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Abstract The importance of the rate of change of the pollution stock in determining the damage to the
environment has been an issue of increasing concern in the literalure (Nordhans, 1991, Nordhaus, 1992,
Talvonen, 1995). The paper uses a three sector {economy, population and environment) non-linear model
to examine the control through taxes, of accumulating damage from pollution Bows. The model explicitly
links economic growth to the health of the environment. The stock of natural resources is affected by the
rate of pollution fows, through their impact on the regenerative capacity of the natural resource stock.
This can shed useful insights into pollution control strategies, particularly in developing countries where
enmvironmental resources are crucial for production in many secbors of the economy {Rosendahl, 1996).
Sirmulation exercises suggested that, under plausible assumptions,; there might be an optimal tax rate in
the trade off between economic growth and maintenance of the stock of natural capital. In addition, early

implementation of environmental taxes is important in order to avoid unsustainable growth paths.

In a recent paper, Tabvonen {1995) considered the
implications for intertemporally efficient pollution
control under conditions where pollution damage
ocours as a result of accumulation in the stock
of pollution and the time derivative of the pollu-
tion stock. The latter reflects the importance of
the rate of change of pollution stock in determin-
ing the damage to the environment. There are a
number of dimensions to the relationship befween
the rate at which pollution Hows oceur and their
npact on the environment’s ability to cope and
provide & How of economic resources. A$ the aggre-
gate level, increases in the rate of pollution accu-
mulation can potentially increagse the rate of bio-
diversity loss {Weitzman, 1992} and reduce the en-
vironment’s future economic value. On the other
hand, species can adapt to conditions of increasing
rates of poliution (Taylor et al., 1991) and mitigate
adverse effects. Dasgupta and Maller {1695) pro-
duce evidence to suggest that the environment’s
resilience diminishes when the envirgnment dete-
viarates. Hence, adverse effects on output from
environmental damage may increase above some

critical rate of pollution: flow, other things being

equal (Smulders, 1895). This paper seeks to exam-
ine how the control of pollution through taxation
might be achieved under conditions where pollu-
tion accumulation {or rather where the reduction
in the rate of pollution acewnulation) is unsus-
tainable, with different assumptions ahout the re-
generative capacity of the stock of environmental
TeSOUICes.

The model used in this study explicitly links eco-
nomic growth to the health of the environment
and can shed useful insights into pollution con-
trol strategies, particalarly in developing countries
where environmental resources are crucial for pro-
duction in many sectors (Rosendahl, 1996).

2. THE MODEL

We use an extension of the four sector model de-
veloped by Sanderson (1994). The stock of natural

_capital i determined by the rate of How of pollu-

tants and the speed of the regenerative process.
Each section of the model will be presented be-
fow. All variables are described in Table 1 and the
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Variable | Description
¥ output
! net outpub
B the crude birth rate
D the crude death rate
N the population
the fow of pollutants
e the natural capital stock
- the pollution control expenditure
P the gquantity of pollution
7 environmental tax rate
Table 1. Model Variables

parameters set out in Table 2.

2.1 Economy

Yipo = Yi[ley—{v+9l-EK)] (1)
o= Y- (3)

Equation 1 defines the economy’s outpui, ¥, to
grow exponentially, depending on its own previous
level and the stock of nasural capital, & The value
of natural capital can vary between the values 0
and 1. IF the stock value is 1 then all natural
rescurces are undininished by pollution. ¥ the
environment is totally polluted then it takes the
value 07 The Tower the tock of natural capital the
lower the rate of growth. The second equation in
the economic section, Equation 2, states that net
oulput, I, is the difference between output and
expenditures on pollution controi, (7,

The lower the stock of natural capital, the lower
the rate of growth {BEquation 1). This is a reason-
able assumption, especially for a developing nat-
ural resource dependent cconomy. De Franco ef
al. (1993}, quoted in Rosendahl (1996), estimated
gross domestic production and private consump-
tiom in Nicaragua were reduced by 14% and 13%
respectively over a period of ten years, through
soil erosion, compared to a scenario without agri-
cultural productivity loss induced by erosion.

2.2 Population
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Population growth is represented by Equations 3
to 5. Growth in population, N, is measured as
the difference befween the crude birth rate, B,
and death rate, D, Increases in net output lead
to decreases in the birth and death rates. The
death rate is also influenced by the stock of natural
capital, whereby decreases in the stock cause the
death rate to rise.

Une of the characteristics of this model of the
population is that if the stock of natural capital
is complete (K = 1} then for a constant level
of economic output, the population will grow ex-
ponentially. Further, in this situation, in the ex-
trome case when the economy completely collapses
(¥ = 0), then the population will still grow given
the parameters in Table 2.

2.3 Environment
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The environment is modelled by four cquations.
The first, Bquation 6, describes the annual fow

of pollutants, F'. These are determined by the

population, output, per unit pollution and the
amount spent on polhition control measures. The
flow also depends on the effectiveness of pollution
control measures denoted by the parameter &

-

Equation 7 specifies the interaction between the
flow of pollution and the stock of natural capital.
Obvicusly, natural capital is adversely affected by
a higher pollution fow. However, the equation al-
lows for natural capital to regenerate itself and
offset the pollution flow of earlier periods. The
speed of natural resource regeneration is governed
by the parameter ¥ (0 < » < 1). This representa-
tion ensures that regeneration can never be com-
plete. Some of the flow of productive services pro-
vided by natural resources are lost for ever after
a period of stock reduction, this occurs through
biodivirisity loss and the elimination of the more
productive natural resources.

It is assumed (in Equation 9) that over time
the technologies associated with production are
gradually mproving, in terms of pollution per unit

- of output at sowe rate y. For example, developing

countries gain access to improved technology of
mere developed countries and reduce pollution per
unit of output but not necessarily the overall flow
of pollution.
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Parameter | Value | Section
¥ {1.04 BEconomy
7 .04 BEconomy

A 2 Economy
cx {1.09 Population
o 10 Paopulation
€ 2.5 Population
€ry 2 Population

7 0.08 Population

o 40 Population
3 1.375 | Population
f 15 Population
I i Environment
3 1 Favironment
€ (.02 Environment
I 0.2 Hnvirommernt,
W 0.1 Euvironment
v :8 Environment
o .5 Environment
L 2 Environment
X 0.96 Environment
Yo 0.05 Leonomy

Table 2.  Maodel Parameters (for Sustainable Scenario)

Pollution control expenditure, () is related to two

environment. Note that the expenditure is related
to the condition of the stock of natural capital
and not-the current level of pollution flow. Thus,
whilst the latter iy important for the state of the
countries environmental regources in the future, it
is the former that prompts environmental action.
The second variable affecting polluticon contrel
expenditure is an increase the level of output.
This reflects pollution contral expenditure being
related to the general standard of living.

3. POLLUTION ABATEMENT

It is interesting to explore the possibility for the
use of taxation measures o avoid unsustainable
paths and the implications for the natural resource
stock of the economy Taxes are modelled in
the following manner. Firstly, they will have an
adverse impact on output, this is illustrated in the
equation below

07

}'“[-i—i e -‘(:L 1+ o= ("f -+ ?,?)(1 — I{i))\ — 1_+

(10)

The representation of taxes (7) in the output equa-

Figure 1. Besponse of 7 to Environmental Tax

tion agsumes that a higher rate of tax will have a
proportionally greater adverse effect on output as
firms less able or less committed fo reducing pol-
hition outflows attempt to adopt environmenially
friendly technologies and processes. Such firms will
not respond to lower rates of envirommental taxes,
which consequently may relatively less effect on

output. Similar assumptions are incorporated into
the equation that models the pollution output ef-
fect of taxation:

tanh({~2m{r — &)} + 1
2

Lo = P (1)

A low tax rate has a relatively small impact on
the use of production technology and methods
to reduce pollution output but this increases
as tax rates rise. However, at higher tax rates
the pollution reduction eflects start to reduce as
readily available technologies have heen exploited,

~The-behavicurat response-of-polution-reduction-

to tax effects is iHustrated in Figure 1. It is worth
noting that there is a double effect on the How
of pollutants from the imposition of taxes. Taxes
reduce output {¥) and pollution per unit of output
(P, both of which reduce the flow of pollatants
(F. Reducing the tlow of pollutants permits for
faster regeneration of capital.

4, MODEL SCENARIOS

In all stimulations, the initial values of the econ-
omy, population and pollution production tech-
nology are set at unity. The stock of natural capi-
tal, K, is set at 0.98 giving a near complete stock.
Note that the rate of the regenerative process of
natural capital () is set at 0.8. The time hori-
zon used in all simulations is 200, Before taxes
are introduced into the model we present some
results to illustrate sustainable and unsustainable
growth paths for the environment and the econ-
omy, which helps to portray some of the main fea-
tures of the model and the context i which envi-
ronmental taxes would be employed.

Environmental parameters are important for de-
termining the evolution of the states. Particularly,
we concentrate on the effect of variations in the
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Figure 3. The Environment - Natural Capital (K},

value of 'y, the rate at which pollution per unit
of outpul declines. In the first instance this pa-
rameter is set at 0.96, a rate of decrease of 4%
per period (all other settings are as shown in Ta-
ble 2). In the second instance it is set at 0.99. The
time paths of the output and natural capital are
shown in Figures 2 and 3. If y = 0.96, we observe
that output grows continnally (Figure 2) and the
environment settles to a stable path, which is ap-
proximately 70% of the complete stock {Figure 3).
Clearly, this scenario is sustainable. The change
to xy = (.99 is sufficient to create unsustainable
conditions. Qutput grows for the first sixty peri-
ods and then enters a cyclical pattern thereafter,
without any further growth. The lack of growth
m output is reflected in per capita output [not
shown), which declines as autput stops growing as
the population rate continues to crease. Natural
capital stock initlally declines until it reaches 15%

of the complete stock and then recovers, through

regengration, to about 40%; after which it enters a
cyelical pattern centred round a stock level of 30%.
Note that the cyclical pattern in output appears to
tag that of natural capital. Thus, the poliution flow
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Figure 5. The Economy (V) nnder the differing tax

rales,

effect, on natural resource stocks eventually domi-
nates the evolution of cutput after the initial pe-
riod of growth. The results ehtained are consistent
with a theoretival model proposed by Roesendaid
{1996} and the empirical observations he cites of
Schramm and Warford {1989), where externalities
from the environment directly impinge on produc-
tive activity. The next section explores the effects
of taxes almed at reducing pollution cutput if the
gconomy 1s following the unsustainable scenario
described above,

4.1 Pollution Taxes and Unsustainable
Cutcomes

The effects of the tax regime deseribed in Section 3
are presented in Figures 4 and 3. Only Natural
Capital and Output figures are presented as they
are the two key variables of interest. The tay
reglme is implemented from the outset of the
sinulation period. The various trajectories depict
a range of tax rates from 0 (for comparison
purposes) to 25%. A tax rate of 10% eliminates
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the cyclical Ructnations in output and natural
capital but the natural capital stock remains
significantly depleted settling at a steady-state of
40% complete and the growth rate of output is
negligible.

If the tax rate is increased to 15% then we ob-
serve a significant improvernent in output levels
and 1 appears to be on a sustainable growth path.
However, this is stili considerably below the lev-
els achieved after 200 periods in the sustainable
scenaric of Figure 2, where x == 0.96. The natural
resource sicck is gradually reduced to just under
60% of its complete amount. Clearly, a tax rate
of 15% 1s better for the economy and the environ-
ment than lower rates.

However. if the tax rate is increased to 25% the
situation is less clear. The stock of natural capital
I now maintained at approximately 70% of its
complete state and suffers no diminution due to
the slower rednction in pollution flows as it is
at the level attained in the sustainable scenario
(Figure 3). This has to be set against a reduction
in the growth rate of ontput compared to that
achievable with a tax rate of 158%. Qutput levels
are 50% of those achieved with a tax rate of
15% after 200 periods. Thus, there iz in this
latter case a trade-off hetween preservation of the
environment and output. Unreported simulations
indicated that o tax rate of 44% lead to falls in
output similar to those observed in the no tax case.

I sum, optimal economic development requires
Lnadnienance of environmental guality. However,
as Anderson (1987) notes, although the environ-
ment and economic growth may be positively
linked, the high rate of time preference, especially
in develaping countrics, and the tenporal sdpect
of resource degradation may preclude an optimal
result. There is a lag between the felling of trees
and the time soil loses its fertility. We can ob-
serve in Figure 5 that in the first 60 perinds eco-
nomic growth is higher without any tax in place
than if one is imposed. Withagen (1995) consid-
ered optimal growth and pellution effects using
an endogenous growth framework based on the
Rebelo (1001) model. Pollution was assumed to
be proportional to production and the regenera-
tion process exponential and the stock of poliu-
tion generates a negative externality. With a lin-
ear abatement technology, it is optimal to forepo
some small amount of consumption initially in or-
der to approach the original growth rate implied
by the mode, in later periods.

- 4.2 PoHution Taxes and Timing

It is of interest to consider the implications of
a delay in implementing the tax regime if the
CCONONLY 15 on an unsustainable growth path sce-
nario. In Figures 6 and 7 Natural Capital and the
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Figure 6. Natural Capital {K) with the tax rate intro-
duced at differing times. {r = 0.15).
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Figure 7. The Economy (¥} with the tax rate intro-
duced al differing times. (7 = 0.13).

Economy projections for two later implementation
dates, period 30 and 60, are illustrated. The for-
mer equates to a reaction to ihe first noticeable
signs of resource stock depletion, the latter to a
period when the resource loss is greater than 50%
of the initial stock. The figures include no tax and
introduction in the first period for comparisons
with the results in the previous section. A tax
rate of 15% has been sclected, as this appeared
to be the optimal rate of those examined in the
previous section. It wonld be expected that a de-
lay would adversely effect the long-term outcome
for both the economy and natural capital. In the
case of output, a delay of 60 periods delays the
commencement of sustainable growth and output
levels, after 200 periods, are half those achieved if
the tax had been implemented from the outset. A
30 period delay results in proportionally legs re--
duction in output growth

The relatively quick transition to sustainable
growth in cutput, even with a delay in tax im-
plementation appears to arise from the dynamics
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of natural capital adjustment. In a relatively short
period of time after the tax is inplemented, fluctu-
ations in the stock are removed and it approaches
a steady-state level marginally lower than if taxes
were implemented from the first period {6% lower
in the case of a 60 period delay and 3% lower in
the case of a thirty period delay). In sum, even a
defay until pollution fiows have severely reduced
the natural resource stock is not, in the long-term
sufficient to stop the tax putting the economy back
on to a sustainable path.

5. CONCLUSBION

This paper examined the impact of a pollution
taxation policy in & model where there is a posi-
tive association between economic growth and en-
vironmental quality. It was argued that this model
might be particularly relevant to resource indus-
try dependent developing countriss. Certain plau-
sible assumptions were made about the response
of producers to the imposition of taxes and the re-
sultant effect on output and pollution emission. It
was shown that when the economy was following
an unsustainable growth path, taxes could be ben-
eficial for the environment and sustain economic
growth. However, beyond a certain level higher
taxes promoted the sustainability of natural re-
sources ab the expense of lower rates of economic
growth. To implement taxation that rectifies un-
sustainable development paths implies some sac-
rifice in living standards for current generations,

“in-order-to- bring -substantial-benefits for-future

generations. Thus, according to the results in this
paper, the government would be justified in tak-
ing a paternalistic stand towards its inhabitants,
Bspecially if the social discount rate is lower than
the private discount rate (Sen, 1982).
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