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2. Cost-Benefit Analysis (da scrivere)
3. The Case study of Lido di Dante (da completare)
4. Final reflections (da completare)



2.0  The case-study of Lido di Dante

The specific case of Lido di Dante permits some considerations
to be made about the methodology of dealing with real environmental
problems from an economic point of View.

2.1  Erosion and artificial preservation in Lido di Dante

Lido di Dante is a seaside resort near Ravenna (Italy) on the
northern Adriatic coast (table 1 shows its geographical position) with
wide beaches of white sand. In the last 50 years the beaches of Lido di
Dante were subjected to a remarkable erosion, mainly generated by a
reduction in sediment, yielded from the neighbouring rivers (Fiumi
uniti and Bevano), and the strong subsidence present in the area due to
sroundwater exploitation. In order to protect seaside bathing facilities,
the beach was artificially preserved in the following ways. In 1978 a
groin was built to limit the northward sand drift. In 1983 two more
groins were built together with beach nourishment protected by a sand
bag barrier. However the erosion trend has not been stopped. as shown
by table ! and fi gure 2. Therefore in 1995-96 a new work of protection
was constructed. This consisted of a sand beach nourishment protected
by a submerged barrier of masses of stone, parallel to the beach,
connected to the pre-existing northern groin by a submerged
extension. Figure 3 shows the current state of the protection of the
beach in Lido di Dante. We should note that the technical
characteristics of the barriers have changed with the passing in time,
from barriers above water level without nourishment to groins with
nourishment protected by sand bag barriers and to nourishment

protected by submerged barriers of masses of stone.
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AVERAGE WIDTH OF THE BEACH
(Northern and Southern cell)

Year Northern cell Soutern cell Remarks
Average width Average width
(m) (m)
1957 88 Q7
1968 74 80
1971 49 65
1978 54 70 Just after North groin
construction
1980 29 50
1983 43 56 After beach rehabilitation
works
1991 28.5 46
1993 24 48
1995 22.5 30.5 Before beach rehabilitation
) works
1996 39 39 After beach rehabilitation
works
1997 45.5 40.5

Table 1




Beach width / Erosion trend in the two cells
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3.1 Tourist irdustry and environmental factors

A study about some economic aspects regarding the quality of
the seawater (algae phenomenon) and the artificial protection of the
beach in Lido di Dante, particularly about the submerged barrier, was
made when construction of this barrier was already under way (Drel,
1977). The aims of the study were as follows: first of all, to see
whether changes in the quality of seawater have some effect on the
local tourist industry and real estate market; secondly whether beach
erosion in Lido di Dante led to a reduction in tourist influxes; and
{inally whether beach protection work would affect the prices on the
local,estate\ rea}/market.

In order to achieve these aims, data (updated to 1997 for the
purpose of this article) were used about tourist influxes in 1978-95
together with.a market research survey in 1996. More specifically, the
tourist influxes to Lido di Dante were studied in relation to two
environmental factors:

- water quality (the algae phenomenon);

- coastal erosion (beach width),
and two economic variables:

- inflation trend in Italy;

- trend of D.M. exchange rate.

The market survey, instead, involved 10 travel agencies. The
managers of these agencies were interviewed, and the questions
mainly concerned their opinions about the effects of the algae
phenomenon and coastal erosion on the tourist industry, specifically
on the real estate market.

However, the study focussed deliberately more on the negative
effects of the algae phenomenon than on the best way to improve the
quality of the seawater, and more on the possible benefits than on the
possible costs of beach protection; thus it is not an applicqtioq_@fih@
cost-benefit analysis. However, ‘gonsidering the sustainability

L i




principle, it will enable us to make some methodological
considerations about the practical solution of environmental-economic
problems such as in the case of Lido di Dante.

3.2. Algae phenomenon, tourist influxes and real estate market

Data about influxes in 1978-97 concern ‘arrivals’ (the number
of tourists arriving in Lido di Dante in a year) and ‘total night stays’
(arrivals in a year multiplied by the average number of night stays of
the representative tourist in the same year)! in hotels, flats and
campsites. A plan of the tourist accommodation in Lido di Dante is
shown in figure 4. Tourist influxes were divided in national and
foreign arrivals, and national and foreign total night stays. Figures 3
and 6 show, respectively, their trend, which requires some
explanation. In 1983-84 new buildings were available for rent, thus

arrivals and total night stays (particularly foreign) increased -

remarkably. In 1988-90, instead, these figures decreased rapidly
because of the algae phenomenon and the consequent deterioration In
the water quality.

The effect of the algae phenomenon on the local tourist
industry was remarkable also because of the emphasis placed on it by
the mass media, both in [taly and abroad. Total arrivals decreased
from about 7,900 to 4,000 units in 1989, and total night stays from
about 106.900 to 51,500 units. This very negative effect is also
evident when we considered arrivals and total night stays according to

I Data do not consider day trippers.

To be more precise (Marzetti, 1991, pp. 79-80), if N is the number of tourists
arriving in a specific place in a year. and ¢ the average night stays, then gV is the
total night stays. Let p be the price of 24 hours of stay and w a vector of exogenous
variables (for example environmental variables) which affect the demand of
tourism in the area. The demand of a single tourist is given by ¢ = fip. w) and yN
= N fip. w) is the aggregate demand in the area.



the division between hotels, flats and campsites as shown in figures 7
and 8 respectively. Arrivals, for example, in flats fell trom about 3,500
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units to about 1,500 in 1988-90, and on campsites fell from about
3,800 to 1,400 in 1989: more than a 50% reduction in arrivals in flats
and a reduction of more than 3/5 in arrivals on campsites. The
consequence was a drastic reduction in the income of the tourist
industry, and a temporary decrease in rents (about 7-8%) and flat
prices (about 30-40%), as shown by the market research survey
(mentioned above) of 10 travel agencies of the area.

When the algae disappeared in 1991 the arrivals and total night
stays began to pick up (figure 5 and 6), so the rents and the price on
the real estate market reached their normal levels. Particularly, given
the state of the natural environment, tourist arrivals and total night
stays depend on economic variables. The study about Lido di Dante
specifically considered the inflation trend in [taly (for Italian tourists),
and the trend of exchange rate (for foreign tourists). Since the majority
of foreign tourists in the area are German. the D.M. exchange rate was
mainly considered. Figure 9 and 10 show respectively the inflation
trend in Italy and the trend of the D.M. exchange rate in 1979-97. The
first trend in 1988-90 (algae period) rose steadily and the second was
stable; thus only inflation in Italy might have had a negative effect on
tourism, if there had not been the algae effect, although not in the
same drastic'way.

In conclusion, data about the algae effect clearly show that
water quality should be defended. A programme of exploitation of
coasts for the tourist industry must be accompanied by a programme to
identity the causes which may reduce the quality of seawater in order

to eliminate them.

33 Beach erosion and tourist influxes

Let us consider table 2 about the trend of beach erosion in Lido
di Dante. The first groin was built in 1978 and beach erosion reduced,
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but in 1980 the beach width decreased further. The same thing
happened in 1983 when two groins were built and a beach
nourishment was made: the beach width grew immediately due to
human action, but before long the erosion continued. The last work in
1996, based on the new technology of submerged barrier, had the
same immediate positive effect, but this is still under study.

In spite of human action, it is clearly evident that barriers and
groins, whether or not accompanied by nourishment, did not solve the
problem of beach erosion. In fact the true causes of erosion in Lido di
Dante are:

- reduction of fluvial sediment load to the sea, caused by sand

and gravel excavation;

- subsidence caused by groundwater exploitation.

For example, considering the river Fiumi Uniti near Lido di
Dante, the vegetation which trapped a great quantity of solid materials
was never cut for 25-30 years; only in 1996-37 was the vegetation cut,
and now an increase in the size of beaches near the mouth of the river
is expected.

However. while the trend of erosion increased between 1978-
97. without considering the algae effect in 1988-90. the trend of
arrivals and total night stays in the same period also increased and did
not decrease. as figures 5 and 6, 7 and 8 show. Specifically. figures 7
and 9 seem to show in the last years only a certain change in the
demand for tourist accommodation from flats to campsites. Thus there
is no evident relation between coast erosion and tourist influxes, at
least not so far: beach width has decreased but tourist influxes have
tendentially increased. This fact leads us to think that. given the tourist
accommodation structure, the éarrying capacity of the beaches in Lido
di Dante has so far been adequate for tourist intluxes in spite of
crosion. In other words. since the beaches were very large. erosion
does not seem to have been a limiting factor to the growth of local

tourism.
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3.4 Beach protection and the real estate market

A different problem was to analyse the possible effect of beach
protection on the prices of the real estate market. In the study
mentioned above, an attempt was made to answer the following

question: can beach nourishment and the ‘submerged barrier lead to an

et Y £ R, YT PR D S et

increase in real estate prices at Lido d1 Dante? In other words: if
nourishment anélwb_a‘rr;é-ré‘protect agamst beach erosion, and thus
defend the tourist industry, then estate prices could increase as a result.

Many variables, other than the cost of building, affect the real
estate market price, some of these are: the characteristics of the place
(distance from the city, from shopping centres, from the sea; facilities,
). of the district (exclusive neighbourhood, different classes of
residential neighbourhoods, ...), of the house (villa, flat, ...); the
environmental quality (pollution, landscape, seascape, ..) etc.
Specifically, in Lido di Dante there are mainly flats available for rent
in summer, most of them near or very near to the sea, as figure 4
shows. Landscape and seascape are beautiful and wild, but facilities
are not very satisfying. especially local transport. Finally, near Lido di
Dante there are other seaside resorts with similar characteristics; and
all of them are competitors as regard the tourist industry.

To find out how much intluence beach erosion in Lido di Dante
has had on building prices, the above mentioned market research
survey was carried out among 10 agencies in the area. The result was
that beach erosion has had no effect as yet on real estate prices. The
managers of the travel agencies interviewed believe that in Lido di
Dante this influence could occur only in the case of extreme beach
erosion, should the carrying capacity of the beach become inadequate
for bathing activity. In this case, it arrivals and total night‘ stays fell
drastically, followed by a decrease in the demand for rented
accommodation, then flat prices would greatly decrease. As we have
seen in par. 3.3, the beaches ot Lido di Dante have a carrying capacity
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which is still adequate for the tourist influxes of the site. Therefore,
from an economic point of view, man-made barriers and groins in this
resort at the moment may be justified by the need to maintain the
current carrying capacity of the beach, and thus to support the tourist
industry, specifically the real estate market. Another economic
justification may be the protection of the buildings closest to the sea,
looking onto the beach: if erosion grows, their foundations may be
damaged and buildings will lose their economic value. Considering a
building cost of about 1.2 miltion (Lit.) m2 in 1996, this value may be
estimated at about 2,200 million (Lit.) against a cost of construction of
about 230 million (Lit.) of the submerged barrier and the beach

nourishment in 1996.

3.5  Sustainability and artificial conservation of the beach

The results described above are the conclusions of the study
about some economic aspects of a specific project of coast
conservation in Lido di Dante. Taking into account the principle of
sustainability, they suggest the need to consider other costs of artificial
conservation, other than the costs of construction. and particularly the
social costs. In fact. respect of the principles of Sustainable
Development, specifically of Sustainable Tourism Development,
requires in general a management of all resources in order to fulfil
economic, social and aesthetic needs, and to maintain ecological
processes, biological diversity and life support systems. However,
because in this paper our methodological aims are only general, we
will not consider all the possible social costs. but only some ot them as
examples, nor will we take into account the question of their monetary
evaluation.

As Preti. Carboni and Albertazzi (1997) underlined, the
protection of the beach from natural erosion with barriers, reefs and
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groins causes the quality of the sea water 10 deteriorate; and tourists
are sensitive to the quality of water, as shown by the algae
phenomenon in 1988-90. In fact in 1997, because of reduced wave
energy, in that part of the sea between the beach and the submerged
barrier (constructed in 1996), algae have begun to appear. As we have
seen in par. 3.2, this may tead to a reduction in arrivals and total night
stays of tourists, and so in the income of the tourist industry.

Besides, around this submerged barrier the currents have
created deep hollows in the seabed, and this phenomenon has not yet
been studied due to lack of funds. From the technological point of
view this type of barrier is new; therefore all its consequences require
further study over a certain lapse of time before proceeding to the
construction of the same structure in other sites. Experience has shown
that short-term positive effects do not always justify long-term
positive effects and possible negative consequences, today unknown,
may reveal themselves to be a future cost for the local community.

Furthermore, if this artificial structure protects the beach in the
limited area considered, it may lead to erosion in neighbouring areas
according to the direction of the currents. From an economic point of
view this damage would be a negative externality, i.e. an unpaid cost
and this damage could suggest that a new barrier is necessary in these
neighbouring areas. A cost-benefit analysis about the project should
also take ail the cost of the new erosion into account. In fact any
damage from erosion - a form of degradation of the natural capital -
would be deducted from EDP (environmental adjusted net domestic
product), if a complete System for Environmentally adjusted
Economic Accounts (SEEA) existed.

4.0 Final reflections
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We have shown that economic rationality require a cost-benefit
analysis about every single project. If we have to choose between
different alternative projects, we have to select the one which gives the
maximum net benefits. Specifically the classical economic approach to
sustainability requires the maximization of the flow of net benefits
‘possible from a given set of assets, without compromising the flow of
future benefits. This requires the preservation or increase of the base
of assets over time’ (Munasinghe M. and McNeely J., 1995, p. 25).

This case study permits us to underline that, in practice, a full
or even partial cost-benefit analysis is not always made, and the final
project is often chosen according to other criteria. In fact not always is
it possible to make a complete cost-benefit analysis, because not all
the future consequences of a project are known before it is put into
practice. Moreover, it is not always easy to establish the numerical
probability of the consequences, and thus the situation is uncertain.
Therefore,. rationality is often bounded and agents proceeds by trial
and error, and adjust their behaviour as they acquire experience. '

We think that when the situation is of bounded rationality, as
may be in the case of man-made works of beach protection, the case-
study approbch should prevail; in other words a sort of ‘prototype’
should be studied during the time necessary to reveal all its
consequences. Only when all the consequences are revealed, can we
perform a complete dynamic cost-benefit analysis, and only if the
benefits are superior to the costs. can we proceed to setting up the
specific project in other similar situations. This procedure may be
considered a way of appling the “precautionary approach’, the essence
of which is that no action should be taken to avoid any depreciation of
natural capital in uncertain situations.

As regards the case study here considered and the building of
barriers and groins on the coast of the Emilia Romagna Region In
seneral, we feel we should make a methodological observation. [f the
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procedure mentioned above had been followed in the past, ‘the
reaction chain induced by beach erosion, barrier building, erosion in
the adjoining beach’ (Preti, Carboni and Albertazzi, 1997, p. 1251)
might have been prevented. [n fact with this chain, the whole 110 km
of shore line of the Emilia Romagna Region would have been
protected with barriers since the Fifties without providing a final
solution to the problem of beach erosion. What is more, there would
no longer be the problem of recovering the area in which barriers and
groins have damaged the environment: the economic cost of which
would unavoidably be borne by the future community. With hindsight,
this seems to be an example of choices made in the past without taking
into account their negative effect on future generations: in other
words, without taking into account their long-term consequences.
Rationality requires instead consideration not only of the immediate
consequences but also the future consequences of economic decisions.
We ought to point out that not even at present, as far as we know, is
the case study approach followed by the competent authorities.

Moreover rationality necessarily requires the elimination of the
true causes of erosion, i.e. subsidence and the decrease in the tluvial
sand flowing into the sea. If the “prototype’ approach had been
followed, the need to know the true causes would soon have emerged.
In fact, from a regional point of view, barriers, reefs and groins are
revealed to be fallacious remedies of the local damage created by the
erosion due to these other causes. The coastal plans of the Emilia
Romagna Region have been moving in this direction only since the
Eighties and some results have been obtained: in some areas shore
subsidence is reducing and fluvial sand-flowing into the sea s
increasing. Theretore more than 10 km of shore which in 1970 was
under erosion or unstable is now advancing (Preti, Carboni and
Albertazzi. 1997).

To conclude. as Munasinghe and Shearer (1995, p. XX) clearly
aftirm: *Although sustainability is largely a natural state of aftairs,



-21-

unsustainability is the result of social actions, and, therefore, reducing
these impacts involves a social process’, which is often slow to occur,
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ABSTRACT

We obtain optimal policies for the control of nutrients in a basin subjected to
eutrophication. The aim is to minimize the costs of nutrient’s removal plus the costs of
the environmental damage due to poor water quality. The optimal solutions, in tenns

of phytoplankton biomass, are shown to be most rapid approach paths to a constant
value.

1. INTRODUCTION

The problem of eutrophication of water basins can be very serious in
places subjected to a continuous discharge of nutrients due to personal and
industrial activities. This phenomenon not only is damaging to the water
ecosystem, but also causes economic problems where tourism and fishery are
among the principal sources of wealth. A typical example of this kind is the
Adriatic coast of the Emilia-Romagna Region in Italy, where the growth of
some species of phytoplankton (red algae) causes heavy damage to the local
economy [1]. In this context it is of great importance to make a plan for thr
control-of the input of nutrients, having in mind not only the protection of
nature, but also the related economic aspects. In fact. it is evident that the
reroval of nutrients by technology has a cost that has to be sustained by the
community in addition to the environmental damage.

Unfortunately, the usual cost-benefit analysis is not so easy to perform in
the field of the pollution problems, as it is always impossible to evaluate the
environmental damages, which are mainly of qualitative nature, in terms of
monetary units. However, for the case here treated, we can suppose that it is
possible to measure the monetary losses due to the effect of poor water
quality on tourism as well as on fishery. So the aim of the paper is to study
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from a theoretical point of view, the policies minimizing the sum of the
nutrient’s removal costs and the costs of the environmental damage in a
eutrophic system. To do this we shall use a simple dynamical model for
phytoplankton growth.

2. THE MODEL

Consider a basin (lake, pond, or coastal sea) on which there is a discharge
of nutrients due to personal and industrial activities: Assume that in a
standard situation the level of nutrients in the basin has a constant value N
and that growth of some species of phytoplankton, say red algae, is limited by
these nutrients,

A simple growth model for red algae is the following:

- i(t) = ANx(t) — kx(t), (1)

where:

x(t) is the biomass of the red algae at time ¢;
A is a constant;
k is the mortality rate.

We assume AN > k, so that in the standard situation there is an increasing in
the biomass. :

We postulate that to a growth of red algae corresponds an amount of
economic damage for the community living near the basin. We describe these
costs by a function’P(x) that is increasing in x and such that P(0)=0.

Suppose now that it is possible to remove nutrients in the basin by acting
for instance at the source. In this way we can define the following control
variable:

O0<u(t)sN=u,,.
Substituting this into (1), we obtain the following bilinear control system:
2(t) = Au(t)z(t) — kx(¢).

Clearly, nutrient removal has a cost proportional to 1~ u/u » that reaches a
maximum value C when u=0.

In view of these hypotheses, optimal management of this environmental
system is to minimize over a long time period the sum of the cost due to the

1 ! ’ T 1
0::.:5:,.._:.13?.,m:_._.c_;:.wa:.o: mu.._

environmental dimage and the ecost due to ntrieat removal, Le.

o« t
[Te QAT[.lT:: .
L]

LY

where r is the discount rate.

3. SOLUTION OF THE OPTIMIZATION PROBLEM

The problem previously described can be formalized as follows: minimize
the cost

:_;n\_.sﬁ: cl1- c_mﬁv + P(x(¢t)) |dt (2)
on the set of admissible control functions
@ i= (u(-):[0, +o0) = [0, 1 ]; u(-) measurable) ()
and subjected to
(1) = Au(t)x(1) - kx(1). (4)

(0)=x,eR*

where r, k, A€R"*, and where 2.3 is a strictly convex smooth function
such that P(0)= 0 and P,(x)> 0 Vx > 0. In the following we shall denote by

. x,(t) = x(x0, 4, ¢)
a seution of (4) with u(-) € %, by @ the sct
Qo= {x,():2,(t) = Au(t)x, () ~ ke (t}; 2 () =xp; uEX},
and by T the set
T:={t:t € [0, +c0)}).

To solve the problem (2)-(4) we need two preliminary lemmas.



260 RENZO MOSETTI
LeEmMa 3.1. Foreveryx ()€ Q,

xge

A

x,(t) Sxgetben—®t  yreT

ProoF. From (4) we can write

flt) _d I A k
x,(t) di nxu(t) = Au(t) = k,,
50
!
_nazﬁvu_:ai\ [Au(t) - k] dr".
o
Since 0 < u(t) < uy, the following inequality holds: ¥
f.\__&wm\,?%.vlz%m.\ﬁ?:rz&‘.
0 0 0
Hence

Inxo—kt<lnx(t)<lnxy+(Auy,—k)t VieT,

from which we get the conclusion.

..‘,r.

Lemma 3.2. The optimization problem (2)-(4} is equivalent to minimiz-
ing

IMx)=[

("o [M(x, () + r2(x, ()]

on 2, where

M(x,(8)) = P(x,(t))+ C[1 - - &

Au,,

C

Auy,

Z{x (t)) = [lnx,—1In x, (1))
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Proor, From (4) we have

L)
Ecvlﬁ (0) ,
® Ck C x,(t)
—_ -r _ - 5
Hu) .m_n P(x,(t))+C Ay Am 2(0) dt. (5)
Now
k
M{x,(t))=P(x (t)+C[1- o
Af
Define
C rnl C
Z(x ()= - ?;.m :M dy’ = yom [lnxy—Inx,(¢)],
, C x,(t)
Z(x,(t)) =~ ——

\W:z HEAﬁv .

By inserting the last expression into (5) and by integrating by parts, we
obtain

Hu) uhsﬁ;_a?:vt&?:E dt

+ lim Tu:.NT:TZ_.

o

Now, to get the result we have to show that the limit is always zero. In fact,
by Lemma 3.1 we easily note that

»

lim T-:_snzfv_ =0

t o

vx,(-) e Q.

7
Now, from the hypotheses made on P(-) we can argue that the function
G:R — R given by

Cix,(t) > M{x,(t))+ rZ(x,(1))
is strictly convex and has a minimum (unique for x > (}) at ¥ where
C

G£) = 1(#) ~ = =0, (6)
M
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A

This solution £ is the singular solution of the problem and it is a constant.

At this point we shall prove that, starting from every x, + 0, the optimal
solution of our problem it is to reach the singular level £ as fast as possible

and then by applying the feasible control i =k /A to stay at the singular
level for all the time.

We start with the following definition:
Derintmion 3.3, A path 2*,.(-) € & is said to be a most rapid approach
path (MRAP) to £ if
|x*.(t)—£|<|x (t)—%| VvieT

for every x (-) €.

We are now able to state the following theorem: .

Tueorem 3.4, The following policies define a MRAP to £ and yield the
optimal solution x* ,.(-) of (2)-(4):

* n—.:v ﬁAm. . a
t)=
u*(t) K/A, t3i if x5<%, (7
0, t<f . .
=..:T?E GL if xg> % 8)
el R 1 I £
f=—-ln—,
. Auy—k  x,
., 1 =%
fre—In—2.
k%

Proor. First we have to show that (7) or (8) defines a MRAP to £.
Suppose

X <.
Then, consider the solution with u = u,,,

%y, (1) = xgetAun =Ry,

A 1. ’ | S
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2 -
-

-

Clearly this solution reaches £ for ¢ ={. By Lemma 3.1 we have

H.Oﬁa}..-\k-_.V\H..Aﬁv <n IS _,o_ ﬁ!_. <H..ﬁ.vm©‘

Therefore (7) defines a NMRAT to 1.
1f

x, > %,
we consider the solution with-u =0,

X,oolt) =x5e7".

-

This reaches £ for ¢ = {*. Again by Lemma 3.1 we have that

Ho&lf,.A,.H::v <~m~0.m‘_. <H=ﬁ.vm©.

s0 (8) defines a MRAP to 1.
Now, consider

I(x,)= .‘.Sa-lﬂﬁn_.? ))dt.

0

(a} If x, < £, we write

H.Ancvn\_.ai_ﬂﬁn%:u dt +.\ e "G(x, (1)) dt.

o0
0 h

By Lemma 3.1 and by the convexity of G(-) it follows that
A s x (1) = G(x, (1)) 2 Glxuetmeh)
ve ()€, vie(o.i]

so that

.\m.l..ﬂﬁh_._.z?:.lf.vﬁr < .\malzﬂﬁu:f:q:.
)] 0
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Furthermore, since G(£) is the minimum of G(-), we have

i

[Temc(2)di < [Femc(a(e)) dr.
ot
Hence

I(x*)<I(z,)  vr()eq.

(b) If x, > £, we write /

i o
Fla, )= e™"G(x () dt + G .
(x) = (e Gxu()de + ["eiG(x, (1))
Again by Lemma 3.1 and by the convexity of G(-) it follows that

.\Mmuanﬁuomu:v& m.\ﬁ.uzmr:ﬂ?::: dt, ‘

s0 as before we obtain

e <r(z) Ve )eq.

4. FINAL CONSIDERATIONS

The solution obtained for the problem here described is a so-called
“bang-bang singular solution,” and it is related to the linear structure of the
cost and the state.equation with respect to the control variable, Examples of
this kind can be found in models of economic growth [2, 3] as well as in the
field of the optimal exploitation of renewable resources [4-6]. Heuristically,
the philosophy of MRAP is that, due to the discount rate, we have to reach
the singular level £ (optimal equilibrium biomass) as fast as possible. If we
start with an initial biomass x, < £, we have to “ pollute” at top level to reach
in minimum time £. If we start with xy > %, we have on the contrary to
remove all the nutrients until # is reached as rapidly as possible.

It is interesting to rewrite Equation (6) for the optimal equilibrium
biomass as

= Az, (9)
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Now, if we define Ax as a “marginal growth rate” (i.e., the varation of the
growth rate of phytoplankton with respect to a varation of the input of
nutrients), we observe that the optimal equilibrium level £ is reached when
the ratio between the marginal cost of nutrient removal and the marginal cost
of the environmental damage multiplied by the discount rate equals the
“marginal growth rate.” This relation resembles, mutatis mutandis, some
well-known rules of economic equilibrium.

By considering Equation (9) again, we can easily note that the larger r is,
the larger is the optimal equilibrium biomass. This shows, also in this case,
the negative effect of the discount rate on the conservation of the environ-
ment.

Finally, we have to discuss the choice of a linear model for phytoplankton
growth, which might seem a little unrealistic. This can be justified by the
following arguments. We suppose that a plan for the pollution control of an
environment makes sense only if the environment is not yet deteriorated in
an irreversible manner. This means that in our case the initial level of
phytoplankton must not be very high. Thus, if we consider for example a
logistic growth model, we are concerned with operation far from the satura-
tion level of the biomass in a zone still dominated by exponential growth.

I would like to thank my collcague Dr. Fabio Cavallini for some stimulut-
ing discussions and suggestions.
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