycling, though his
analysis is not based on international trade theory. Although there has been analysis
of recycling (Grant, 1999; Van Beukering and Bouman, 2001), there is little analysis
using applied microeconomic and international trade theory.

We focus on the effects of recycling on production, comparative advantage, and
welfare. Although we can set up alternative models to examine recycling, we adopt a
simple traditional model (Jones, 1965) which is fundamental in international trade
theory. In our model, two sectors of recycling are added to the traditional two good
and two factor model with one intermediate good. The intermediate good is not pro-
duced in a small country, but rather is reproduced by the recycling sectors. So our paper
is related to international trade theory with intermediate good and our model is a kind
of expansion of intermediate analysis. To recycle, factor inputs labor and capital are
necessary so that recycling can change goods production and trade.

This paper has the following purposes: to take recycling into consideration in inter-
national trade theory; to investigate whether trade theorems such as the Rybczynski
theorem are valid; and to examine the effects of recycling on production, income dis-
tribution, and welfare.
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We show that production is affected by recycling and income propensity. Assuming
normal goods and some other conditions, the gross Rybczynski theorem becomes con-
sistent with the net Rybczynski theorem. We find that demand has an effect on final
goods production and that it could alter comparative advantage. We examine price
effects with recycling and investigate how income distribution is altered. We also
examine the welfare effects of recycling and the optimal recycling ratio. These ratios
depend on social waste and direct recycling costs. If the marginal waste cost is suffi-
ciently large and the income propensity is positive, the optimal recycling ratio could
be positive.

In the next section, some comparative static analyses of exogenous variables are
shown. In section 3, the effects of factor endowments are considered. The effects of
traded prices and intermediate prices are discussed in section 4, and the effects of recy-
cling ratio in section 5. Welfare effects and the optimal recycling ratio are presented
in section 6, and section 7 concludes.

2. The Model

We consider a small country. There are two traded final consumption goods. There is
one intermediate good which is imported or which is recycled.We assume that the pro-
duction sectors for secondary materials exist, as long as subsidy is allowed. We do not
consider trade in goods for recycling. Production functions for final consumption goods
are homogeneous of degree one, given by

where Xi is the production of final good i (i = 1, 2), Ki is capital input into final good
i, Li is labor input, and Mi is intermediate input in final good i. Production functions
for goods for recycling are given by

where Ri is production of goods for recycling i, KRi is capital input, LRi is labor input,
and IRi is input of final consumption i. IRi is gathered and used to produce secondary
materials. To transform consumption goods into intermediate inputs, labor and capital
inputs are necessary. We assume that these functions are also homogeneous of degree
one. The model is represented as follows:

(1)

(2)

(3)

(4)

(5)

(6)

(7)a X a X a R a R KK K KR KR1 1 2 2 1 1 2 2+ + + = ,

a X a X a R a R LL L LR LR1 1 2 2 1 1 2 2+ + + = ,

a X a X M RM M
M

1 1 2 2+ = + ,

R R R= +1 2,

Y wL rK S= + − ,

D D Y p2 2 1= ( ), , ,

D D Y p1 1 1= ( ), , ,

R R I L K R R I L KR R R R R R1 1 1 1 1 2 2 2 2 2= ( ) = ( ), , , , ,,   

X X L K M X X L K M1 1 1 1 1 2 2 2 2 2= ( ) = ( ), , ,  , , , 
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(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

where Di is demand for final goods i, Y is income with subsidy burden, S, p is the rel-
ative price of good 2 to good 1 and is fixed under the assumption of a small country,
aij is an input-output coefficient of input i for output j, MM is imports of the interme-
diate good, pM is the price of the intermediate good and is also fixed under the 
assumption of a small country, ai is recycling ratio to final consumption goods i (0 < ai

< 1), sometimes called a recovery ratio, and si is the unit subsidy to recycling sector i.The
unit subsidy, si, is automatically determined so that profits of the sector are equal to zero.

We may think that the cost of gathering used goods increases as the recovery ratio
increases. In our model we assume that this cost is constant for simplicity. If we assume
increasing costs, our results would not fundamentally change.

Income, Y, is determined by w, r and S.1 D1 and D2 are determined by Y and p.
We assume that factor prices are determined by p and pM in the two equations (8) and
(9). From w, r, pM, (10) and (11), each unit subsidy to recycling production, si, is 
determined so that the sectors of secondary materials can exist under the assumption
aLRiw + aKRir > pM.2 All input–output coefficients are determined by w, r, pM, s1 and s2.

Since firms receive a subsidy by using inputs of secondary materials, firms want to
use all the inputs which are available. We assume that the government assigns these
inputs to each recycling firm, and that there is no entrance deterrence. Since this
assumption of government assignment may not be satisfactory, we may assume that a
public corporation produces the goods for recycling, and that the recycling production
sectors are sustained by some laws related to recycling. Sometimes consumers must
pay a recycling fee which is enforced by law. This fee becomes a kind of government
subsidy. Either way, we can interpret this subsidy system as a way of proxying the actual
circumstances of countries.

From the assumption of homogeneity of degree one, we have R1 = R1(IR1, LR1, KR1) =
IR1R1(1, hR1, kR1) = IR1 f1(gR1, kR1), where gR1 ≡ LR1 /IR1, kR1 ≡ KR1/IR1. The h-th firm 
wants to maximize the profit, p = pMIR1hf1(gR1h, kR1h) − (wgR1h + rkR1h) IR1h + s1IR1h,
for given IR1h, w and r. Then from the profit maximization conditions, w = pMIR1hf1l and 

R I aR D R2 2 2 2= ,

R I aR D R1 1 1 1= ,

S s D2 2 2 2= a ,

S s D1 1 1 1= a ,

S S S= +1 2,

I DR 2 2 2= a ,

I DR1 1 1= a ,

a w a r a s pLR KR D R M2 2 2 2 2+ − = ,

a w a r a s pLR KR D R M1 1 1 1 1+ − = ,

a w a r a p pL K M M2 2 2+ + = ,

a w a r a pL K M M1 1 1 1+ + = ,
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r = pMIR1hf1k, the firm determines the optimal inputs, lR1h and kR1h.Then input coefficients,
aiRj in (10) and (11), are obtained.

The recovery ratios, a1 and a2, are exogenously determined by the government. The
government determines the unit subsidy, si, for the firm to earn zero profits. From (15)
and (16), the subsidy, Si, is obtained using the recovery rate, the unit subsidy, and the
volume of final goods. The recycling input, IRi, is determined from (12) and (13). Then
the volume of recycling goods, R1 and R2 are determined. Thus, the government can
control the volume of goods for recycling through the recovery rates. The production
of final consumer goods, X1 and X2, is obtained from the full employment conditions
(6) and (7). Finally the volume of intermediate imports, MM, is given by (5). In our
model, there are 18 equations, 18 endogenous variables, D1, D2, Y, w, r, X1, X2, M, IR1,
IR2, R, R1, R2, s1, s2, S, S1, S2 and 7 exogenous variables, p, pM, L, K, a1, a2. The policy
targets are the recovery rates, a1, a2.

We could construct a model in which the subsidy is exogenously determined and the
recovery rate is endogenous. This may seem more intuitive. The fixed subsidy could be
interpreted as a short-term policy variable.The government expends the subsidy to the
recycling sectors according to the budget compilation of the year. But in the long term,
the policy target of the government may be a recycling ratio. The government would
intend to raise the ratio gradually. Moreover, under a fixed subsidy, disposable income
does not change because the subsidy is not affected. So the analysis for a fixed subsidy is
easier since recycling production is constant.At least, in our model with a fixed subsidy,
some representative international trade theories such as Stolper-Samuelson and
Rybczynski theorems are not significantly changed. To analyze the endogenous recov-
ery rate case, another model would be necessary.Thus, we do not treat this case here.

3. The Effects of Factor Endowment Changes

In this section we examine the Rybczynski theorem in the presence of a recycling
sector. How is the Rybczynski theorem modified for an increase in labor endowment?
In our model, factor prices are determined by goods prices. Then, from equations
(A1)–(A3) in the Appendix, we have:

Since dIRi = diwdL and the government intends to keep the recycling ratio constant, the
input, IRi, must be increased under the assumption of normal goods. That is, di > 0 or 
(1 + hi) > 0. Then the government subsidy expenditure is increased. In equilibrium, we
have w = ∂Fi /∂LRi, r = ∂Fi /∂KRi.Then, the effects of dL on dLRi and dKRi are given by

Thus we obtain:

∆1
dL

dK

F F

F F

F

F
dI

F F F F

F F F F
wdLRi

Ri

iLL iLK

iKL iKK

iLIR

iKIR
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i
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
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−
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
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F F
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F

F
dI

F
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



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
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
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dY s p s p dY

s p s p wdL

dY dL

dD dY ii i

= + ( ) +( ) + ( ) +( ){ }( )
= + ( ) +( ) + ( ) +( ){ }( )

>
= =( )

1 1 1 1

1 1 1 1

0

1 2

1 1 1 1 1 2 2 2 2 2 0
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,

,
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where ∆1 = FiLLFiKK − FiKLFiKL and is positive under the assumption of concavity. From
the assumptions Fmj > 0 (m, j = L, K) and normal goods, we find that dLRi /dL > 0,
dKRi /dL > 0. Similarly, we have dLRi /dK > 0, dKRi /dK > 0. Then with normal goods we
obtain:

(19)

From (6) and (7), we obtain:

Then, we have:

(20)

where ∆2 = aL1aL2(k2 − k1), k1 = K1/L1, k2 = K2 /L2. Here we assume that the second final
sector is capital-intensive, so, k2 > k1.

The effects of dL, dK on dX1, dX2 are given by:

(21a)

(21b)

where kRi = KRi /LRi and dRi > 0 from (19). If dK = 0, then we can conclude that dX1/dL
is positive under the conditions k2 > k1 and kR1,kR2 > k2, normal goods. Similarly we
obtain that dX2 /dL is negative under the conditions k2 > k1 and kR1, kR2 > k1, normal
goods. If dL = 0, we can say that dX1/dK is negative and dX2/dK is positive, under the
conditions of k2 > k1 and kR1, kR2 < k1, k2. From the above results, we derive the fol-
lowing proposition:

Proposition 1. Final production is affected by income propensity. Under the conditions
of normal goods, and kR1, kR2 > k1, k2, the gross Rybczynski theorem for dL becomes
consistent with the net Rybczynski theorem. For dK, the net and gross theorems are
consistent under the condition of kR1, kR2 < k1, k2. Thus, the gross and the net Rybczyn-
ski theorems are not consistent for both dK > 0 and dL > 0.

In the proposition, the net Rybczynski theorem is related only to (k2 − k1). Suppose
that labor endowment is increased. Then, the production of secondary materials, dR1

and dR2, is raised under the assumption of normal goods. If both sectors in recycling
are more capital intensive than the final goods sectors, the increase in recycling pro-
duction demands capital more than labor. Then, since the capital–labor ratio in the
final output sector is lower than in the recycling sector, the final output of the labor
intensive goods increases.

The result for an increase in the endowment of capital is symmetric. For consistency
between the net and gross theorems, kR1, kR2 < k1, k2 is necessary. The sign of the

∆ 2 2 1 1 1 1 1 1 1 1 2 1 2 2dX a dL a dK a a k k dR a a k k dRK L L LR R L LR R= − + + −( ) + −( ) ,

∆ 2 1 2 1 1 2 2 2 1 1 2 2

2 2 2 1 2 1 1 2 2 2 2 2

2 2 2 1 1 2 1

dX a dL a dR a dR a dK a dR a dR

a dL a dK a a a a dR a a a a dR

a dL a dK a a k k dR

K LR LR L KR KR

K L L KR K LR L KR K LR

K L L LR R

= − −( ) + − + +( )
= − + −( ) + −( )
= − + −( ) ++ −( )a a k k dRL LR R2 2 2 2 2,

∆2
1

2

2 2

1 1

1 1 2 2

1 1 2 2

dX

dX

a a

a a

dL a dR a dR

dK a dR a dR
K L

K L

LR LR

KR KR





 =

−
−







− −
− −





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a a

a a

dX
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dK

a

a
dR

a

a
dRL L

K K
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KR
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1 2

1 2

1

2

1

1
1

2

2
2





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



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

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dR F dI F dL F dKi iIRi Ri iLRi Ri iKRi Ri= + + > 0.
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inequality is reversed. Thus, the gross and the net Rybczynski theorems are not con-
sistent for both increases in factor endowments, dK > 0 and dL > 0.

4. The Effects of Changes in Final and Intermediate Goods Prices

This section considers some price effects.Although the usual price effects remain, there
are indirect price effects, since the subsidy, disposable income, demand, and recycling
production change.

4.1 The Effects of Changes in the Prices of Final Goods

In our model, we assume that w and r are determined by the prices of traded goods
and intermediate goods. From cost-minimization, the two equations (8) and (9), in rate
of change terms, are given by:

(22)

where (∧) signifies the rate of change, and qij signifies the i-th cost share of the j-th
industry. For M = 0, equation (22) can be rewritten as:

where ∆3 = (rwL1L2/p)(k2 − k1) ·3
From (10), (11) and (22), for dpM = 0, we have:

Then we have:

(23)

Then, for k2 > k1 and > 0, we have

We can say:

Corollary 1. Each unit subsidy is affected by tradable prices. For an increase in the
price of the capital-intensive good, the unit subsidy is raised if each capital–labor ratio
in the recycling sector is larger than the capital–labor ratio for the labor-intensive
good.
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From (3), (15) and (16), we have:3

(24)

The terms, Ldw/dp and Kdr/dp, are the usual price effects. In our recycling economy,
indirect price effects, dS/dp = (a1D1ds1 /dp + a2D2ds2 /dp) and (s1a1d1 + s2a2d2) are 
added.

From (17) and (18), we have:

(25)

From (6) and (7), we find that X1 and X2 are also affected by dRi. A kind of Rybczyn-
ski effect is added to the usual price effects. Thus, from (24) and (25), we can derive
the following proposition:

Proposition 2. When the prices of final goods are changed, indirect price effects through
demand and the subsidy are added to the usual price effects. The subsidy, income and
input coefficients are affected so that recycling production, R1 and R2 , are altered.

4.2 The Effects of Changes in Prices of Intermediate Goods

For = 0, from (22) we obtain:

Then we have:

(26)

where kMi = Ki /Mi, lMi = Li /Mi. Then income distribution with intermediate goods for
recycling is affected by the intermediate price. When sector 1 is labor-intensive, that is,
k2 > k1, we have:

As in Proposition 2, the intermediate price has similar effects on production and factor
prices. Then we can say:

Proposition 3. When the price of the intermediate goods for recycling is raised, the
effects on wage and capital rental are similar to those of an increase in the capital-
intensive price if kM1 > kM2, lM1 > lM2 and qM1 < qM2. There are also some indirect effects
similar to those of traded goods.
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For small M1 and large M2, the signs of the inequalities, kM1 > kM2, lM1 > lM2 and qM1 <
qM2, tends to hold, since the rise in pM is similar to that of the capital-intensive good
price when M1 is small and M2 large.

The assumption of an exogenous price of pM may be too strict. In reality the supply
of goods for recycling will have some effects on the domestic price of the intermedi-
ate good. In this case the recycling policy can affect the market of the intermediate
good and pM. Then the recycling policy will have an effect on w, r, and income 
distribution.

5. The Effects of the Recovery Ratio

5.1 The Relationship Between the Recovery Ratio and the Subsidy

In this section we show that an increase in the recovery ratio of a sector could reduce
the subsidy. From equations (3) and (14)–(16), we have:

(27)

From dY/da1 = −dS/da1, we obtain:

That is, the expansion of the recovery rate through the subsidy must increase the total
subsidy. The effect of the recycling sector 1 on the subsidy is given by:

(28)

(28)′

From (28), we find that if the income propensity of good 1 or the recovery ratio is suf-
ficiently positive, the subsidy in sector 1 could be reduced to raise the recovery rate.
From (28)′, we find that if (1 + s2a2d2) < 0, or the income propensity of good 2 is suffi-
ciently negative, the subsidy is reduced. Moreover, from S1 = s1a1D1 and IR1 = a1D1, the
recycling input can be reduced by an increase in the recovery rate. The sign of dS2

depends on d2, that is, sign(dS2 /da1) = sign(−d2) since dY/da1 < 0. Then we have:

Corollary 2. When the recovery ratio of a sector is increased, the total subsidy always
increases. But, if the income propensity in the other sector is negative, it is possible that
the subsidy of the sector in which the recycling ratio is increased is reduced.

5.2 The Effect of Recycling on Production

In this section we consider the effect of the subsidy on production, trade, and welfare.
Suppose the government promotes recycling and increases the recycling ratio a1,keeping
a2 constant. From the above analysis, we find that dS1 /da1 > 0 and dS2 /da1 < 0 when d 2

is positive. Then from equations (12), (15), and (17), we obtain dR1 = dIR1(1/aD1R1) =
d(a1 D1)(1/aD1R1) = dS1(1/aD1R1s1). The effect on final production is given by
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a

a
dR

a a

a a

a
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dRK L

K L
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K L

K L
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



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−
−











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−
−











 .

= +( ) + +( )s D s s s1 1 2 2 2 1 1 1 2 2 21 1a d a d a d .

dS d s D dY d1 1 1 1 1 1 1a a d a= + ( ){ }

dS da1 0>

1 01 1 1 2 2 2 1 1 1+ +( ) = − <s s dY d s Da d a d a .
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Then we have:

From the above analysis, we find that dR1 /da1 > 0 and dR2 /da1 < 0 for d2 > 0. Then for
k2 > k1 and d2 > 0, we obtain

If the recycling sector 1 is more capital-intensive and the recycling sector 2 is more
labor-intensive than the two final production sectors, capital is scarce and labor abun-
dant in the final sector due to the increase in production of R1 and reduction of R2.
Then, da1 causes an increase in production of the labor-intensive and a reduction of
the capital-intensive goods. Thus we can say:

Proposition 4. Suppose that two capital–labor ratios of two final production sectors are
between the capital–labor ratios of two recycling sectors. Then, under the condition 
d 2 > 0, production of one of the two final goods is reduced and the other is increased
by the increase in the recovery ratio.

6. Welfare4

Since (1 − a1)D1 and (1 − a2)D2 are the volume of waste, we define the social waste
cost as C1((1 − a1)D1) + C2((1 − a2)D2). We assume > 0 and > 0. Then social
welfare, W, is defined as:

(29)

Then, the welfare effect is given by:

(30)

The welfare effect is divided into the direct subsidy burden (dY/da1), the indirect subsidy
burden and the reduction of the social waste cost. The second term is positive and 
shows the reduction in waste cost due to the negative income effect.We call this indirect
waste reduction. If the cost of indirect waste is sufficiently large so that { (1 − a1)d1 +

(1 − a2)d2} ≥ 1, welfare is always improved. In this case the reduction in the waste 
cost through the negative income effect outweighs the distortionary effect of the 
subsidy.

If the subsidy is initially introduced (a1 = a2 = 0), we have an alternative necessary
condition for welfare improvement:5

The terms d1 + d 2 + /s1 are total waste reduction effects for a1 = a2 = 0. Thus as
long as the total waste reduction effects are larger than 1, the introduction of recycling
is always welfare improving.

′C1′C2′C1

1 1 1 2 2 1 1< ′ + ′ + ′C C C sd d .

′C2

′C1

d d dY d C C dY d D CW a a a d a d a1 1 1 1 1 2 2 2 1 1 11 1= + ′ −( ) + ′ −( ){ } −( ) + ′.

W = − −( )( ) − −( )( )Y C D C D1 1 1 2 2 21 1a a .

Ci″′Ci

k k k k dX d dX d

k k k k dX d dX d
R R

R R

1 2 1 2 1 1 2 1

2 2 1 1 1 1 2 1

0 0

0 0

> > > → > <
> > > → < >

         .

         .

a a
a a

,  

,  

∆
∆

2 1 2 1 1 2 1 2 2 2 2 2

2 2 1 1 1 1 1 1 2 1 2 2

dX a a k k dR a a k k dR

dX a a k k dR a a k k dR
L LR R L LR R

L LR R L LR R

= −( ) + −( )
= −( ) + −( )

,
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If the waste cost is increased or people think waste more serious, then we need 
to determine how the optimal recycling ratio changes. Let g1 denote a welfare 
parameter for the waste cost of final good 1. By rewriting as g1 in (30), we 
have:

Let aop1 denote the optimal recycling ratio in sector 1. Then by using the stability con-
dition ∂(dW/da1)/∂a1 < 0 and dW/daop1 = 0, we have:

We find that the optimal recovery rate is increased by an exogenous increase in waste
cost. This result is coincident with our intuition. Thus we derive our final proposition:

Proposition 5. When welfare is defined as net income plus social welfare cost, the
welfare effects of the recycling policy can be divided into a direct subsidy burden, an
indirect reduction effect of waste through a decrease in income, and a direct waste
reduction effect. The optimal recovery rate is increased by an exogenous increase in
the waste cost.

7. Concluding Remarks

We have examined the relationship between recycling and international trade theory.
It is shown that the export goods or comparative advantage can be changed by a
subsidy to the recycling sector. It is also shown that price effects are altered in an
economy with a recycling sector. We consider the effects of an increase in the recycling
ratio. We examine the welfare effects of recycling and the optimal recovery rate. We
show that the optimal rate depends on waste cost.

These results are analyzed using a simple static two final goods and two factors
model with two intermediate recycling sectors. There could be many trade models
which incorporate recycling. For example, a Ricardian or specific factor model could
be used. Alternative recycling policies such as a fixed subsidy to the recycling sector
would be interesting. Such extensions could be a worthwhile area for future research.

In fact, some recycling sectors are profitable and can exist without a subsidy. Then
it may be necessary to analyze recycling sectors with positive or normal profit.We could
consider using an overlapping generation or some dynamic models. Instead of a
subsidy to recycling sectors, we can examine a sort of recycling tax which is imposed
when consumers buy final goods. In our model, secondary materials are not produced
in the domestic economy. It would be interesting to see how our results change when
secondary materials are produced and exported.

We do not consider international trade in secondary materials. It is known that the
trade in secondary materials from developed countries to developing countries has
grown (Van Beukering and Bouman, 2001). However, to introduce such trade, many
production goods models may be useful. Of course in the model used in this paper, we
can treat the case in which secondary materials are produced in a foreign country. But
as long as we use our model, results would be obvious and trivial.

Although recycling is closely related to environmental problems, we do not suffi-
ciently consider this relationship. This problem also depends on the extent to which

d dopa g1 1 0> .

∂ a ∂ g a d adW d C dY d D C1 1 1 1 1 1 1 11 0( ) = − ′ −( ) ( ) + ′ > .

′C1′C1
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recycling is necessary and why recycling should be encouraged by expending costs. A
more integrated model of the environment would be necessary.

Appendix

In the Appendix, we examine the relationship between the recycling policy and income.
Letting Y0 = wL + rK be basic income, and bi(Y) = piDi /Y be the consumption ratio of
good i to income, we can rewrite equation (3) by using equations (1), (2), (12), (13),
and (14), as follows:

(A1)

Thus for constant price we obtain:

(A2)

where hi = (dbi /dY)(Y/bi) is the income elasticity of consumption ratio, and di is defined
as the income propensity to consume good i. From the stability condition, we have:

(A3)

We find that dY/dY0 depends on the change in subsidy of income, ∂S/∂Y. We also find
that the smaller is the income elasticity, the larger is dY/dY0.
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Notes

1. When there are intermediate import goods, MM, then income or GDP can be written as Y =
p1X1 + p2X2 − pMMM. Let Mi = aMiXi be intermediate goods used in final production sector i. Using
the assumption of homogeneity of degree one, the zero-profit condition pMRi + Si = wLRi + rKRi

and M1 + M2 = MD, we have Y = wL1 + rK1 + pMM1 + wL2 + rK2 + pMM2 − pM(MD − R1 − R2) =
wL + rK − S.

1 1 11 1 1 1 2 2 2 2> = ( ) +( ) + ( ) +( )∂ ∂ a b h a b hS Y s s p .

Y s Y s Y p Y

dY dY s s p

s s

S Y

1

1 1 1 1

1 1

1 1

1 1 1 2 2 2 0

0 1 1 1 1 2 2 2 2

1 1 1 2 2 2

+ ( ) + ( )( ){ } =
= + ( ) +( ) + ( ) +( ){ }
= + +( )
= +( )

a b a b
a b h a b h
a d a d

∂ ∂

,

,

Y Y s D s D Y s Y s Y p Y= − +( ) = − ( ) + ( )( )0 1 1 1 1 2 2 0 1 1 1 2 2 2a a a b a b .
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2. This is one of the models in which a subsidy increases recycling. Although we could analyze
a model with positive profits, we do not consider this case for simplicity.
3. From the stability condition of the Appendix, we have (1 + s1a1d1 + s2a2d2) > 0.
4. In this section we could simultaneously consider optimal recycling ratios in both recycling
sectors. However, we do not examine this case since the results are ambiguous.
5. From (27), we find that dY/da1 = −s1D1 for a1 = a2 = 0. Then 

dW da1 = dY da 1 1 − ′C1 1 −a 1( )d1 + ′C2 1 −a2( )d 2{ } +D1 ′Ci dY da1( )[ ]
= dY da1 1 − ′C1 1 −a 1( )d1 + ′C2 1 −a2( )d 2{ } + s1 ′C1[ ].
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