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ABSTRACT
Payments for environmental services (PES) are based on the beneficiary-pays r ather t han the
polluter-pays principle. In this paper we argue that this is a key factor for identifying what ecosys-
tems are amenable to PES. We build a general equilibrium framework to identify what ecosystems
are amenable to PES as an efficient s olution. In economies w here society has a higher level of
environmental responsibility and produces a low level of alternative land services, income efficient
transfers cannot be financed with voluntary p ayments. Therefore PES programs must be seen as
environmental subsidies (to environmental services providers) and must be combined with a user
fee (paid by environment users). We use Costa Rica’s Payments for Environmental Services pro-
gram (PSA) to illustrate our findings. We find that the efficient payments for forest conservation
are higher than the value reported by Pagiola (2008). Implementing an efficient s ystem would
mean a 4.15-fold increase in payments for forest conservation.
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1 Introduction

Markets for environmental services (ES) are often nonexistent or poorly developed. As a result,
prices for such services do not reflect their value to society and they tend to be underprovided.
In the last few decades, Payments for Environmental Services (PES) have received increasing
attention from scholars as a mechanism for overcoming these market failures'. PES have alsobeen
the key to many conservation programs that have been successfully implemented in broad areas,
e.g. Mexico (Mufioz-Pina et al., 2003, 2008), Nicaragua (Pagiola et al., 2007), Costa Rica (Pagiola,

2008) and Zimbabwe (Frost and Bond, 2008) .2

Although there is no formal definition, a PES can, following Wunder (2005), be understand as a
voluntary transaction where an environmental service is bought by a service buyer from a service
provider whenever the service provider secures service provision. The central principle of PES is
that those who provide environmental services should be rewarded for doing so and that those who

receive the services should pay for the provision (Pagiola and Platais, 2002).

Figure 1, taken from (Pagiola and Platais, 2002), illustrates the logic of PES. Land ecosystem
managers benefit from uses such as forest conservation. These benefits are normally lower than
the benefits than they would receive from alternative land uses, such as conversion to cropland or
pasture. However deforestation derived from these alternative uses affects the global community
because of the loss of water services, biodiversity, carbon sequestration, etc. The idea of a PES
is to internalize these negative effects by making forest conservation more attractive to ecosystem

managers.

The idea of PES is closely linked to the Coase theorem (Coase, 1937, 1960) which states that, given
certain conditions, the problems of external effects can be overcome through private negotiation

directly between the affected parties regardless of the initial allocation of property rights (Engel

A good survey of the use of Payments and Environmental Services can be found in Engel et al. (2008).
ZFor a survey of payments for environmental services programs in developed and developing countries, see Wunder
et al. (2008)
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Figure 1: The simple logic of a PES program (Pagiola and Platais, 2002)

$/ha

et al., 2008). The result of the negotiation will then automatically lead to an improved economic
efficiency (Pascual et al., 2010). However, in practice, obstacles to efficient bargaining such as
high transaction costs, power imbalances, and poorly defined property rights can prevent a Coasian

solution.

In this context, one may wonder whether PES programs are an attempt to put the Coase theorem
into practice. Answering this question is crucial in identifying what ecosystems are amenable to
PES programs (Engel et al., 2008; Tacconi, 2012). The consensus appears to be that voluntary
participation is the key element for identifying efficient PES programs. PES programs where
buyers are the direct users of the ES are more likely to be efficient than those where third parties
such as government agencies or conservation institutions act on behalf of ES users (Pagiola and

Platais (2007)).

Unlike other instruments —which can be applied to overcome problems of external effects— PES is

based on the beneficiary-pays principle rather than the polluter-pays. In this paper we argue that



this is a key factor for identifying what ecosystems are amenable to PES.

In a general equilibrium framework, we consider an economy where an ecosystem —a natural
capital- can be exploited to produce land services (for instance, through pasture) o can be kept
for conservation generating benefits from several ES (for instance, water filtration). We prove
that efficient conservation can be secured when a complete number of competitive markets are
designed. The key market is the conservation market where the ES are traded at positive prices. We
show that the efficient level of conservation depends on the level of environmental responsibility

of society and on the productivity of the resource.

When society has a high level of environmental responsibility more part of the ecosystem is saved
and allocated to provide ES. In addition, more productive economies, which are able to produce the
same amount of land services by exploiting a smaller proportion of the ecosystem, also increase

the size of the ecosystem allocated to provide ES.

In this general equilibrium framework we identify what ecosystems are amenable to PES as an
efficient solution. In less productive economies PES programs always implement efficient alloca-
tions. However, in highly productive economies the efficient allocations for PES programs can not
always be achieved. In these economies implementation of PES based on voluntary payments only
succeed if the level of environmental responsibility is not too high. In economies where society has
a high level of environmental responsibility but which are not very productive, the efficient transfer
cannot be covered by the income generated from alternative land services. Because of these limi-
tations, the success of PES programs requires institutional infrastructure support. Payments must
be seen as environmental subsidies (to ES providers) and must be combined with a user fee (levied

on ES users).

We use Costa Rica’s Payments for Environmental Services program (PSA) to illustrate our find-
ings. Using data from pollination experiments at Finca Santa Fe conducted by Ricketts et al.
(2004), we calibrate the model to match the fraction of total forestry biomass allocated to forest

conservation uses. We find that the efficient payments for forest conservation are higher than those
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reported by Pagiola (2008). Implementing an efficient payment would mean increasing payments

for forest conservation by 4.15-fold.

The rest of the paper is organized as follows: Section 2 presents the model and characterizes
the Pareto efficient allocation and competitive equilibrium with a complete number of markets.
Section 3 establishes conditions for the existence of Coasian PES programs. Section 4 illustrates

the model. Section 5 concludes.

2 The model

The logic behind a PES program, illustrated by Figure 1, is formalized by considering an economy
where an ecosystem, X;, can be exploited to produce alternative land services. This production of
land services is denoted as ht. Assume that the ecosystem dynamics are given by X, = AX* — i,
where AX? is the natural gross growth of the ecosystem with a € (0, 1) representing the growth

elasticity and A > 0 the total factor productivity.

Land services are produced with a technology that uses labor, /;, and the ecosystem as inputs, that
is hy = AX?l;. Under these assumptions (1 —/;) represents the fraction of total forestry biomass,

AX”, that is allocated to providing environmental services.

Beneficiaries of environmental services (ES) have (additively separable) preferences over the land
services, h;, and the fraction of the total ecosystem allocated to conservation uses, (1 —1,). We

assume that the utility function is given by

u(hy, 1 —1;) =logh, +elog(1—1,),

where e represents the level of environmental responsibility of consumers.

In this economy the (Pareto) efficient level of conservation, (1 —1)*, is chosen such that the



marginal rate of substitution between present and future consumption is equal to the net marginal

product of the natural ecosystem. Lemma 1 characterizes this.

o l-o
Lemma 1. The optimal level of ecosystem conservation is given by (1 —1)* = 16: e((l OLBI?
e —

ol —=0)*\da >0, d(1 —1)*\ P > 0 and (1 —1)*\ de > 0 where B represents the intertemporal

with

discount factor.

Proof See Appendix A.1.

Notice that the efficient level of conservation depends positively on the parameters e, o and f3.
These results are quite intuitive. When society has a higher level of environmental responsibility
(higher e), or cares more about the future (higher ), it saves more for the future. More productive
economies (higher ) are able to produce the same amount of land services with less ecosystem
services, thus increasing savings for the future and increasing the size of the ecosystem allocated

to providing ES.

If a whole number of competitive markets can be designed, Pareto-efficient allocation can be im-
plemented as a competitive equilibrium. The key market is the conservation market where the
ecosystem is traded. This market works in the following way: Divide each period (of 1 day) into
two subperiods (morning and evening). Each morning, firms that produces land services can buy
the ecosystem at a price ;. The market is competitive and nobody can be excluded. In the evening

consumers redeem the ecosystem, paying ¢; per unit of the ecosystem not exploited.

In this economy, ecosystem managers receive benefits from the alternative land uses, /;, and from
ecosystem conservation X, = AX* — A, the ecosystem services (ES). Therefore they factor into
their calculations the fact that their income does not come solely from the sale of their land services,
h;, but that they can also sell that part of the ecosystem in the conservation market. Thus, in
each period they pay r:X; for the right to access the ecosystem, hire /; units of labor at a wage
of w; and decide how much to extract, 4, considering that they can sell the ecosystem, X;; on

the conservation market at price g;. That is, the ecosystem is exploited by solving the following



problem:

{ma)% I’lt+qt (AXta—l’Lt) _thl‘ —I’tX[,
htyll‘

hy = AX21, (1)
S.t.
ht7Xl+1ullaXt 2 0.

From the first order conditions of this problem, the prices of the factors can be written as follows:

Wy = (1 — qt)AXta, (2)

Tt :o(AXta_l[(l—qt)l,—}—q,]. 3)

As usual, conditions (2) and (3) indicate that potential ES providers exploit the ecosystem until
their marginal products equal their factor price (the opportunity cost of conservation). Producing
one more unit of alternative land uses, /;, will reduce the ecosystem, and therefore the income that

can be obtained in the conservation market.

In this Coasian economy, the buyers of ES are also the owners of the ecosystem. Therefore,
they receive r,X;, in the morning for the ecosystem and pay ¢;X;;1 in the evening to redeem it.
Formally their budget constraint is given by h; + g: X;+1 = wl; + r;X;. Therefore, the owners of the
ecosystem invest in the future of the ecosystem taking into account the ES market and solve the

following problem:

max Y oB [loghs +elog(1—1)],

{hl7lt57Xt+1 };11
§
he + @i Xe 11 = wily +1X;,
X, 41 = AX® — Iy, @)
s.t.
htathl-i-] Z 07
\ Xo 1is given.

A competitive equilibrium in this economy is given by an allocation that solves the optimization

problems (1) and (4), and markets clear. Lemma 2 shows that the competitive equilibrium imple-



ments the Pareto-efficient allocation, 1.e. Coase’s theorem applies.

Lemma 2. The competitive equilibrium associated with the existence of conservation markets is

efficient. Moreover, the conservation price q; is

o o(l—ap)

T T—oBre(l—of)(1-o)

q:

Proof See Appendix A.2.

3 Coasian PES programs

Wunder (2005), defines a PES program as a ‘voluntary transaction where a well-defined environ-
mental service (or a ecosystem use likely to secure that service) is being ‘bought’ by a service
buyer from a service provider, if and only if, the service provider secures service provision (condi-
tionality)’. Therefore, consider that a government designs a PES program to implement a Coasian
allocation, X; 1. The total payments that induce ecosystem managers to ensure the conservation of
the efficient level of the ecosystem, X, 1, are T(X;+1) = ¢, X;+1. Ecosystem managers also receive
a (potential) positive payment from the sale of their land services, P(h;). Therefore, in our general
equilibrium framework consumers pay P(h;) to the ecosystem managers and a transfer 7' to the

government. Figure 2 illustrates the transactions in PES programs.

Coasian PES programs can be implemented if there is a positive payment, P(%;), and a positive

voluntary transaction, T (X, 1) that satisfies the ES buyers’ budget constraint
P(h) +T(Xi1) = wilr,

where T(Xt+1> = tht+l and P(ht) = h[ |:1 — —:| .3

h
3Note that from equation (3), h; — r;X; = h; — l—t[(x(l —qy)l; + 0q;]. Given that from Lemma 2 ol — ¢;)l; =
t



T(X;+1) = gX;+1 > 0 payment environmental services
Firms . « . Government

Net Payments
Ph)=h[1—%]>0

l; ‘

Consumers

Voluntary contribution

T(Xi+1) =qXi11>0

Figure 2: PES program. The government pays ecosystem managers to induce them to ensure the
conservation of the efficient level of the ecosystem, X; ;. Total payments for ecosystem services
(PES) are T'(X;+1). Payment from the sale of their land services is P(%;).

Lemma 2 shows that the conservation price, ¢;, is positive. Therefore, voluntary transfers are

always positive. The Proposition below characterizes the P(h;) associated with PES programs.
Proposition 1. P(h;) is given by
1

C1—a2Bte(l—ap)(1—a)
o+ eo(l—af)

P(ht) :ht 1

Proof See Appendix A.3.

Note that P(h;), given by Proposition 1, depends on the level of environmental responsibility,
e. An increase in willingness to pay for environment conservation increases the fraction of the
resource allocated to conservation uses (d(1 —1)/de > 0) and more ecosystems are saved for the
future (0X;41/de > 0). Therefore a higher level of environmental responsibility increases transfers

(higher T') and reduces the income obtained from harvesting, w;l;. Thus, in order to satisfy the

q:(1 —a) ) it holds that P(h,) = hy [ - %{}



T(X;+1) = gX;+1 > 0 payment environmental services
Firms . « . Government

Net Payments Voluntary contribution

ar T(Xi+1) =qXi11>0

Plh) = —h[1- 250

l ®
Consumers

Figure 3: PES program in societies with high level of environmental responsibility (e > ¢). Con-
sumers receive a payment, P(/, ), from the consumption of land services, ;.

consumer budget constraint, P(h,) must be lower. Proposition 2 shows that there is a maximum
level of environmental responsibility, e , such that P(#;) = 0. For higher levels of environmental
responsibility, e > e, the implementation of the Coasian equilibrium implies a negative P(h,) (see
Figure 3).

1 —o(l+op)
(2o—1)(1—ap)’

Proposition 2. Ler o> 1/2. Ife >e = P(h;) <O0.

Proof See Appendix A.3.

Proposition 2 bounds the level of environmental responsibility that sustains Coasian PES programs.
These constraints on preferences and productivity can be rewritten in a more suitable way. The size

. . r . .
of voluntary transfers (as a fraction of total income), e is given by
w

I _ (%> — (-2 )a-n. 5)
e 0

Equation (5) represents the set of all Coasian allocations. Any allocation / € (0, 1), associated

with conservation prices ¢, that generates a transfer T = ¢gX;+| can be implemented by generating
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Figure 4: The horizontal axis represents the fraction of total forestry biomass, /, allocated to pro-
duce the alternative land services (pasture or conversion to cropland); the vertical axis represents
the size of voluntary transfers (as a fraction of total income). The curve represents the set of
Coasian allocations. PES programs implement Coasian allocations if [ > [,—z. In societies with a
high level of environmental responsibility (e higher than e), voluntary transfers cannot implement
Coasian allocations (where [ < [,—z) and PES programs must be based on taxes.

a complete number of competitive markets. However, P(h;) = 0 when [ = 2 — 1/o.* That is,
the maximum level of environmental responsibility compatible with Coasian PES programs, e,
generates lo—z = 2 — é. In societies with a higher level of environmental responsibility (e higher

than e), where [ < [,—z PES programs cannot be based on voluntary transfers.

The implementation of the Coasian equilibrium with PES programs depends on the ecosystem
productivity, o.. PES programs are based on (conditional) transfers to ecosystem managers. Those
transfers are voluntary if consumers receive the return on their investments (the voluntary transfer).

The capital income associated with a level of conservation, X;, per unit of /; is

nXe_ 4 &
]’lt lt 1—(X(1_lt)

4Note that

qs o 1+l —20 1
[ = =0=/=2——.
A l—a(l—4) l14al—a o
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Note that in less productive economies (0t < %), this capital income is always lower than the al-
ternative land service payments (i.e. r’h—)t(f < 1). However, in highly productive economies (ot > %)
capital income is higher than the alternative land service payments (i.e. r’h—}ff > 1) when e >e. In
that case the alternative land service payments are not able to generate the income necessary to

implement PES programs based on voluntary transfers.

4 A numerical illustration: Costa Rica’s PES

PES schemes have been successfully implemented in Mexico (Mufioz-Pifa et al., 2003, 2008),
Nicaragua (Pagiola et al., 2007) and Costa Rica (Pagiola, 2008). We use Costa Rica’s Payments

for Environmental Services program (PSA) to illustrate our findings.

In order to calculate the competitive equilibrium associated with a complete number of markets
(Coase allocations) four parameters must be calibrated: e, o, B and A. We set the discount factor,
B= #r at 0.8649 to match the (average) interes rate (r) in Costa Rica from 2000 to 2003.5 The

total factor productivity parameter, A, is normalized to 1.

The environmental responsibility parameter, e, and the elasticity of the resource, o, are calibrated
to match the fraction of total forestry biomass allocated to forest conservation uses, (1 —/;) and
the impact of Costa Rica’s forest on harvesting income reported by Ricketts et al. (2004). In
2002-2003, Ricketts et al. (2004) conducted pollination experiments at Finca Santa Fe, a 1,065 ha
coffee farm in Valle General (Costa Rica), to estimate the economic value of forest conservation
on coffee farms. They found that pollination services from two forest fragments increased total

coffee farm income by 7%. Formally, in our model the stationary production of ‘coffee’ is given

>We use as real interest rates reported by the World Bank. The real interest rate is the lending interest rate adjusted
for inflation as measured by the GDP deflator. In 2000-2003 it was 16.7%, 14.0%, 15.8% and 16.0%. Setting
r = 15.62%, the mean value over the period, yields = 0.8649.
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by h=(1-— l)&l. Therefore,

dh/dl o ! L
——=- (m) (ﬁ) +7= 0.07. (6)

Bertsch (2004) reports Land uses in Costa Rica. In 2001, forestry accounted for 54.56% of total

land resources.® Therefore

|- o +e(1 —ap)
l1+e(l—ap)

= 0.5456. (7)

Equations (6) and (7) yield oo = 0.5533 and e = 0.2829. Table 1 summarizes the calibration of the

parameters.
Table 1: PSA (Costa Rica). Calibration
target Parameter
Discount Factor Real interest rate 15.62% [ 0.8649
Environmental responsibility ~ % of Forestry Land 5456 % e 0.2829

Priv. elasticity of the resource Finca Santa Fe’s AIncome  7.00% o 0.5533

After calibrating the model, we solve for the stationary equilibrium following the procedure shown
in Appendix A.5. The quantitative experiments are divided into two parts. First, we study the
impact of the level of environmental responsibility on prices and allocations in the economy by
comparing statistics for the economy with e = e relative to the benchmark economy. Second, we
study the contribution of the resource productivity to the existence of Coasian PES programs by
comparing the predictions of the model to three versions of the model where o is lower than the

calibrated value.

Table 2 reports the stationary equilibrium for all these scenarios. The first column shows the

stationary equilibrium associated with the calibrated values (the benchmark economy represented

®See, ‘Cuadro I’, on p 138.
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Table 2: PSA (Costa Rica).

Coasian Economies

Calibration Less productive

Benchmark e High e ‘ Baseline Lowe Highe
Parameters
e 0.2829 3.2727 100.00 | 0.2829 0.0000 100.00
o 0.5533 0.5533 0.5533 | 0.4206 0.4206 0.4206
B 0.8649 0.8649 0.8649 | 0.8649 0.8649 0.8649
A 1.0000 1.0000 1.0000 | 1.0000 1.0000 1.0000
Equilibrium
1-1 0.5456 0.8073 0.9902 | 0.4608 0.3638 0.9902
) 0.4544 0.1927 0.0098 | 0.5392 0.6362 0.0098
X 0.2576 0.6193 09782 | 0.2626 0.1746 0.9831
h 0.2145 0.1478 0.0097 | 0.3072 0.3054 0.0098
w 0.3021 0.6193 0.9760 | 0.4095 0.3283 0.9858
r 0.6601 0.2386 0.0121 | 0.6104 0.8685 0,0072
q 0.3601 0.1927 0.0120 | 0.2813 0.3159 0.0071
Budget Constraint
rX 0.1700 0.1478 0.0119 | 0.1603 0.1516 0.0070
wl 0.1373 0.1193 0.0096 | 0.2208 0.2089 0.0097
Income 0.3073 0.2671 0.0214 \ 0.3811 0.3605 0.0168
h 0.2145 0.1478 0.0097 | 0.3072 0.3054 0.0098
qX 0.0928 0.1193 0.0117 | 0.0739 0.0552 0.0070
Expenditures 0.3073 0.2671 0.0214 \ 0.3811 0.3605 0.0168

14

economy with a very large environmental responsibility parameter.

by Table 1). Columns 2 and 3 report the results for the first quantitative scenario; that is, ceteris
paribus, the equilibrium of the economy with different levels of environmental responsibility. In
particular, column 2 shows the equilibrium associated with the maximum level of environmental

responsibility compatible with Coasian PES programs, e, and column 3 shows the results for an

Results for the benchmark economy indicate that the ratio 7/P(h) in that economy is 208.43%.
However, this result is not consistent with real data for Costa Rica. Ricketts et al. (2004) provide

data for Costa Rica that enables the ratio T /P(h) to be calculated. Coffee productivity per ha



(in areas affected by pollinization) increased by 3.75 fanegas per ha times USD 34.75 per fanega,
yielding USD 128.575 per ha. Moreover, Pagiola (2008) reports that in 2006 annual payments
for forest conservation, 7', averaged USD 64/ha. Therefore, the voluntary contributions to coffee
income ratio, T /P(h) is 50.26 % (see Table 3). This is lower than the value obtained in the model

for the benchmark economy. Table 3 reports these differences.

Table 3: PSA (Costa Rica). Accounting

Data Benchmark Economy
A Coffee income per ha Ricketts et al. (2004) USD 128.57 P(h) USD 128.57
Forestry / Land Bertsch (2004) 5456 % (1-1) 54.56 %
Payments for conservation Pagiola (2008) usSbe64.62 T USD 267.98
Ratio over coffee income 5026 % T/P(h) 208.43 %

The difference between the ratio 7 /P(h) in the data and the value generated by the model leads
us to recalibrate the model. In particular the total factor productivity parameter, o, is calibrated
to match the ratio T /P(h) 50.26%. Column 4 in Table 2 reports the recalibrated economy, with
o = 0.4206, and columns 5 and 6 report economies without environmental responsibility (e = 0)

and with a very high level of environmental responsibility (e = 100, implying 1 —/ >~ 1).

Table 2 shows that societies with a higher level of environmental responsibility (higher e) allocate
a greater fraction of total forestry biomass to providin environmental services (higher 1 — /) by
reducing the production of alternative land services (lower /) and increasing the savings of ecosys-
tems for the future (higher X). Prices associated with the competitive equilibrium, g, r and w are
well defined in all economies. Societies with a high level of environmental responsibility (e = 100)
allocate almost all their forestry biomass to providing environmental services (1 —I =99%). Prices

(w, r and q) reflect differences in productivity (in &) between those economies.

Table 4 reports the main characteristics of the PES programs that implement the allocations re-

ported in Table 2. Note that when the total factor productivity, &, is high, and the environmental
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Table 4: PSA (Costa Rica). PES programs

Calibration Less productive

Baseline e High e ‘ Baseline Lowe Highe

Parameters

e 0.2829 3.2727 100.00 | 0.2829 0.0000 100.00
o 0.5533 0.5533 0.5533 | 04206 0.4206 0.4206
Budget with PES

wl 0.1373 0.1193 0.0096 | 0.2208 0.2089 0.0097
Income 0.1373 0.1193 0.0096 \ 0.2208 0.2089 0.0097
T(X) 0.0928 0.1193 0.0117 | 0.0739 0.0552 0.0070
P(h) 0.0445  0.0000 <0 0.1469 0.1537 0.0027
Expenditures 0.1373 0.1193 <0 ‘ 0.2208  0.2089 0.0097
Ratios

T /wl 0.6758 1.0000 1.2265 | 0.3345 0.2641 0.7188

responsibility is high enough, e > e, a PES program that induces ecosystem managers to provide
the efficient provision of the ES, X;, |, cannot be supported with voluntary transfers given that

T /wl is greater than 1.

5 Conclusions

Voluntary transactions and negotiation comprise a necessary but not sufficient condition for design-
ing efficient PES programs. Mechanisms based on the beneficiary-pays rather than the polluter-
pays principle suffer from potential inefficiency generated by budget constraints. Ecosystems
where externalities are potentially high and low levels of natural capital depletion are socially

desirable are not amenable to PES as a solution.

Our calibration shows that Costa Rica’s PSA program offers a relatively low payment for conser-

vation of the country’s forests. Like Muradian et al. (2010), we argue that in real world practice,

16



economic incentives are not the primary factor leading to the provision of ES. However if there are
intrinsic motivations then lower voluntary transitions are necessary to implement efficient alloca-

tions and PES is more likely to be a suitable response to environment mismanagement.
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A Appendix

A.1 Proof of Lemma 1

The planner chooses the (Pareto) efficient allocation, {h,,1 —1;};",, hy = AX* —X;4y and 1 — [, = f’;&,

which are functions of the size of the environmental system, by solving the following problem:

max ! [log (AX* —X,.{) +elo < It ﬂ
{XM}:;,;)B BAX K1) welog | Gy

The first order conditions for solving this dynamic problem are given by the following Euler equation:

Xii1 _ afAX
AXF = X1 AXY X

+e(1—ap), (®)

X1
AXtOC - XZ+1
two-order differential equation on the ecosystem variable, X;. It can be reduced to a first order differential

and the transversality condition for the ecosystem lim;_,.. '~ = 0. The Euler equation (8) is a

X1
AXS

equation by defining z; = Taking this into account, the equation to be solved is:

i OCB
11—z I—Zt+1

+e(l—af).

It is straightforward to see that the Pareto-optimal allocation is given by z,+1 =z, = z = (1 —)*. Therefore
_afte(l—ap)

(=0 =S gy W0 —1)"\8a.>0.9(1-1)"\9B > 0and (1 ~1)" \de > 0. m

A.2 Proof of Lemma 2

We start by characterizing the solution of the ES user’s problem. The Lagrangian associated with this

maximization problem is

L= Z B’ {logh, +elog(1 —I}) + A [wil} + r Xy — by — i Xy 1] + 1y [AXS — hy — X 1] )
t=0

20



where A, and g, are the Lagrange multipliers. The first order conditions that solve this optimization problem

are, Vt > 0:
oL 1
=0 — — = 9
o P T H Q)
oL e
=0 = wA 10
alig ] — 1 I lig Wiy, ( )
:07 > B{k,+1r,+1+y;+1(xAXt+1 } :qﬁ\,,—i—,ut. (11)
aXl+1

Plugging the first order condition of the firms maximization problem, equation (2), into equation (10) and

taking into account that in equilibrium [} = I, = [;, , the following can be written:

e 1
1—1 (1 —q)AX*

=M. (12)

Substituting this into equation (10), gives:

Ha h[ 1— lt (1 — qt)AXta ht (1 — %)Xz+1 '

Plugging the first order condition of the firms maximization problem, equation (3), into equation (11) results
in:

BOCAXg;ll et [(V =g )1 + @] F 1} = g + . (14)

Substituting expressions (12) and (13) into (14), gives:

1 1 e 1
oAX %! { ¢ 1= goa st + Gipt] + —— — }
P - i1 (1 _qul)AXz(i[ I e )t o] g1 1=l (1= th)AXfH
e qs n 1 e 1
1= (1—g)AX® b 1—1 (1 —q)AX®
1 e 1 e
— mxal{_}—_ .
B ol Cr+1 AXz(il he X

Taking into account the constraint of the problem h, = AX* — X, 1, this expression can be rewritten after
some manipulation as
X[J,_] o OCBAXgH
AXF = X1 AXY X

+€(1 _(X‘B)a
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which is the Euler equation (8) that solves the efficient solution. This proves that the competitive equilibrium

of this economy is Pareto-efficient.

Finally, note that competitive equilibrium implies zero profits. Therefore, taking into account the production

function and first order conditions of the firms maximization problem, equations (2) and (3), ¢ is given by
ol B o(l—ap)
l—a(l—1) 1-02B+e(l—aB)(l—a)

I, = AX*[q; (1 — ) — oy (1 — g;)] = 0. Therefore ¢, = > 0.

A.3 Proof of Proposition 1

Note that P(h,) = hy [1—%} —n|1— 1—0€2B+e(11—oc[3)(1—0€) n
o+eo(l —aP)
A.4 Proof of Proposition 2
1—o?B+e(l—of) (1 —a) 1 —oa(l+aB)

Note that P(h,) > 0 if >l=e<e= . Consider the value

o+ea(l—af) 2a—1)(1—ap)
of o such that for each B, e = 0. This value is equal to Oz—g = 7”[32?71. Given that o < 1 then e > 0 if

1
o>; 1

A.5 Solving for Equilibrium

Given e, A, a and f, the equilibrium, (1 —1/), X &, ¢, g, w and r are given by the following set of seven

equations.
First, from Lemma 1

_ of+e(l—ap)
(1=0= 1+e(l1—ap)
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Second, from X = X% —hand h = X%/

Third, from Lemma 2
ol o(l—aP)

el T T re(l-oB) (1-0)’

and w and r are computed using equations (2) and (3)

wo = (1_Q)X(x7

ro= oX*!(1—¢q)l+q]

Finally PES, T, and consumption price, p., are given by
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