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Abstract

This paper analyses economic dynamics in a context in which the production and con-
sumption choices of economic agents generate environmental degradation. Agents can
defend themselves from environmental degradation by increasing the production and
consumption of output, which is assumed to be a (perfect) substitute for environmental
quality. We consider the cases in which agents can coordinate their actions or not, and
we show that if the dynamics is conditioned by negative externalities (so that there is
no coordination), then a self-reinforcing mechanism may occur leading to production
and consumption levels higher than the socially optimal ones. A complete analysis of
the dynamics and of the welfare properties of the stationary states is provided.

Keywords Defensive consumption - Negative externalities - Environmental goods -
Self-protection - Altruism

JEL Classification Q56 - Q01

1 Introduction

Promoting prosperity while protecting the planet is the stated purpose of the strat-
egy of the United Nations (2015) for achieving sustainable development. This goal
is particularly challenging because of the complex interactions between economic
development and the use of environmental resources. A remarkable example is that
production and consumption choices can generate negative externalities on the envi-
ronment, with a self-reinforcing effect on its quality and endowment, and this can
often lead to suboptimal outcomes (Antoci et al. 2012; Antoci and Borghesi 2010,
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2012). Indeed, to mitigate the effects of negative externalities, victims are stimulated
to react with defensive behaviour, which can generate further negative externalities to
other individuals, who are stimulated in turn to react. Suboptimal outcomes can take
the form of undesirable growth and overconsumption and can be favoured by the lack
of coordination of self-protective agents.

The issue of economic development fuelled by the negative externalities of the
development process itself has been explored by a vast literature. Early contributions
were proposed by Hirsch (1976) and Hueting (1980), while Bird (1987) classified
defensive expenditures according to the type of externality, and Leipert (1989) pro-
posed the first quantification of the impact of defensive expenditures on national
income. The first mathematical models were proposed in a static setting by Shogren and
Crocker (1991), and in a dynamic setting by Antoci (1996) and Antoci and Bartolini
(1999, 2004). Recent contributions have empirically explored this issue in relation
to air pollution (Sun et al. 2017), sea pollution (Magnan 2016), water consumption
(Dile et al. 2013), biodiversity (Martinet and Blanchard 2009), air conditioning (Davis
and Gertler 2015), financial technology (Di Vita 2009) and snow making (Biirki et al.
2007). Recent theoretical analyses have been proposed with regard to soil depletion
(Borghesi et al. 2018; Antoci et al. 2015), water depletion (Antoci et al. 2017; Borghesi
2014), biodiversity (Perrings and Halkos 2012), industrialisation (Antoci et al. 2014)
and financial technology (Antoci et al. 2012).

The present study adds to the literature with the complete analysis of a dynamic
model describing a situation in which a free environmental good gets substituted
by private goods, after environmental degradation. We consider the two alternative
contexts in which self-interested rational agents coordinate their actions or not. In
the model, the welfare of individuals depends on a public environmental good, on
the consumption of two private goods and on the effort necessary to produce them.
One of the private goods is perceived as a perfect substitute for the environmental
good. The process of private production and consumption can reduce the availability
of the environmental good, leading individuals to defend themselves by increasing
the substitutive private consumption. This gives rise to a self-sustaining mechanism,
induced by negative externalities, which can generate overconsumption.

The model proposed is simple but mathematically rigorous. Its simplicity has the
advantage to clearly highlight the vicious cycle that may characterise economic dynam-
ics in advanced economies, leading to overproduction and consumption of private
output, at the expenses of free-access environmental goods. A distinguishing fea-
ture of this study is the comparison between the two contexts in which agents can
either coordinate or not their decisions, and the related environmental and welfare
implications. The study suggests that the benefits of a greater variety of consump-
tion opportunities can be overcompensated by the consequent depletion of natural
resources and degradation of environmental quality, a conclusion supported by recent
empirical studies on the negative correlation between income and life satisfaction
(Costanza 2014; Kubiszewski 2013).

The paper is organised as follows. Sections 2 and 3 present the model and the
basic mathematical results. Section 4 contains the classification of all dynamics, while
Sect. 5 discusses the role of altruism towards future generations. Finally, conclusions
are drawn in Sect. 6.
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2 The model

Let us consider an economy with N > 1 individuals, whose welfare depends on
the consumption of environmental and private goods. We assume for simplicity that
there is a unique environmental good, freely available to all, and two private goods
produced in the economy. The private goods differ in that one is viewed by consumers
as a perfect substitute for the environmental good.

We assume that each individual solves the following utility maximisation problem:

o0
rlnz}x/ [—a(1+b)+bInY] +1In(E +cYr)]e "dt €))
1562 0
Yi=104 (2)
Yo=10L 3)
E:a(E—E)—,B(ll—f—lz)N
I,L,E>0; a,b,c,r,a,B, E>0 4)

where the term inside brackets in (1) corresponds to the instantaneous utility function
of a representative agent; E is the state variable of the problem and represents the
stock of the environmental good; E is the maximum potential value of the stock of
E and can be interpreted as the carrying capacity of the environmental good in the
economy; Y| and Y, represent the rate of consumption of the two private goods, the
latter being the private good perceived as perfect substitute of the environmental good;
c is the marginal rate of substitution in consumption between Y> and E;[; and [, are the
control variables of the problem and represent the effort that each individual exerts for
producing Y7 and Y> according to functions (2) and (3), respectively; r is the discount
rate; and 7 is time.

Differential equation (4), already considered by Marini and Scaramozzino (1995),
describes the evolution of the stock of the environmental good over time, with E cor-
responding to the derivative of E with respect to ¢. The parameter E is the maximum
potential value of the stock of the environmental good and corresponds to the conver-
gence value of E if production and consumption do not take place in the economy. The
term B (/1 + I2) measures the deterioration of the environmental good as a function of
production and consumption choices of a representative individual in the economy;
therefore, B (I1 + I2) N represents the aggregate negative impact on E of consumers’

behaviour. On the other hand, the term « (E — E ) describes the regenerative process

of the environmental good.

We study two alternative contexts: the one in which individuals are free to choose
their production and consumption patterns, without coordination (hereafter NC), and
the other in which such choices are made by a policy-maker, who coordinates (hereafter
C) the actions of all agents. Namely, when considering the aggregate negative impact
on the environmental good, (/1 +1>) N, the representative individual takes the negative
impact of the others, B(I; + [)(N — 1), as exogenously given.!

! This standard procedure (see Romer 1989) is widely used in the literature on positive and negative
externalities.
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To solve optimisation problem (1)—(4), we study the corresponding current-value
Hamiltonian function:

H(E, 1, b, 2) = —a(li+1L)+blnY 1+ In(E+cY2)+A [a(E —E)— F(i, 12)] 5)

where X is the co-state variable associated with the state variable E and indicates the
shadow price of E, and:

_|Bi+1), inthe NC context

N B +1)N, inthe C context. ©
The above Hamiltonian does allow for the use of the sufficiency conditions by
Mangasarian (1966), for which if the Hamiltonian is (strictly) concave with respect
to the control and the state variables, then the first-order conditions are also sufficient
for an interior (unique) optimum.
Applying the first-order conditions, we obtain:

oH n b OF 0 A
— = —qa —_—— =
aly L Al
oH oF oH
a4 —— =<0, b0, Lo =0 ®)
dln E +cl dlr aly
together with the following dynamics:
. oH A
E = e =a(E—E)—BL1 +1)N ©)]
== fan (10)
=r o = " ta v,

where E and A are, respectively, the time derivatives of E and A.

oF O0F
It is easy to calculate that FYARTS is equal to BA in the NC context and to AN
1 2
in the C context.

3 Basic mathematical results
3.1 Optimal choice of I and I>

The optimal choice of /; in the contexts without and with coordination (that is, respec-
tively, NC and C) by condition (7) results (see Fig. 1):

b
paTE if j = NC
iy ={aTp (11)
— _ifj=C
a+ BNA

@ Springer



Environmental depletion, defensive consumption and negative... 207

Fig.1 Curves representing the l
choice of /] in the economy with
and without coordination

b/a

lnc, 1(2)
0 lc. l(’i) Y

By condition (8), the region of the positive orthant of the plane (E, A) where the
optimal choice is [» = 0 corresponds to the points that satisfy the inequality:

—a + % — BA <0, inthe NC context (12)

—a + % — BNA <0, inthe C context. (13)

The previous conditions are satisfied as an equality along the hyperbolae (see
Fig. 2):

E (A + ﬁ) = E, in the NC context
B B

E(A+ 4 = L in the C context
BN BN

The latter hyperbola lies in the positive orthant of the plane (E, A), below the cor-
responding hyperbola in the context of no coordination, meaning that, in the economy
with coordination, the region in which the optimal choice is [; = 0 is always wider
than in the economy without coordination (see Fig. 2).

The optimal choice of effort [, by the representative individual for producing and
consuming the substitutive good Y>, in the contexts without and with coordination, is
given by (see Fig. 3):

1B
e if j = NC
Lo(E 3y = atfr e (14)
- T ifj=cC
a+BNL ¢

3.2 Analysis of the isoclined = 0

We consider first the case of the economy without coordination. It can be checked that
X = 0 holds, in the region in which condition (12) is satisfied (so that the choice is
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Fig.2 Hyperbolae delimiting A
regions where the optimal

choice is Iy = 0 in the economy

with and without coordination

0
-a/fN — -
-a/ff —
Fig.3 Choice of productive 1,
effort [ as a function of the
environmental good E, for a 1
given A a+p.
.
a+fiNT bea)
1&2(;“)
0 E
l» = 0) if and only if:
1
E) = (15)
r+a

while in the complementary region (where the choice is /> > 0) it holds A = 0 if and
only if:
a
A= — (16)
c(r+oa)—p

From the above, for c¢(r + o) — 8 > 0, we may observe, at the fixed points of
system (9)—(10), a strictly positive rate of consumption Y;. But this does not happen
for c(r +«) — B < 0; indeed, in this case, the isocline lies entirely in the region where
the choice is [, = 0.

We now consider the case of the economy with coordination. In the region in which
condition (13) is satisfied (so that the choice is [; = 0), the isocline L=0is given
by Eq. (15), while in the complementary region (where the choice is /; > 0) the same
isocline is given by:

a

A= - (17)
c(r4+a)— BN

Recalling the price interpretation of the co-state variable A, in the economy with
coordination, if c(r + o) — BN < 0, then it is not possible to observe a fixed point
with (strictly positive) substitutive consumption of the environmental good. Figure 4
shows the isoclines for the economies with and without coordination.
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Fig. 4 Isoclines A = 0 in the 2
economy with and without
coordination
2.4
c(rta)—pN
S
rtayp
0 A=0 E

3.3 Analysis of the isocline E = 0

We consider first the case of the economy without coordination. It can be checked
tl_1at, in the region in which condition (12) is satisfied (so that the choice is [ = 0),
E = 0 holds if and only if:

by

(E—E) (a+pr) = (18)

while in the complementary region (where the choice is I, > 0), E = 0 holds if and
only if:
[(ﬂN—ac)E+acE] (a+ Br) = (1 +b)cBN (19)

which, for BN # ac, represents the hyperbola:

<x+ ﬁ) (E—i— calk ) _ e Dy (20)

B BN —ac] BN —ac

In the economy with coordination, Egs. (18) and (19) should be replaced by, respec-
tively:

. bBN

(E - E) (a+ BN = 222 1)
o

[(,BN —wc)E + acé] @+ BN = (1 + b)cBN (22)

Equation (22), for BN # ac, represents the hyperbola:

a caE . (1 +b)c
<X+ﬁ> <E+ﬂN—ac>_,3N—ac 23)
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3.4 Stability analysis

We linearise system (9)—(10) to analyse its local stability properties. The Jacobian
matrix of this system is:

9E _ _o _ BN 9E _ _ a4 3
Jo|ETT? BN 3% = ﬁN(a;\"‘a;\)
[ S o) 2k _ __c 0

IE T (E+ch)? (1 + c8E> o=t gy

It can be checked that the determinant of the Jacobian matrix is always strictly

negative in the region where the optimal choice is [ = 0, because it holds % =
% = 0; thus, any fixed point in this region is a saddle point and there exist only two

trajectories under system (9)—(10) approaching it.

On the other hand, in the region where /, > 0, it can be checked that the Jacobian
matrix is an upper triangular matrix with eigenvalues —o + @ and r + o — g in
the economy without coordination, and eigenvalues —« + @ andr + o — @ in the
economy with coordination.

As seen in the analysis of the isocline A= 0, anecessary condition for the existence
of a fixed point with l, > Oisthatr +o — g > () in the economy without coordination

andr + o — ﬁTN > ( in the economy with coordination; therefore, a fixed point with

l> > 0 is a (hyperbolic) saddle point if and only if it holds —« + ﬂTN < 0.

4 Classification of dynamics
4.1 Economy without coordination

We classify the dynamics of system (9)—(10) according to the stability properties
described in the previous section. Let us define:

_ (catbBN)[c(r +) — ]

E*:
’ aca (r + a)

and

_ (I+Db)BN[c(r+a)—p]
- aca (r +a)

E**

where E* > E** if and only if c« — BN > 0.

We define two robust cases” according to the sign of the expression ca — BN.
This expression represents a measure of the net effects on the environmental good of
its combined processes of regeneration and depletion. Indeed, ca is a measure of the
regeneration process of £, while 8N is a measure of the negative impact of production
and consumption on E.

2 To improve clarity, we omit the analysis of the case for which c« — BN = 0, because the resulting
dynamics of the system is not robust to uncertainties or perturbations.
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Fig.5 Dy.narnics (a.1), havir}g a 1 E=0
saddle point (empty square) in \ |
which individuals do not \\ |
consume the substitutive private 1\ :
good \ |
» & I
N |
\ |
Jo
P '
5 D) =0
= ; E
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Case (a): ca — BN > 0.

This condition implies that ¢ (r + «) — B > 0, and it determines the following
dynamics:

(a.1) If E > E*, there exists an unique fixed point, which is a saddle, where
individuals do not produce nor consume the substitutive private good, thatis, Y, = I, =
0 (see Fig. 5). This case can happen when the carrying capacity of the environmental
good E (that is, the maximum potential value that can be reached without production
and consumption) is relatively high. Furthermore, whatever the initial value of the
environmental good, E(0), individuals can always select the trajectories approaching
the fixed point by choosing opportunely the initial value of the shadow price A. As
shown in Fig. 5, individuals may initially choose Y> = I, > 0 but, after a finite period
of time, their consumption patterns lead Y> to zero.

(a.2) If E* > E > E**, then there exists a unique fixed point, which is a saddle,
where individuals produce and consume a strictly positive quantity of the substitutive
good, thatis Yo = [ > 0 (see Fig. 6). The stable manifold of the saddle point can be
reached from every initial value of E by choosing the appropriate value of X.

(a3) If E** > E, then system (9)—(10) has no fixed point (see Fig. 7). Then, if the
value of E is sufficiently low and the economy can produce a substitute for the envi-
ronmental good, individuals will follow unsustainable consumption patterns leading
to the complete depletion of the environmental good in favour of the substitutive good,
so that the system reaches a state where Y> = [ > 0 and E = 0 after a finite period
of time.3 Conversely, if individuals were not able to produce a substitute for the envi-
ronmental good (that is, for ¢ = 0 so that [, = 0 always holds), there would always
exist a fixed point whose stable manifold can be selected from every initial value of E.
The complete substitution of an environmental good can happen, for example, in cities
located along a polluted river, where individuals choose not to swim and, instead, go
to a swimming pool (for more examples, see also Antoci et al. 2008).

Case (b): c« — BN < 0.
This condition implies that E* < E**, and it holds for a sufficiently large number
of individuals in the economy. The possible dynamics are the following:

3 Inthe following, we will refer to the term "sustainable’ to denote consumption patterns leading to a fixed
point in which E' > 0. Vice versa, we will use the term ’unsustainable’ to denote consumption patterns
leading to £ = 0.
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Fig.6 Dynamics (a.2), having a
saddle point (empty square) in
which individuals consume a
strictly positive quantity of the
substitutive good

Fig.7 Dynamics (a.3), having
no fixed point, with trajectories
leading to the complete
depletion of the environmental
good

(b.1) If ¢ (r + @) — B < 0, then there exists a unique fixed point, which is a saddle,
where individuals do not consume the substitutive private good, thatis, Yo =/, =0
(see Fig. 8). The stable manifold of the saddle point can be reached from every initial
value of E by choosing the appropriate value of X.

®b2)Ifc(r+a)— B > 0and E > E**, then there exists a unique fixed point,
which is a saddle, and the configuration of trajectories is analogous to that of case
(b.1) (see Fig. 8).

®3)Ifc(r+a)— B >0and E* > E > E*, then there exist two fixed points,
(E’, A%) and (E", \*) (see Fig. 9). The former is a saddle, where it results Y = 0. The
latter is a source, where it results Y> > 0; this is a repulsive fixed point; therefore, it
cannot be reached if £(0) # E*. Individuals can reach the stable manifold of (E*¥, A*)
if and only if £(0) > E*, because the trajectory of this stable manifold that lies on the
left of (E*, 1*) originates from (E*, A"). In such a ’threshold’ regime, the dynamics
can lead to opposite results over finite periods of time. Namely, if £ (0) is large enough,
individuals can reach sustainable consumption patterns where the substitutive good is
not consumed (that is, Y» = 0). Otherwise, for a sufficiently small E(0), the economy
may only follow trajectories that are unsustainable, leading to the complete depletion
of the environmental good in favour of the substitutive good (that is, E = 0 and
Y, > 0).

bd)Ifc(r+a)—p > 0and E = E*, then there exists an unique fixed point
(where Y> = 0), which is a saddle under system (9)—(10) restricted to the region
in which Y> = 0, while it is a source in the complementary region. This limit case
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Fig.8 Dynamics (b.1), having a
saddle point (empty square) in
which individuals do not
consume the substitutive private
good

Fig.9 Dynamics (b.3), having a
source point (empty dot) and a
saddle point (empty square), in
which individuals, respectively,
consume and do not consume
the substitutive private good

A E=0

Fig. 10 Dynamics (b.4), having
a unique fixed point (full dot),
which is saddle in the region
where individuals do not
consume the substitutive private
good, and is a source in the
complementary region

determines trajectories of the ’saddle-node’ type, which are represented in Fig. 10. In
such a context, individuals can reach the fixed point only if the initial endowment of
environmental good, E(0), is higher than the value of E at the fixed point.

®bSIfcr+a)—p > 0and E* > E, then there exists no fixed point (see
Fig. 11), and the economy can follow unsustainable trajectories leading to the complete
depletion of the environmental good in favour of the substitutive good, as described
for case (a.3).
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Fig. 11 Dynamics (b.5), having
no fixed point, with trajectories
leading to the complete
depletion of the environmental
good

4.2 Economy with coordination

In the economy with coordination, we can make a classification analogous to that in
the previous subsection by substituting E* and E** with, respectively:

_ (ca +bBN) [c(r+a) — BN]
- aca (r +a)

E*

c

and

(14+Db)BN[c(r+a)—BN]

aco (r + o)

kk
EX =

and by considering the sign of the expression ¢ (r 4+ «) — BN instead of the expression
c(r+a)—4.

A main difference between the two economies with and without coordination is
that, in the former case, a necessary condition for the existence of a fixed point with
Y> > O is that ¢ (r + @) — BN > 0, which does not hold if (ceteris paribus) N is
large enough. Conversely, in the economy without coordination, the corresponding
condition only requires that ¢ (r + «) — 8 > 0.

In addition, recalling that N > 1, it also results that E} < E* and E}* < E**,
meaning that the economy with coordination has a lower threshold under which the
fixed point with Y> > 0 exists. Then, different consumption patterns may arise in the
two economies with the same parameter set. Namely, the economy without coordina-
tion may reach a fixed point with Y> > 0, while the economy with coordination may
lead to a consumption pattern with Y, = 0 (see Fig. 12). Therefore, a greater quantity
and variety of consumption goods may be produced and consumed when individuals
do not coordinate their actions, but this result might be the undesirable consequence
of their failure to cooperate.

Furthermore, in the economy with coordination, the stable (in the saddle-point
sense) fixed point is always characterised by an higher value of E and, consequently,
by a lower quantity* of consumptions of private goods, while the opposite assumption

4 Remember that we measure the quantity of private goods consumed in the economy by the effort that is
necessary to produce them, that is, by (1 + ) N.
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Fig. 12 Isoclines i = 0 and
E = 0in the economy with
coordination (full line) and
without coordination (dotted
line)

holds for the unstable fixed point, when existing. This result implies that the economy
with coordination can reach a sustainable consumption pattern from a wider set of
initial positions E(0), as it can be checked by recalling the difference between the
isoclines A = 0 in the two economies, and by noting that, in Fig. 12, the isocline
E = 0 in the economy with coordination lies always below the corresponding isocline
in that without coordination.

5 Altruism with respect to future generations

In the literature on optimisation models with discounting, the discount rate » can be
seen as a measure of altruism. A reduction in the value of r may be interpreted as an
increase in altruism of the current generation with respect to the future ones.

In the present model, varying the parameter r affects only the shape of the isocline
A= 0, in both contexts with and without coordination. Namely, if  decreases (so that
agents become more altruistic), then the isocline shifts up. A sufficiently large decrease
in r may lead to a change in the system dynamics from the subcases (a.3) and (b.5)
to, respectively, the subcases (a.1) and (b.1). In such a case, an increase in altruism
can lead some consumption patterns in both economies to change from unsustainable
trajectories to sustainable ones, thus favouring the use of the environmental good at
the expenses of consumption of costly private goods. This radical change can happen
if the economy has, initially, a stable fixed point where ¥> > 0, and the increase in
altruism leads to its disappearance and to the emergence of a new fixed point where
Y> = 0 (see Fig. 13).

Other considerations about altruism can be made from the analysis of the dynamics
of the model. Let us recall that in both economies, without and with coordination,
if the private substitutive good is not available (that is, for c = 0 so that [, = 0
always holds), then there always exists a unique fixed point, which is stable (in the
saddle-point sense) and can be reached from every initial value of E.

Furthermore, a ’threshold’ regime, similar to that of case (b.3), can emerge also in
the economy with coordination, if the private substitutive good is available. Namely, if
E(0) is sufficiently high, individuals may choose the sustainable consumption pattern
(in which Y> = 0), while, if E(0) is sufficiently low, they may choose an unsustainable
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Fig. 13 Effects on the fixed point
of a change in the parameter r

trajectory, leading to the complete substitution of the environmental good with private
goods after a finite period of time (see Fig. 9).

In such a case, individuals may choose the unsustainable trajectory as a consequence
of their low altruism. Indeed, if we assume r = 0, so that individuals give equal weight
to their own welfare and to the welfare of future generations, then the unsustainable
optimal trajectory would be Pareto dominated by all paths leading to the fixed point
after a finite period of time. Thus, a coordinated economy where individuals are not
sufficiently altruist may find optimal to deplete the environmental good in favour of
private goods despite the fact that this choice can reduce the quality of life and the
choice set of future generations.

6 Conclusion

We proposed a model in which private goods are produced and consumed in a greater
quantity and heterogeneity when there is no coordination in the economy. We found
that, within our framework, the lack of coordination can stimulate economic growth
through overconsumption of a private good, which is viewed as a perfect substitute
of a depleted public good. This endogenous spur to economic growth can also result
from the lack of altruism of individuals. In both cases, it can be an undesirable process
because it can lead to degradation of the public, environmental good.

The study suggests that the depletion of a free-access environmental good can
increase the consumers’ need for its private substitutive goods, with a consequent
increase in their production and consumption. Thus, the compelled defensive consump-
tion of costly substitutive goods, instead of the free consumption of the (increasingly
polluted) environmental good, can be an engine of economic growth. In other words,
growth can be driven by the destructive power of overconsumption, a conclusion
widely supported by the literature (see among others Antoci 2009; Antoci and Bar-
tolini 2004; Bartolini and Bonatti 2002).

The growth mechanism described here is not necessarily undesirable, although
it is based on a process of environmental depletion. Namely, the substitutive con-
sumption compelled by the decreased availability of free goods may generate Pareto
improvements, when the endowment of environmental good is too low. Conversely,
the substitutive consumption may be undesirable when such endowment is high; then,
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the welfare of individuals can be higher if no private substitutive good exists. Also,
when individuals try to improve their welfare by private (rather than collective) con-
sumption, they may cause a general worsening of their position, as a consequence of
a coordination failure.
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