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Abstract

The main purpose of this paper is to find a possible explanation for the empirical fin-
ding that the pollution-income relationship (PIR) for flow pollutants is an environmental
Kuznets curve (EKC), i.e. inverted-U shaped, but that the PIR for stock pollutants is
monotonically rising. We analyse an overlapping generations model with two pollutants:
The flow pollutant causes immediate damages, but the stock pollutant harms the environ-
ment only in the future. Hence, a succession of myopic governments lets stock pollution
grow with income. In contrast, the flow pollutant follows an EKC whose downturn might
be caused by the neglect of future damages and by ever rising stock pollution: Without
the stock pollutant the PIR for the flow pollutant can increase monotonically. We also
find that the turning point of the EKC for the flow pollutant lies at lower levels of income
and of flow pollution if stock pollution is high and harmful.
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1 Introduction

In the last decade a vast amount of empirical studies have analysed the pollution-income
relationship (PIR). These studies have tried to find out whether or not pollution is rising
with income at low income levels, but falling at higher income levels. Such an inverted-U
shaped pattern of the PIR is called an environmental Kuznets curve (EKC). Although em-
pirical studies could only verify the EKC for a few flow pollutants, the EKC was frequently
interpreted as a reason for optimism or even as an indication that economic growth will
eventually solve all environmental problems. By offering a new possible explanation of
the EKC we show that these views might be overly optimistic: In our model the downturn
of the EKC for a flow pollutant might be due to the neglect of future damages and due

to ever rising stock pollution.

The main purpose of this paper is to find a possible explanation for the empirical
evidence that the PIR is an EKC for flow pollutants, but that the PIR is monotonically
rising for stock pollutants. Although the estimated turning points of the EKCs differ
considerably between studies, almost all studies agree that there is an EKC for sulphur
dioxide (SOg), suspended particulate matter (SPM), oxides of nitrogen (NO,), carbon
monoxide (CO), and for some (but not all) sorts of river pollution (RP) as shown in
table 1. Although all these pollutants are stock pollutants, they all have short lifetimes
and can therefore be considered as flow pollutants from a long-run point of view: In the
atmosphere the lifetime of SO, is 1-4 days,' that of NO,, is 2-5 days, and that of CO is 1-3
months (Liu and Liptdk 2000, 32 and IPCC 1996, 92, for a definition of lifetime see IPCC
1996, 76). SPM is washed out by rain- and snowfalls (Liu and Liptak 2000, 34) and thus
has only a short lifetime. Since rivers are flowing, the concentrations of river pollutants
would quickly decline if emissions stopped. So river pollutants are short-lived. Thus they
can also be considered as flow pollutants. However, for municipal waste the estimated
PIR is monotonically rising (see table 1). Municipal waste is a stock pollutant since it
is deposited and accumulates in waste disposal sites.? For the stock pollutant carbon
dioxide (COq) with a lifetime of about 125 years (Frey et al. 1991, 165) the evidence is
mixed. However, as table 1 shows the majority of researchers finds a monotonically rising

PIR or an EKC with a turning point which lies (far) outside the income sample range.

To explain this evidence we develop an overlapping generations model based on the
model of John and Pecchenino (1994). While there is only one pollutant in the model of
John and Pecchenino (1994), we extend the model to two pollutants. To my knowledge
this is the first model of the EKC with two pollutants.

1Since all empirical EKC studies consider SO5 and NO,, only as air pollutants, we treat them as such.

We therefore neglect that they are also stock pollutants causing acidification of soils, fens, and lakes.

2If waste is incinerated, about 30% of its original weight remain for disposal (Nentwig 1995, 347).



Table 1: Empirical results for the PIR of several pollutants.

flow pollutants stock pollutants

SO, SPM NO, CO RP waste CO2
Grossman and Krueger 1993 ~ ~
Selden and Song 1994 ~ ~ ~
Shafik 1994 ~ ~ / e
Grossman 1995 ~ ~ ~ ~
Grossman and Krueger 1995 ~ ~ ~
Holtz-Eakin and Selden 1995 A
Panayotou 1995 ~ ~ ~
Carson et al. 1997 ~ ~ ~ ~ ~
Cole et al. 1997 ~ ~ ~ ~ 0~ e A
Lim 1997 ~  ~ ~ ~ a
Moomaw and Unruh 1997 ~
Panayotou 1997 ~
Roberts and Grimes 1997, 192 Ve
Kaufmann et al. 1998 ~
Schmalensee et al. 1998 ~
Scruggs 1998 ~ ~
Torras and Boyce 1998 ~ ~ ~
Wu 1998 ~
Agras and Chapman 1999 ~
Barrett and Graddy 2000 ~ ~ ~
Cavlovic et al. 2000 ~ ~ ~ ~ e
Cole 2000, 112 —~ —
Dinda et al. 2000 ~ ~
Hettige et al. 2000 ~
List and Gerking 2000 ~ ~
Perrings and Ansuategi 2000 ~ a
Halkos and Tsionas 2001 Va
Heil and Selden 2001 A

Note. SPM = suspended particulate matter. RP = river pollution. —~ = EKC. / = The PIR is
monotonically rising or the EKC has an out-of-sample turning point. ~ = The PIR is N-shaped (first
rising, then falling, and finally rising again) with both turning points inside the sample range.

The result of Selden and Song (1994) for CO is not reported because it is insignificant.

In the model the economy is equipped with a production technology which causes
emissions of a flow and of a stock pollutant. On the one hand, the flow pollutant has
an immediate and only an immediate effect on the environment. On the other hand, the
stock pollutant harms the environment only in the future since stock pollutants frequently
need time to accumulate before the damage occurs. Furthermore, there are two abatement

technologies - one for each pollutant. Myopic governments never abate the stock pollutant



because the positive effects are only felt in the future which is of no concern for myopic
governments. Therefore we show that on the path followed by a succession of myopic
governments the PIR for the stock pollutant is monotonically rising while the PIR for
the flow pollutant is an EKC.? This is consistent with the empirical evidence. The EKC
stems from the fact that myopic governments abate flow pollution in order to keep the
aggregate damage of both pollutants at a reasonably low level. Because stock pollution
increases, abatement of the flow pollutant rises so fast that flow pollution declines. If
there is no stock pollutant, however, it is possible that flow pollution rises monotonically
with income. Thus the growth of the stock pollutant can actually cause the EKC for the
flow pollutant. We also find that the turning point of the EKC for the flow pollutant

depends on the level of stock and flow pollution.

We only analyse the myopic solution in this paper. There are good reasons to focus
on the myopic solution: It is impossible to internalize all environmental damages, first,
because of coordination problems and transaction costs (Smulders 2000, 641-642) which
make it simply infeasible to closely monitor all (potential) pollutants* and, second, because
some damages are difficult to measure, in particular soil erosion (van Kooten and Bulte
2000, 387), desertification, pollution and depletion of groundwater aquifers, biodiversity
loss (Cole 1999, 95), acidification (Neumayer 1998, 168), extinction of animal and plant
species, climate change, and the risk of nuclear power stations. So there are always
unregulated pollutants.® These pollutants tend to be stock pollutants since the incentives
to monitor them are smaller than for flow pollutants (Arrow et al. 1995, 92). Hence, the
myopic solution of our model might be closer to reality than the far-sighted one. In fact,

the myopic solution is consistent with the empirical evidence.

Abatement of flow, but not of stock pollutants might also be the outcome of a lobbying
process: To pacify the ‘green’ lobby the government cannot be inactive. To loose as little
votes as possible the government abates flow pollutants because the improvements can
immediately be discerned while the abatement of stock pollutants would not be perceived

by the uninformed electorate.

In this paper we concentrate attention on flow and stock pollutants. However, it is
also possible that local pollutants are abated while emissions of transboundary or global
pollutants increase. Or there might be a rise in emissions of a (hitherto not emitted)

chemical substance whose effects on the environment are not yet known (de Bruyn 2000,

3The result for the flow pollutant is similar to the result of Stokey (1998).

4We will never be able to determine all adverse effects that synthetic chemicals - pure and in mixture
- have on the environment because the costs would be prohibitive and because it is impossible to analyse

the effects on all species since we do not even know all species (Huesemann 2001, 274).

SIf the government regulates only some pollutants, but leaves other pollutants unregulated, the firms
substitute away from the regulated to the unregulated pollutants (Devlin and Grafton 1994).



87). Energy gained from fossil fuels might also be replaced by nuclear power - an energy
source with its own problems (Scruggs 1998, 269-271). Finally, pollution might only
be relocated: The polluting firms in high-income countries might just migrate to lower

income countries (Arrow et al. 1995 and Saint-Paul 1995).

This paper is organized as follows. Section 2 presents the assumptions of the model. In
section 3 the solution of a myopic government in a given period is determined. In section
4 we use this solution to derive a phase diagram with which we examine the optimal
path followed by of a succession of myopic governments in section 5. Two important

consequences of this path are discussed in section 6. Section 7 concludes.

2 The model

To analyse the interaction of stock and flow pollutants an overlapping generations model
is used. The model is an extension to two pollutants of the model of John and Pecchenino
(1994). In every period a new generation is born which lives for two periods. The
population size of each generation is assumed to be constant at L. In each period there
are people of two different generations: The young and the old. While only the young
are working and get a wage in return, only the old derive utility from consumption ¢
and suffer from pollution P (small letters indicate per capita values).% Utility u of the
representative consumer is given by u(c, P) for each generation where u. > 0 and up < 0.
The marginal rate of substitution is defined by MRS = —u./up > 0. We assume that
consumption and environmental quality (or —P) are both normal goods. This can be
written as (see Lieb 2002)7

OMRS  —ucup + Upcle

MRS, = <0
dc u?
OMRS —UcpUp + UppUc
M = = .
RSP 9P u% <0

Competitive firms produce output Y using capital K and labour L in a Cobb-Douglas
production function with constant returns to scale. Thus in period ¢ we have Y, =
F(K;,L,) = BK*L; ® where 0 < a < 1. Dividing the production function by L we
obtain y; = f(k;) = Bk where y = Y/L and k = K/L are per capita values.® Firms

SFollowing John and Pecchenino (1994) we therefore simplify by concentrating on the choice between
investment in pollution abatement and investment in physical capital (see below) and by abstracting from
the consumption-saving choice.

"If we assumed u.. < 0, upp < 0, and u.p < 0 as is common in the literature and as John and
Pecchenino (1994) do, MRS, < 0 and M RSp < 0 would both hold. However, we do not need these

stronger, cardinal assumptions. The above ordinal assumptions are sufficient to derive our results.

8If we did not assume a Cobb-Douglas production function, we would have to assume fi > 0, frr < 0,



maximize their profits (where the consumption good is the numeraire good)
mCLZL'K,L ﬁKt(lLtl_a — tht — Tth — (SKt

taking as given the wage w, the interest rate r, and the depreciation rate of capital 9.

Solving this problem we find
re=afKP T Ly =0 =afkiTt =0 (1)
we = (1— a)BKALT™ = (1— ) Bhks. 2)

As labour is supplied inelastically by the young, the wage adjusts to ensure equilibrium

in the labour market. The capital market is discussed below.

Since it is argued that pollution as perceived by the general public is an aggregate
measure (Wu 1998), we assume that pollution P is the sum of the two pollutants P! and
P? P = P!+ \P? where )\ is a constant describing how harmful the two pollutants are.
If A > 1, P? is more harmful and if A < 1, P! has more damaging effects.

Pollutant P! is a flow pollutant. The flow of P! in period ¢ is given by®
Ptl = g(ktaa’%)

L are the abatement expenditures used to abate the flow pollutant P'. Higher

where a
capital increases pollution and marginal pollution, g > 0 and gx, > 0.1° Higher abate-

ment expenditures decrease pollution, but by an ever smaller degree because the cheapest

feree >0, fo+kfre > 0, fer +Ekfrer > 0, and 2 frr +k frrr < 0. Therefore we use the simple Cobb-Douglas
function which fulfils all these conditions and additionally allows to explicitly derive two further results
in (14) and footnote 21 below.

9Here we deviate substantially from John and Pecchenino (1994). First, these authors take envi-
ronmental quality instead of pollution. The finding of an EKC in their model might therefore suggest
that the EKC applies to environmental quality generally - an interpretation which is heavily criticized
by Arrow et al. (1995). Second, the natural level of environmental quality in the model of John and
Pecchenino (1994) is zero. It is unclear what a positive level of environmental quality, i.e. a higher level
than the natural one, should be. John and Pecchenino (1994) write that environmental quality might
be interpreted as the inverse of the concentration of CFCs. Then a natural level of zero means that the
natural concentration of CFCs is infinity, i.e. the worst possible level. In the model of John et al. (1995)
the natural level of environmental quality - which is again zero - is also the worst possible level because it
is assumed that environmental quality is always positive. In contrast, we assume that pollution is always
nonnegative. Third, in our model pollution is generated by capital, whereas in the model of John and
Pecchenino (1994) it is generated by consumption. Fourth, John and Pecchenino (1994) assume that
environmental quality depends linearly on consumption and abatement, contrary to the literature where
it is assumed that P.. > 0 (or Py > 0) and P,, > 0 (Forster 1973, Gruver 1976, Selden and Song 1995,
McConnell 1997, Ansuategi et al. 1998, and Ansuategi and Perrings 2000).

10Pollution might also result from output f(k) instead of being caused by capital k. If pollution is rising
with k, it is also rising with f(k) because f(k) is strictly increasing in k. Thus the sign of the slope of
the PIR is the same for both models. Following the literature (Forster 1973, Gradus and Smulders 1993,
Selden and Song 1995, van Ewijk and van Wijnbergen 1995, Smulders and Gradus 1996, and Ansuategi
and Perrings 2000) we choose pollution to be generated by capital.



abatement opportunities are first exploited, g, < 0 and g,, > 0 (for empirical evidence
see Faber et al. 1996, 272). Contrary to the bulk of the literature which for simpli-
city assumes g, = 0,'' we assume g, = gre < 0 which is more general and plausible:
With more capital (more emissions) abatement expenditures are more efficient (g.x) or
with higher abatement expenditures the polluting effect of more capital is smaller (gg,)."
A further assumption is that limgi_,g |g.(+, a')| < oco. If capital (emissions) is equal to
zero, there is no pollution, ¢(0,-) = 0. Finally, P! > 0 must always hold: We assume
limg1 4 g(-,a') = 0. This is not unreasonable, since the marginal costs of reducing pol-

lution rise steeply as pollution tends towards zero (Neumayer 1998, 166).

The second pollutant is a stock pollutant. The stock of P? in period ¢ is given by

Pt2 = 9Pt271 + h(kt—la affl) (3)

2 are the abatement expenditures used to abate the stock pollutant P?. Nature

where «a
assimilates a constant share of last period’s stock of P?, (1—0)P? | where 0 < # < 1. But
the stock of P? increases because of emissions h where hy, > 0 and h, < 0.!3 The negative
external effect of emissions h are only felt one period later because P? needs time to
accumulate and because the damage needs time to materialize.!* So P? is given in period

t and cannot be altered by actions taken in period ¢. Finally, we assume h(0,-) = 0.

Following John et al. (1995) we assume a government which collects a per capita
tax 7,1 on the wage of the young. The government uses the tax revenues to construct
abatement technologies for P! and P? which are used in the next period, 7, 1 = a; + a?.
To simplify we assume that at the end of period ¢ the abatement technologies are fully
worn out, i.e. the depreciation rate for the abatement technology is 100%. The young give
all their after tax wages, their savings s, | = wy_; — 731, to the firms. Since consumers
give their savings inelastically to the firms, the interest rate  (given in (1)) must adjust

to ensure market clearing, s;_; = k;. In the next period the firms pay their capital stock,

1 This assumption can be found in John and Pecchenino (1994), as well as in Forster (1973), Gruver
(1976), John et al. (1995), Selden and Song (1995), McConnell (1997), Ansuategi et al. (1998), and
Ansuategi and Perrings (2000).

12Guppose for example that a certain abatement technology can abate a certain percentage of emissions.
A higher percentage is achieved by a more expensive technology. Then the higher capital, i.e. the higher
emissions, the higher are the emissions which can be abated by a given techunology (g.r)- On the other
hand, the higher abatement expenditures, the less polluting is higher capital because a higher percentage

of the additional emissions is abated (gga).

13 Although it is often stated that in the case of CO, available abatement technologies are prohibitively
expensive (see for example Nentwig 1995, 231 and Vogel 1999, 126), these technologies do exist. The

costs of depositing CO» underground or in the deep sea are even reasonably low (Herzog et al. 2000).

MFor CO; estimates of the time lag between increases in radiative inputs and the climate change range
from 6 to 95 years (Nordhaus 1991, 922).



including interest rates, back to the now old who use their savings for consumption,

¢t = (14 ry)s;_1. The firms receive new capital from the next generation.

In this paper we analyse how the economy develops when in each period a myopic
government is in office. In setting the tax rate, 7, and choosing a} and a? the myopic
government of period ¢ — 1 maximizes the utility of all people living in period ¢ — 1.
However, the utility of the old is not influenced by this decision as capital and abatement
only change in the next period. So the government actually maximizes the utility that
the young of period ¢t — 1 will derive in period ¢ when they are old. Another possibility
for setting the wage tax is that there is a vote about how high it should be. Then the old
do not vote. Thus it is assumed that all intra-generational externalities are internalized
whereas the inter-generational externalities are not. Since P? is given for generation ¢,
this model analyses what can happen when the externality of one pollutant is internalized
and the externality of another is not. The government’s problem in period ¢t — 1 is to

maximize the utility of the generation which is old in period ¢,

max u(c, P+ AP?)

- subject to Ty = a; +a; (4)
St—1 = Wt—1 — Tt—1 (5)
ki = s4_1 (6)
ry=afk®t -4 (7)
o= (14154 (8)
P} = g(ki, ap) (9)
aj >0, ai >0 (10)

taking as given w;_; and P? since w;_; is determined by k;_; (see (2)) and since P? cannot

be influenced any more (see (3)). Note finally that feasibility requires
f(ke) = 6k 4 ¢ + G%H + a?+1 + (ki1 — k),

i.e. output f(k;) is used to finance capital depreciation, dk;, consumption in this period,

¢, abatement in the next period, a;,, + af,, and growth of the capital stock, k.41 — k.

3 The solution in a given period

We now study the solution in a given period, i.e. the solution the government chooses
given P? and k; ;. Since a? does not show up in the utility function and since it competes
with a] and k; for the use of w; 1 (w; y = a} + a? + k), it is clear that a? = 0: The
myopic government in period ¢ — 1 never abates the stock pollutant because this has only

an effect on P? in period ¢ + 1 which the myopic government neglects. Instead it abates

7



the flow pollutant which has an immediate effect or it lets capital grow which increases
consumption: Inserting (6) and (7) into (8) we can write consumption as a function of

the capital stock,

Cy = C(/ft) = (]- - 6)]&4‘0(5’5?,

2 a—1 2 a—2 (11)
cp =dc/dk =1—0+ *pki >0, e = (o — 1)k < 0.

Setting a? = 0 it follows that maximizing with respect to a} is equivalent to maximizing
with respect to k; because wy,_1; = a} + k; where w;_; is given. Inserting (4) - (9) and (11)
into the utility function, the problem of the myopic government simplifies to

max ulc (ki), g(ke, we 1 — ki) + AP + d(wg 1 — ky)

k¢

where ¢ is the multiplier of the nonnegativity constraint a; > 0. Dividing the first order

condition by —up we find
MRS - ¢y = g — go — ¢/ up. (12)

There is a simple graphical interpretation of (12) in the P, - k; space of figure 1: On the
one hand, the consumption possibilities curve C'PC shows all feasible combinations of k;
and P;. The C'PC is thus defined by

Pt = g(kt, Wi—1 — kt) + )‘Pt2' (13)

The government chooses k; € [0, w;—1]. One extreme case is the maximal possible level
k; = wy_; as shown in figure 1. According to (13) pollution P, is then g(w;_1,0) + AP?.
The other extreme case is to use all the wage for abatement such that k;, = 0 and P, = \P?
since ¢(0,a') = 0. In between these two extremes the C'PC' is rising and convex because
(13) shows that P, = g — go > 0 and Prx = gkk — 20ak + Gaa > 0. On the other hand,
we can draw an indifference curve into figure 1. The indifference curves are rising and
concave (from u.cydk + updP = 0 we derive (dP/dk)|y constant = M RSc, > 0 and thus
(d(MRScy)/dk)|y constant = MRS.c2+ MRScyy, + MRSpcy(dP/dk) |y constant < 0). Hence,
(12) tells us that at an interior solution (with a* > 0 and ¢ = 0) the convex CPC is
tangent to a concave indifference curve. Thus the second order condition for a maximum

is satisfied.

Next we analyse how the solution changes either when stock pollution P? is higher or
when last period’s capital stock k; ; (and thus last period’s wage w; 1) is higher. For an

interior solution we find the following lemma:

Lemma 1 If P? rises, the capital stock, ki, falls, but abatement expenditures, a}, grow

in the optimum. If k,_1 rises, the optimal level of k; and a} both increase.



g(wt—h 0)
+AP?

p;{

AP?

Figure 1: The solution in period t. Figure 2:  Solution for higher P? ('),
higher ke ("), or lower ky_y (*).

A mathematical proof is given in the appendix. But this result can also be derived
graphically following figure 2. Note first that the slope of the indifference curve becomes
smaller with rising pollution and with rising capital (d(M RS¢)/dP = M RSpcy, < 0 and
d(MRScy)/dk = MRS.c; + MRScy, < 0). Using this result we can prove lemma 1: On
the one hand, if P? rises (holding k;_; constant), the C'PC' shifts parallel upwards (CPC’
in figure 2) because the intercept of the CPC, AP?, increases (see (13)). At point B in
figure 2, i.e. on the CPC" at the same capital stock as before, the indifference curve is
flatter than at point A, but the C'PC has the same slope at points A and B. Thus the
new optimal point C lies at a smaller capital stock. Since a; + k; equals w;_;, a smaller
k, implies a higher a}. Intuitively, as P? rises, the marginal damage of pollution rises so

that we abate more.

On the other hand, if k;, ; and thus w; ; rises (holding P? constant), more a; is
possible at the same level of k;. Thus P! and P; are lower and the C PC shifts downwards
(CPC" in figure 2). Furthermore, the endpoint of the CPC (where k; = w;_1) shifts
to the right and upwards since the higher wage increases the capital stock and therefore
also P! and P,. At point D in figure 2, i.e. on the CPC" at the same capital stock
as before, the indifference curve is steeper than at point A and the CPC" is flatter (as
d(gi(k,a') — gu(k,a'))/da* = gux — gaa < 0). So the new optimal point E lies at a higher
capital stock. If a} stayed constant, we would be at point F'. Since the indifference curve
is flatter at point F' than at point A (as k; and P, are higher) and since the C'PC'is steeper
(d(gx(k,a') — gu(k,a'))/dk = grx — gar > 0), the new optimal point E lies at a higher
level of a;. Intuitively, capital and abatement rise with the rising wage since consumption

and environmental quality (or —P) are both normal goods.



kSS k*

Figure 3: The phase diagram.

4 Derivation of the phase diagram

For every given level of k;_; and P? we can therefore determine the optimal level of k; and
a; with figure 2. Then (3) gives the stock of P2 . Hence, using a phase diagram in the
P? - k;_4 space we can analyse how the economy evolves over time when the government
of each period ¢t — 1 myopically maximizes the utility of period ¢. In this section we derive

this phase diagram.

Until now we have assumed that abatement expenditures are positive. However, the
economy can be so poor and endowed with such a small stock of P? inherited from earlier
generations that it is not worth to abate any flow pollution P! as on the CPC* in figure
2. Thus we can find a line in the phase diagram - the a} = 0-line - below which abatement

expenditures are optimally chosen to be zero.

Lemma 2 Abatement expenditures, ay, are zero at low levels of ky_1 and of P?, i.e. below

the a; = 0-line in figure 3. The a} = 0-line is downward sloping.

The proof is provided in the appendix. Graphically, for a point on the aj = 0-line the
CPC is tangent to an indifference curve at the endpoint of the CPC. The af = 0-line
is downward sloping because for a lower stock of P? we need higher k; ; to have again a
tangency point at the endpoint of the C'PC'. Intuitively, with a higher stock of pollution

abatement is more attractive and thus starts to increase at a lower level of capital.

To analyse the myopically optimal path in the phase diagram we now derive the k-line
on which capital stays constant, k;, = k,_1, and the P?-line on which the stock of P? stays

constant, P%, = P?. To characterize the k-line we need an additional assumption:
Assumption 1 Along the k-line k;/0k,_1 < 1 is satisfied. In other words,
X := MRS.c;+ MRScpe+MRSpcrge — Gk + Jak + (1 — Wi, ) (Jak — Yoo — MRSpcrga) < 0

holds where wy, , = dw;_1/dk;_.

10



Note that assumption 1 is surely satisfied if 1 —wy, , > 0. This is the case for large k. In

the proof of lemma 3 we show that assumption 1 is not very restrictive.

Lemma 3 1. Below the a} = 0-line the k-line is vertical at k* where

. 1

k=1 —a)p]==. (14)

Above the af = 0-line the k-line is negatively sloped if assumption 1 holds. To the
left (right) of the k-line capital rises (falls) as indicated by the arrows in figure 3.

2. The P%-line is positively sloped, but becomes flatter when it crosses the ay = 0-line
from below. To the left (right) of the P%-line P? falls (rises) as shown in figure 3.

The proof is relegated to the appendix. The k-line is downward sloping because k; rises
less than proportionally with k;_; according to assumption 1. So P? must fall to ensure
that &, increases at the same speed as k,_;. The PZ%line is upward sloping because with
a higher stock of P? nature assimilates more ((1 — §)P?) and thus emissions generated
by capital can be higher. There is exactly one intersection of the k- and the P>-line, i.e.
exactly one steady state. The steady state capital stock is kgg. We will not analyse the
steady state more closely since it will turn out that the steady state is not important for

our argument.

5 The equilibrium path of myopic governments

Let us now analyse what the equilibrium path of a succession of myopic governments looks
like. To analyse the interesting case in which an EKC might emerge we assume that the
steady state lies above the a; = 0-line and that we start below the a; = 0-line, i.e. we
assume that we start with small levels of capital and of the stock pollutant. The optimal
path is depicted in the lower panel of figure 4. Since the main purpose of this model lies
in the explanation of the empirical evidence, we only analyse the path until the maximal
capital stock is reached. Considering this part of the path we can now prove one of the

main results of this paper:

Proposition 1 The flow pollutant P* first rises and then falls: There is an EKC for P*.

The stock pollutant P%, however, rises throughout.

Proof. We first show that P? rises. Capital overshoots its steady state stock because
the stock pollutant P? needs time to accumulate: Suppose that P? is in an equilibrium
in which the assimilated stock, (1 — 0)P?, equals newly generated emissions, h(k;,0)
(see (3)). If emissions then suddenly increased and stayed at their higher level forever,

P? would immediately start to rise, but would only approach its new equilibrium level

11
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Figure 4: The myopically optimal path of the economy.

asymptotically.!® Since capital is growing along the optimal path (see figure 4), emissions
‘suddenly’ increase in every period. So P? does not have the time to accumulate. Therefore
P? is still smaller than its steady state stock when the economy reaches its steady state
capital stock, kgs. It follows from the phase diagram that capital continues to grow:
Capital overshoots. It reaches its maximal value when it crosses the k-line. Hence, P?

rises along the optimal path until the maximal capital stock is reached.

It remains to be discussed how P! changes along the optimal path. As long as abate-
ment expenditures are zero, P! = g(k,0) increases with capital. For an interior solution

we use P} = g(k;,a}) and (19) and (20) from the proof of lemma 1 to derive

akt 3&% akt 2 8@%
Akyy +ge 20 Ap2 4 g, 20
T Dy, 1 T 9k Gz S T e p

_ —Wk,_, [0k (Gaa — Gak) + 9a(Grk — Gar) — ga(MRScC% + MRScyy)] Ak
MRS, + MRScy, + MRSpc(ge — 9a) — Gtk + 290k — Yaa
(ga - gk))\MRSPCk

+
MRSCC% + MRSCkk + MRSPC/C (gk - ga) — Gkk + 290,]«; — Yaa

AP} = AP}

Akt—l + Ya

(15)

AP}

where Azy = x,—x_y for & = P, P% k. The fraction in the second line of (15) is negative.

The fraction in the first line of (15) is negative if

gk(gaa - gak;) + ga(gkk - gak) - ga(MRScci + MRSCkk) (]-6)

15Suppose that emissions rise to € := h(k,0) in period T. The new equilibrium value of P? is P? =
€/(1 —0). In period T we know that PZ = 7P? where 7 < 1. So the difference to the equilibrium is
(1—m)P?. According to (3) next periods stock is given by P, | = fme/(1—0)+e= (1—0+0m)e/(1—0)
and the difference is now P? — P}, = 6(1 — m)e/(1 — 0) = 6(1 — m)P?. Therefore the difference to the

equilibrium declines to a constant fraction 6 of the difference in the last period.

12



is negative. This in turn is surely negative, if gx(gaa — 9ak) + 9a(9kr — gar) < 0. The
pollution function g(k, a!) fulfils this condition in simple examples, but violates it in more

elaborate examples.'® Therefore (16) can be positive or negative.

On the one hand, if (16) is negative, P! falls at an interior solution because Ak; ;
and AP? are both positive before the path reaches the k-line in the lower panel of figure
4. Hence, below the a; = 0-line P! increases along the optimal path, but as soon as
abatement expenditures become positive, P! declines as shown in the upper panel of
figure 4. The EKC lies in the P! - GDP space. Since GDP = f(k) increases with
capital, the inverted U-shaped path in the P! - k space also implies an EKC for the flow

pollutant.!”

On the other hand, if (16) is positive, P! falls along the path if the path is relatively
steep after crossing the a; = 0-line, i.e. it follows from (15) that AP! <0 if

AP} S Wi, 1 [9k(Gaa — Yar) + 9a(Gkk — Yar) — Go(MRScci + M RScyy)]
Ak — (ga — gr) AM RS pcy '

(17)

This condition is surely satisfied before the path reaches the k-line where the slope of the
path becomes infinity. Thus even if the path is relatively flat ((17) violated) directly after
crossing the aj = 0-line such that P! continues to increase, P! starts to fall before the

k-line is reached.’® Hence, we also find an EKC. O

The main driving force behind the EKC for P! is that we first are at a corner solution
with zero abatement expenditures, but later on abatement increases. The fact that an
EKC emerges for P! even if abatement of P! is costly, can be explained by the rise of P?:
Since P? always grows and since myopic governments only abate P!, additional income is
mainly used to abate P'. So capital grows slowlier and P* falls. The result of proposition
1 - an EKC for the flow pollutant but a monotonically rising PIR for the stock pollutant
- is consistent with the empirical evidence. Furthermore, from the proof of proposition 1

we can draw two conclusions which are presented in the next section.

161t is straightforward to show that gx (gaa — gak) + 9a(grk — gar) < 0 is satisfied for g(k,a') = g(k) — Ba*

where g, > 0, gex > 0, and 8 > 0. However, it is violated for g(k,a') = k"(k + a')! =" where n > 1 and
for g(k,a') = Bk®/(vya* +1)° where a > 1 and f3, v, § > 0.

17This holds also true if we use income = f(k) — dk instead of GDP (see footnote 22 below and note
that d(income)/dk = fr, — 0 =1).

18This is a continuous time argument which might be wrong in our discrete time model. However, since
the model is aimed at explaining the empirical evidence, we do not give any weight to this theoretical

possibility.

13



6 Two important consequences

It is often concluded from the finding of an EKC for a few pollutants that all other
pollutants also follow an EKC. In our model, however, the EKC for P! is accompanied by
a monotonically rising PIR for P?. Hence, this conclusion is clearly wrong in our model.
Even worse, if we assume that there is no stock pollutant or - put differently - that the
stock ‘pollutant’ is harmless, i.e. if A = 0, there might not be an EKC for P*:

Proposition 2 Suppose that (16) is positive along the optimal path, i.e. that a higher
ki_y increases PL. Then the PIR for P! is monotonically rising if the stock pollutant is

harmless, i.e. if A = 0.

Proof. If A = 0, the second line in (15) drops out.! So P! is monotonically increasing if
(16) is positive. O

If there is another, ever rising pollutant which cannot be abated in the short-run
(A > 0), an EKC for P! arises as shown in proposition 1. In contrast, if there is no such
pollutant (A = 0), the PIR for P! is monotonically rising if (16) is positive. Hence, we
maght only observe EKCs for certain flow pollutants because the stock of other pollutants
18 tncreasing.

A second important result also follows from the proof of proposition 1:

Proposition 3 Suppose that (16) is negative or that (16) is positive and that (17) holds,
i.e. that the optimal path is relatively steep after crossing the a; = 0-line. Then the turning
point of the EKC for P! lies at lower levels of income and of P, if one of the following
conditions s satisfied where we always hold all other variables constant: If the stock of
P? is higher, if P? is more harmful (higher \), if production is more P'-intensive (g(k,0)
and gy (k,0) higher), if abatement is cheaper (|g.(k,0)| higher), if preferences are ‘greener’
(MRS smaller), and if consumption is higher (c(k) higher), but rises slowlier with capital

(ck smaller).

Proof. If (16) is negative or if (16) is positive and (17) holds, P! starts declining as soon as
abatement expenditures become positive. Thus if the optimal path crosses the a} = 0-line
at a low capital stock, the turning point of the EKC occurs at a low capital stock and also
at a low level of P! = g(k,0). If P? is high, i.e. if the initial stock of P? is high and if P?
rises fast with capital for a' = 0 (due to high 6 and high h(k,0), see (3)), the economy

reaches the a} = 0-line at a smaller capital stock (see figure 4).

The optimal path also crosses the a} = 0-line at a small capital stock if the a; = 0-line
lies at small levels of P?. The a} = O-line is defined by MRS(c(k), g(k,0) + AP?)cy =

19Tn addition, the a} = 0- and the k-line are both vertical (see (21) and (22) in the proofs of lemma 2

and 3.1). Thus capital does no longer overshoot its steady state stock.
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gr(k,0) — g4(k,0) (see (12)). Hence, for a given capital stock the a} = 0-line lies at low
levels of P? if g(k,0) and X are high. Pollution P (and thus P? for given g(k,0) and ) is
low, if the M RS is high, i.e. if g, and |g,| are high and if ¢; is low. If the M RS tends to
be small due to high ¢(k) or due to ‘green’ preferences (M RS small for given ¢, P), then

P and P? must be small for given ¢y, g, and g,. O

Therefore if ‘background pollution’ (P?) is higher and more harmful, the turning
point of the EKC for P! lies at lower levels of capital and of flow pollution. Furthermore,
for different pollutants P! or for different pollution functions ¢ in different countries if
production is Pl-intensive or if abatement is cheap, a' turns positive at a lower capital
stock. So the model can also accommodate the observation of different turning points for
different pollutants P! or in different countries. High consumption or ‘green’ preferences
cause the marginal utility of consumption to be small relative to the marginal disutility

of pollution. Then the turning point occurs at lower levels of capital and of P!.

Most empirical studies assume that the turning point of the EKC occurs at the same
income level in all countries. However, this is not an appropriate assumption because
recent studies (see Koop and Tole 1999, List and Gallet 1999, and de Bruyn 2000, 105-
106) allow for and find different turning points in different countries. This empirical
finding is theoretically underpinned by proposition 3 since ‘background pollution’, its
harmfulness,?’ the pollution function ¢, and the utility function all tend to be different
in different countries. Further support for proposition 3 is supplied by de Bruyn (1997,
496) and List and Gallet (1999, 422): They find evidence that the turning point lies at a

lower income level if pollution is high, i.e. if P! is high.

7 Conclusion

The finding of an EKC for certain pollutants has often been seen as a sign for optimism.
Thus ‘most governments and global institutions see no conflict between economic growth
l[and environmental degradation]” (Cole 1999, 91). However, in this paper we have shown
that the downturn of the EKC for a flow pollutant might be due to the neglect of future
damages and due to ever rising stock pollution. Therefore we claim that great care must
be taken when interpreting the results of EKC studies. In particular, we cannot conclude
from the finding of an EKC for some (flow) pollutants that other (stock) pollutants also
follow an inverted-U shaped path. Furthermore, falling flow pollution might only be

achieved at (high) long-run costs.

In this paper we have searched for an explanation of the empirical finding that the PIR

is an EKC for flow pollutants, but that the PIR is monotonically rising for stock pollutants.

20Tf P? is a global pollutant such as CO,, ‘background pollution’ is equal in all countries. However,

not all countries are equally affected by global warming (A differs across countries).
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We have analysed an overlapping generations model with a flow and a stock pollutant. It
has been shown that a succession of myopic governments follows a path on which there
is an EKC for the flow pollutant, but on which the stock pollutant is ever rising. This is
consistent with the empirical evidence. It is actually due to the monotonically rising stock
pollutant that we surely find an EKC for the flow pollutant: Myopic governments want
to keep aggregate pollution at a reasonably low level. However, since abating emissions
of the stock pollutant does not have an immediate effect on the level of stock pollution,
myopic governments abate flow pollution only. Thus stock pollution is rising. Hence,
myopic governments increase abatement expenditures for the flow pollutant. This causes
the EKC. If there was no stock pollutant, in contrast, we might observe an ever rising
PIR for the flow pollutant. We have also found that the turning point of the myopically
optimal EKC for the flow pollutant lies at lower levels of income and of flow pollution if
stock pollution is high and harmful. Similarly, the turning point lies at a small income
level if flow pollution is high. This casts doubts on most empirical EKC studies because
they assume that the turning point occurs at the same income level in all countries.
However, it is consistent with recent empirical studies which find that the PIR differs

between countries.

If the EKC for flow pollution is actually caused by the neglect of future damages and
by ever rising stock pollution, the EKC is bad news for future generations. Indeed, in this

case, since all observed EKCs are based on past data, the EKC is bad news for us.

Appendix: Proofs

Proof of lemma 1

Totally differentiating (12) at an interior solution (where ¢ = 0) yields
(MRSCCi + MRSCkk + MRSka(gk — ga))dkt + MRSpckgawkt_ldkt,l + )\]\4RSPC]€dPt2

- (gkk - 2gak + gaa)dkt + (gka - gaa)wktfldkt—l (18)
where it follows from (2) that wy,_, = dw; 1/dk; 1 = (1 — a)Bk;* > 0. Holding P? or
k;_ constant, respectively, we find

akt _ wkt—l(gak — Yaa — MRSPCkga)
Oki_y  MRS.c; + MRScy, + MRSpci(gr — 9a) — Grk + 29ak — Yaa

oy _AMRSpe 0
OP?  MRS.c; + MRScy, + MRSpci(gr — 9a) — Grk + 29ak — Yaa '

>0

(19)

To see how a; changes with &k, ; and P? we totally differentiate a] = w; 1 — k; to obtain

Ok ok
da% = wkt_ldkt,1 — ak—t_tldktil — a—P}dPtQ.
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So using (19) we derive

S_a% - th . )\MRSPCk -0
OP? 0P}  MRS.c: + MRScy, + MRSpcr(gr — 9a) — Gk + 290k — Yua (20)
aa,} B wkt_l(MRScci + MRScy, + MRSpckgk — Okk T gak) <0
ki1 MRS.c; + MRScy, + MRSpce(gk — 9a) — Gk + 29ak — Gaa
Note that da; /0k; 1 + Ok./Ok; 1 = wy,_, - O

Proof of lemma 2

If capital goes to zero, the slope of the indifference curves, i.e. the left hand side of (12),
goes to infinity as limy,_,o ¢ = oo (see (11)).2! However, the slope of the CPC, i.e. gx — g,
on the right hand side of (12), is bounded since lim, g |g,| < oo. Therefore for small
capital stocks ¢ > 0 and a' = 0 must hold.

The a; = 0-line is defined by (12) with a; = 0 = ¢. Totally differentiating (12) yields
(18). Inserting dk; = wy,_,dk; ; which holds for a} = 0 (see (4) - (6)) we find

dPtZ B wkt,l(MRScC% + MRScr, + MRSpcrgr — Grk + Yak)
dki—1|,1_ B —AMRSpcy,
1

< 0. (21)

Therefore the a; = 0-line is downward sloping. Since da; /OP? > 0 (see (20)), a' would
be negative below the a; = 0-line. Because this is not feasible, abatement expenditures

are zero below the a; = 0-line. O

Proof of lemma 3

1. As long as abatement is zero, the government is actually doing nothing at all. The
path of capital is derived from (6), (5), and (2) to be

I{It = S¢t—1 — W1 = (1 - a)ﬂk;’il.

This is shown in figure 5 (the curvature of the w;_;-line is derived from (2)). Suppose
that k,_; = xk* where x > 0 and where £* is given in (14). It follows that

ke = (1 — ) B(zk)* = 2°[(1 — @) 8] = 2°k* = 2 k.
Capital stays only constant, i.e. k; = ky_1, if # = 1, i.e. k,_1 = k*. The k-line is vertical
at k* and thus independent of P? as shown in figure 3. As a — 1 < 0, it also follows that

if v < 1,1ie. if ky ) < k*, capital is growing (see arrows in figure 3), but k, = x®k* is still

21The same conclusion would also follow if we assumed that lim._,o M RS = cc.
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Figure 5: Growth of capital without abatement.

smaller than £* (see figure 5). If x > 1, capital is decreasing. Thus k* is a stable steady
state which is only approached asymptotically.??

Turning to the interior solution (a* > 0) we totally differentiate k, = k; ; which holds
on the k-line to find ‘ijl dk;_1 + g_l’gfzdpf = dk;_,. Inserting (19) and X from assumption

1 we derive

0

dPt2 1= Ok )0k 4 B X
dl{;t_l ki=ki 1 akt/aPE —)\MRSPCk
MRScc;+MRScpp+MRSpcrgr —9ik+9ak+(1—wk,_; )(9ak —9aa—MRSpcrga)
= <0 22
—)\MRSPCk ( )

where the sign follows from assumption 1. As mentioned X < 0 is surely satisfied if
1 —wg,_, >0o0r1>all—a)Bk holds. Therefore we derive that X is negative for
ki > k= [o(1 — )]~ This is almost identical with k* = [(1 — a)B]/1~® except
for the additional factor a (see (14)). So k is smaller than k* (see figure 5). Therefore
for k,_; > k assumption 1 is a fact, not an assumption. Note that it follows immediately
from (21) and (22) that the k-line is more negatively sloped than the a} = 0O-line at k*
((dP?/dke1)| g > (dP?/dks—1)]y,—y, , since 1 —wy,_, > 0 at k*). Hence, starting from
k* the interior k-line moves north-west (see figure 3). At some capital stocks smaller
than k, however, X might become zero and positive causing the k-line to move west and
south-west. But the k-line crosses the a} = 0-line only once - at k* to be precise. Thus for
k < k* the k-line lies always above the a! = 0-line. Consequently, the k-line cannot move
south-west for very long, but must move north-west again. We simplify by assuming that

the k-line is always moving north-west, i.e. X < 0 (assumption 1). Below the k-line P? is

22There is yet another reason why capital cannot grow infinitely. If the interest rate r; fell below zero,
consumers would not give all their savings to the firms, but would only supply capital until r; = 0. So
k < k holds always where k is defined by r(k) = afk® ! — 6 = 0 (see (1)) or k = (aB/6)"/0-). It
follows from (14) that & > k* if a/§ > 1 — . We assume that § is sufficiently small to fulfil this condition

so that we do not have to bother about k.
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smaller. So according to (19) k; is higher: Capital is growing as indicated by the arrows

in figure 3. Similarly, above the k-line capital is falling.
2. On the P2-line pollution assimilated by nature is equal to newly generated emissions
(1= 6)P2 = h(k,,0) (23)
(see (3)). For aj = 0 this becomes (1 — ) P? = h(w;_1,0). So we find

dP?
dki—1

hywg,
= —1 . 24
g >V (24)

2 _p2 1_
Pt+1_Pt and a; =0

Thus the P?-line is rising below the a; = 0-line as shown in figure 3. Note that the P?-line
begins at the origin where it is vertical since limy, , 0wy, , = oo.

Finally, we consider a; > 0. Totally differentiating (23) and rearranging we derive

he Ok Ok
_ 2
(1= 0) = hyok,joP2 ~ " (25)

dP?
dk;

2 _p2
Pi L =F;

where the sign follows from (19). So the P%line is also rising above the a; = O-line.
The P2-line becomes flatter when it crosses the a} = O-line from below: Compared to
(24) the denominator of (25) is higher and the numerator is smaller (since 0k;/0k; ;1 <
Ok /Ok_1 + dal/Ok,_y = wy,_,). To the left of the P?-line k;_; is smaller and therefore k;
is smaller such that assimilation is higher than new emissions (1 — 6)P? > h(k;,0). Thus
P? is falling (see figure 3). To the right of the P%line P? is rising. O
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