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Abstract: In this research, the intertemporal optimal management of subsidies offered by the envi-
ronmental regulator and the dynamic conflict between two groups of economic agents involved in
environmental quality are discussed. First the environmental model is examined in its optimal control
management form with two state variables. The analysis of the improved model, inspecting the social
planner’s decision (policy) variable, the variable which influences not only environmental quality but
the national budget stock, reveals that is dependent on the growth of the national budget stock. A
negative growth rate leads to the long run saddle point equilibrium, while an incremental growth rate,
but less than the model’s discount rate, leads to an interesting complicated limit cycle equilibrium,
for which under certain parameter values the orbit’s phase portrait can be drawn. For the dynamic
game model between the social planner and natural resource exploiters, the equilibrium conditions
are examined. It is rather a richer than the point equilibrium for which the cyclical strategies have
great importance. Therefore, the conditions for that rich equilibrium are found. As a continuation,
the paper concludes that the equilibrium condition is that the players’ discount rates are both greater
than the national budget interest rate. Finally, the certain values of the equilibrium strategies and
national budget stock are provided.

Keywords: national budget; subsidies; renewable resources; sustainable development; environmental
quality; environmental regulation; optimal control; differential games

1. Introduction

Dynamical economic problems can be faced either as optimal control models or
as dynamic games. As it is well known, the case of the dynamic games is definitively
the n-person extension of the case of the optimal control models in which one and only
one economic agent coordinates his actions to maximize/minimize his own utility/costs
(Dockner et al. 2000). In this paper, attention is given to the special fragment of the national
budget stock which is offered by the social planner as a subsidy, while at the same time
the group of economic agents that consume the given subsidy is taken into consideration,
assuming they do not cooperate with the social planner. Each of the above economic agents,
i.e., the social planner and the group of subsidy consumers, chooses his own policy to
maximize his own intertemporal discounted utility. Since the subsidy offered is dependent
on the national budget, the strategies which are chosen by the players affect not only
the levels of the utility of every player but also the common level of the national budget
stock. The implications of the latter formulation are as follows (Grass et al. 2008). First, the
strategies chosen by the economic players of the game have great implications for the size
of the capital stock, i.e., the national budget, which in turn has impacts on the economic
magnitudes of any nation. Second, since the game is non-cooperative, the players do not
coordinate their movements with each other, but play in a strategic way. Third, according
to the game-theoretic view, the result of equilibrium hinges upon the spaces of the available
strategies of the players.

According to the information structure followed by the model under consideration,
the players of a dynamic game have some actions to choose from, i.e., to define the type
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of their strategies (Wirl 1997). One type of strategy is that which uses the minimum of
information and is based on time alone over the whole horizon of the game played, which
is called the open-loop strategy. On the other extreme, closed-loop strategies are strategies
in which every player of the game adapts his actions according to the current state of
the game.

Supposing that the subsidy’s consumers use open-loop strategies, the only action that
they have to do is to fix their trajectory of consumption and adhere to that specific orbit over
the entire planning horizon, starting from time zero (Berck 1981). Similarly, if the social
planner follows the open-loop policy pattern his only task is to plan a subsidy offering
policy at the initial time of the game and stick to that policy until the end of the game.

On the other hand, the adoption of feedback strategies requires the players of the
game to adapt the time paths of their offering and consuming activities according to the
current state of the stock of the national budget for the whole time horizon of the game
(Clark 1990; Clark and Munro 1975). Feedback strategies take into account the interactions
among the players in a dynamic game. If a group of subsidy consumers today eats all
the subsidies offered, a fact which lowers the level of the national budget stock, the social
planner plans their future actions taking into account this instantaneous change in the
national budget stock. This is the rationale that the closed-loop strategies are sensitive in
the strategic interactions among players (Hartman 1963).

As is well known, subsidies are faced like public expenditures (Gordon 1954; Hannesson
1983), therefore they are financed from the national budget. In turn, whenever a subsidy
is offered, there must be taken an equivalent measure, like taxes or like another source of
public revenue, in order to balance the national budget. The offer of subsidies is not without
justification and, in conclusion, the choice to offer or abolish a subsidy is a result of not only
social but private comparison among benefits, costs, and revenues (Plourde 1971; Schäfer
1994). As it became obvious, the subsidy mechanism tends to connect the returns between the
private and public sectors in such goods and services in which the observed externalities are
very large.

Some examples would be the subsidies in social health, e.g., inoculation against com-
municable diseases, in education, and especially in the sustainability of the environmental
amenities, e.g., sustainability of renewable and nonrenewable resources, social forestry, and
water conservation (Liski et al. 2001).

A major problem faced by the government is related to the sustainability of the fiscal
deficit. To be more precise, in the case that the very large fragment of subsidy is financed
by borrowed funds and not by government income, then the fiscal deficit is exploding,
and therefore its time path becomes unstable. As a result, the main purpose of the subsidy
mechanism fails, and therefore has the opposite effect (Levhari and Withagen 1992).

The novelty of the present study is how the fiscal policy, i.e., the subsidies of a country,
are interrelated with the environmental policy intertemporally in a dynamical way. The
latter is based in the economically acceptable dynamical methods, which are the optimal
control theory and the game theory. In other words, the main concern, and therefore the
novelty of the paper, is how the two economic concepts, subsidies and environmental
quality, are interrelated not only in a dynamical way but intertemporally. The game theory
approach gives some interesting policy implications that are illustrated during the model
analysis in the main text of the paper.

This research extracts three major results. The first refers to the cyclical strategies
which have been introduced in dynamical economics only in recent decades, due to the
works of Feichtinger and Sorger (1986) and Wirl (1992), with these authors being only a
few from along catalog of authors. Furthermore, the meaning of cyclical and more general
complex policies has received increasing attention in the last few years as related to overall
economic activities. For example, cyclical policies can be found in demand–production
models, in business models, in rational addiction economic models, and so on. A cyclical
policy or strategy is the result of a limit cycle dynamic equilibrium, i.e., a richer equilibrium
than the point equilibrium, and therefore more important. This, in a simple way, implies
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that a cyclical strategy, because of its oscillation in a certain basin of attraction, sooner or
later will retrace its previous steps.

The first result of this study (Proposition 1) is a novel and important interconnection
of environmental economics and financial economics, finding the necessary conditions for
cyclical strategies between social planners and natural resources exploiters. This condition
involves the discount rates of the two players, and therefore the risk premium between the
two policies. The second result (Proposition 2) provides the validity of the general model
and interconnects environmental economics with fiscal policy in the linear form of the
model, involving the discount factors of the two players which are compared with the rate
the national budget grows. In our opinion, Proposition 2 is of great economic importance
in both environmental and fiscal policies. Finally, the third result (Proposition 3), although
computational, provides the exact expressions of the followed policies by the two players
of the game in terms of the model parameters. Additionally, it offers the steady state value
of the national budget stock, again an important interconnection with the fiscal policy.

According to the modeling of public debt as an accumulated variable (Halkos et al.
2020), budgetary resources, which are offered as subsidies, can be thought of as an insepara-
ble crucial part of the public debt, and therefore can be treated as an accumulated variable.
For the above variable, which is treated as a decision variable, any instantaneous change
is dependent on the most recently approved subsidy and its historical adjustments. To
the best of our knowledge, this is a novel assumption in the economics of environmental
subsidies, which is governed by intertemporal rules, since any subsidy offered is the result
of historical approvals or withdraws.

This research aspires to contribute to the existing literature on both points of view
of the subsidies problem, i.e., first in the dynamic management model and second in the
dynamic conflict of the subsidies problem. This study continues the novelty of modeling in
which subsidies are managed as a function of the accumulated national budget, extending a
model that has been introduced by (Halkos et al. 2019). Moreover, this research extends the
modified problem in a Nash dynamic game in which the conditions between the discount
factors of the players for the limit cycle equilibrium are found.

The structure of this study is as follows. The relevant literature review is presented
in Section 2. Some useful comments on how a connection between the management of
subsidies and cyclical economic actions are made in Section 3. The extension of the one-state
model in the two-state model is introduced in Section 4. In Section 5, the differential game
model and its limit cycle equilibrium are analyzed. In Section 6, the findings of the paper
are discussed, while the last Section concludes the research.

2. Literature Review

The proposed model is an extension of a previous model by (Halkos et al. 2019), not
only concerning its setup but also in the way the environmental subsidies conflicts are
considered. In this paper, the authors propose a dynamic optimal control theory model
of environmental subsidies in which environmental quality is maximized in the infinite
planning horizon, under two certain and sufficient constraints; i.e., first, the national budget
constraint which is described by the differential equation of its instantaneous change, and
second by the historical adjustments of the subsidies decision which in turn is described
by a corresponding differential equation as well. As a result, the authors give sufficient
policy implications in order for the credible cyclical strategies to apply. Another crucial
result for environmental policy, extracted by the same paper, involves the discount rates of
the policy maker and the opportunity cost of the environmental capital. As a result, since
the discount rate is less than the opportunity cost, the optimal policy is currently preferred
to be a taxation policy, related to environmental taxation on clean technologies reducing
carbon emissions and also green financial instruments of cleaner production technologies.
These policies will allow for future subsidies.

Another paper related to environmental quality is (Halkos and Papageorgiou 2021).
In this paper, the authors propose two game theoretic models according to dynamic Nash
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and Stackelberg issues of equilibrium. Both players of the games havet heir own (different)
strategies and a common state variable, concerning environmental quality, which is the
volume of emissions generated by the polluting firms. A major conclusion of the paper,
comparing the two types of equilibrium, is that the conflict between the two players of the
game, i.e., the social planner and the polluters, is more intensive in the Stackelberg case,
concluding with the exact expressions of the extracted strategies.

In another view, and in another paper by Halkos and Papageorgiou (2018), a game
theoretic model between the social planner and the polluting firms is applied in order to
examine the environmental causes in public debt, and therefore in the subsidy mechanism.
The results of their proposed models are robust for the policy makers in both Nash and
Stackelberg cases, as follows: First, in the Nash setting, the condition for the credible
cyclical strategies is that the government is more farsighted than the polluters. Second,
in the Stackelberg case with the polluters as the followers of the game, the authors found
(a) the model parameter values for which there exist a feasible solution, (b) the analytical
expressions of the strategies for both players, and (c) the range of the parameter values
for which the social planner acts more cautiously and the polluters more aggressively
compared to the Nash case. In both cases, the results suggest certain policy proposals, in
our opinion.

Some other aspects of the environmental problem of degradation can be found in a
paper Kwakwa et al. (2018) in which the Environmental Kuznets Curve (EKC) hypothesis is
examined empirically with evidence from Tunisia. In their paper, a comprehensive analysis
was conducted to understand the potential existence of the EKC hypothesis for various
sources of CO2 emissions within the context of financial development and natural resource
extraction in Tunisia. They conclude that CO2 emissions emanating from the consumption
of solid fuel would eventually increase as the Tunisian economy grows larger.

Another paper related to methodology used in the first part of the proposed model
is (Leventides et al. 2022), in which data-driven and machine learning methods from the
theory of Koopman operators and Extended Dynamic Mode Decomposition are applied
in the study and analysis of the business cycles. Such techniques are extensively used in
dynamical systems and control theory, especially in the case of non-linear or unknown
dynamics. Their primary purpose is to approximate the two-dimensional, non-linear
model with a linear dynamical system which will be able to capture the main features of
the business cycle and it will be more suitable for prediction and control. The paper results
exhibit that following their approach gives good approximation results if one considers
one trajectory and a finite time horizon in this realistic scenario.

3. An Intuitive Explanation of the Cyclical Actions between Subsidies and
Environmental Exploitation

The optimal growth model proposed by Skiba of the one-sector economy, for which the
production function is convex–concave (Skiba 1978), was the cornerstone of the economic
literature regarding cyclical strategies as solutions in dynamical economic models. A great
example would be Wirl’s model (Wirl 1995), which extends the former renewable resources
model of (Clark 1979). Wirl’s conclusion is that the cyclical strategies of extraction are
admitted as equilibrium policies even in the case at which the equilibrium points range
between the intertemporal rule of exploitation and the maximum sustainable yield.

This paper aims to discuss the oscillatory behavior implied by the solution of the
dynamical system of the proposed model, using limit cycles and, especially, the stable
version of the cycles. Since, as is intuitive, any orbit of a dynamical system has as a basin of
attraction a closed and bounded subset, and with time passing has to retrace its previous
steps (Kuznetsov 2000). Translating this into policies, a subsidies policy that offers or
abolishes subsidies, and moreover is bounded by the restriction of the national budget,
sooner or later has to follow a specific one of its previous trajectories.

When higher than two dimensions, the sufficient condition for the existence of stable
limit cycles is not only the existence of a pair of imaginary eigenvalues, but the first
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derivatives of the associated real part of the same eigenvalues are also involved. More
specifically in the case of n > 2, the dimensional system is tuned by a parameter µ, having
also an isolated equilibrium point E1, implying that the condition for Hopf bifurcations
is the following: an existing simple pair of complex conjugate eigenvalues to cross the
imaginary axis from left to right, while the other eigenvalues have negative real parts
(Manfredi and Fanti 2004).

Figure 1 is based on Lemma 2 of Dockner and Feichtinger (1991) and distinguishes the
set of conditions which fully characterizes the local stability properties of the dynamical
system of Equations (10)–(13) in the main text. The involved expressions detJ and ψ are
given in the main text by Equations (15) and (14), respectively. The dotted curve (bifurcation
curve) detJ = (ψ/2)2 + ρ2ψ/2 and the parabola detJ =(ψ/2)2 separate the space in the
following five regions.

Region 1: In the left of the leftmost branch of the parabola detJ =(ψ/2)2 and upper of the
ψ axis.
Region 2: Between the leftmost branch of detJ =(ψ/2)2 and the curve detJ = (ψ/2)2 + ρ2ψ/2.
Region 3: Along the bifurcation curve detJ = (ψ/2)2 + ρ2ψ/2.
Region 4: The right space of the bifurcation curve and upper the ψ axis.
Region 5: Down the ψ axis.

Figure 1. Classification of the eigenvalues depending on det J and ψ.

According to Figure 1, we expect four dynamic types of behavior. For regions 1 and
2, we expect saddle point stability of the above dynamic system, complete instability for
the region 4, the existence of an one-dimensional stable manifold in region 5, and the
existence of closed contours with the possibility of limit cycles along the bifurcation curve
in Region 3.

In economics, bifurcations are of great importance, mainly because they are the out-
come of the interactions between endogenous non-linear forces. Such interactions could
be, according to (Dockner and Feichtinger 1991), the cross effects of capital stocks and the
positive growth of some economic magnitudes.
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An intuitive explanation of cyclical policies in the below environmental subsidies,
between the economic agents involved in environmental exploitation activities and the
government, could be the following. The people who are interested economically in the
exploitation of natural resources enjoy utility stemming from the higher intensity of their
extraction mechanisms, while the opponent, i.e., the social planner, gains utility from
the higher level of the restored environmental quality as a result of the subsidies offered
(Ströbele 1988; Ströbele and Wacker 1995). The starting point is a low and declining national
budget. Since the social planner benefits from a higher possible rate of subsidies, the offer
must increase the national budget up to the point at which the marginal increment would
cause high unfavorable costs. Because of the national budget increment, the rate of the
given subsidies is incremental, and therefore the exploiters of environmental resources
intensify their exploitation actions. The latter actions would tend to stabilize the dynamic
system towards the steady-state. A realistic assumption is adopted that the exploiters of
environmental resources behave myopically, and therefore they accelerate the rate of their
economic actions. The social planner who cares about environmental quality reacts by an
incremental abolishing of subsidies. In order to avoid the loss of the previous amount of
subsidies, the exploiters of environmental resources have to incrementally decelerate their
extraction rate, and at that time the cycle of actions and counter-actions would close.

4. The Extended Subsidies Management Model

The research methodology used is clearly dynamical economics methodology, specif-
ically the optimal control and differential games theories. Concerning the management
model, this could only be treated dynamically and one of the appropriate tools for that
analysis is the optimal control theory. In the same way, as a continuation of the management
model, the most credible tool which favors the analysis of the conflict between the persons
involved in environmental degradation and restoration, bearing in mind the historical
nature of the subsidies decision, is the dynamic (differential) game theory. The choice to
describe the clash between the two rival sides of the environmental model as a differential
game is not only because of the conflicting nature of game theory but also because of the
intertemporal nature of environmental resources as capital.

In the classical stock literature, someone can consider the management of the subsidies
taken from the national budget as a stock model of two state variables; one variable could
be the national budget and the second could be the subsidies offered in order to improve
the environmental quality (Halkos et al. 2019). In that primitive case, the above optimal
control model, with adjustment costs, is written as:

max
∫ ∞

0
e−ρt[U(S(t), B(t))− C(E(t))]dt, (1)

Subject to
dB(t)/dt =

.
B(t) = g(B(t))− S(t), B(0) = B0, (2)

dS(t)/dt =
.
S(t) = E(t), S(0) = S0, (3)

where U(S(t), B(t)) is the utility function enjoyed by the social planner, S(t) is the subsidies
function, and B(t) the national budget, while C(E(t)) is the cost function due to the
adjustments in environmental quality, g(B(t)) is the growth function of the national budget,
and E(t) is the state of environmental quality. This model admits saddle point stability
in the case at which the national budget growth function has the form of the increment
logistic function, and moreover the conditions USS = UBS = 0 and g′ > ρ > 0 are met
(Halkos et al. 2019).

The basic two-dimensional model (1)–(3) is extended, taking the subsidies as an
amount which shrinks or augments.

The decision for increment or decrement of the overall subsidies is also significantly
depending on the current instantaneous environmental quality rate; therefore, the overall
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amount of the subsidies might be taken as a stock, which straightforwardly impacts the
total subsidy function S(t) (Farmer 2000; Halkos and Papageorgiou 2014). However, since
the subsidy function S(t) is a function dependent on environmental quality, this is denoted
by S(E). Environmental quality E, does not remain at a given state, but deteriorates
with a simple depreciation rate. Additionally, it is obvious to mention that the central
manager of subsidies enjoys utility from his decision to restore environmental quality. If
the social planner handles the environmental quality as a variable that denotes the state
parameter, the choice to offer or abolish a subsidy would be the new control variable which
is incorporated in the system.

With the above assumptions, the optimal control problem (1)–(3) might be modified
as below:

max
u

∞∫
0

e−ρt[U1(B) + U2(u)]dt (4)

Subject to
.
B(t) = g(B(t))− S(E), S(0) = S0 (5)

.
E(t) = u− δE, E(0) = E0 (6)

where U1(B), U2(u) is the total utility applied in a separable form, i.e., the sum of the
utility originated from the existing national budget stock plus the utility stemming from
the social’s planner decision u. The subsidies function S(E) can be expressed as a function
of the expected environmental quality, while δ illustrates the depreciation rate of the
environmental quality. The control (policy) variable u influences not only the changes of
environmental quality in a direct way, but also indirectlyaffects the budget stock through
the subsidies function S(E). The utility function’s separable form representation illustrates
the intertemporal trade-off between the profits linked to the higher national budget U1(B)
and the advantages stemming from environmental quality improvements, U2(u) (Halkos
and Papageorgiou 2014). The assumption that inside utility U2(u) is embodied in all the
costs associated with the management of environmental amenitiesis used. Finally, the
policy about environmental quality, u, may be positive in the event of improvement or
negative in the occurrence of deterioration. The latter states that the depreciation factor, in
the steady state equilibrium, can be set to zero, which in turn implies that u∞ = 0, i.e., no
changes are made in environmental quality.

The optimal control problem (4) under the constraints (5) and (6) is solved as follows.
The Hamiltonian is:

H = U1(B) + U2(u) + λ1
.
B + λ2

.
E

where λ1, λ2 are the adjoint variables of the states B, E respectively.
The concavity of the Hamiltonian function, both on state variables as well as on the

control variable, of the problem under consideration, together with the transversality
conditions, are exactly adequate circumstances for the optimality of the control issue. The
limiting transversality conditions are listed below:

lim
t→∞

e−ρtλ1B = 0

lim
t→∞

e−ρtλ2E = 0

Next, the maximizing condition of the Hamiltonian for the control values is given by

Hu = U′2(u∗) + λ2 = 0 (7)

And taking into account the concavity of the Hamiltonian, then

Huu = U′′ 1(u) < 0
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Taking the inverse function h(λ2) = (U′2)
−1(λ2) (which already exists), the above

optimality condition is satisfied:

Hu(g, E, h(λ2), λ1, λ2) = 0

The co-state variables λ1, λ2 evolve according to the following equations of motion:

.
λ1 =

(
ρ− g′(B)

)
λ1 −U′1(B) (8)

.
λ2 = (ρ + δ)λ2 + λ1S′(E) (9)

Now the construction of the so-called canonical system of the necessary conditions
follows. This system is constituted by the Equations (5), (6), (8), and (9), i.e., the system
described below: .

B(t) = g(B(t))− S(E) (10)

.
E(t) = h(λ2)− δE (11)

.
λ1 =

(
ρ− g′(B)

)
λ1 −U′1(B) (12)

.
λ2 = (ρ + δ)λ2 + λ1S′(E) (13)

with the following Jacobian matrix:

J =


g′(B) −S′(E) 0 0

0 −δ 0 − 1
U′′ 2(u)

− g′′ (B)U′1(B)
ρ−g′(B) −U′′ 1(B) 0 ρ− g′(B) 0

0 S′′ (E)U′1(B)
ρ−g′(B) S′(E) ρ + δ


In order to compute the eigenvalues of the Jacobian matrix it is simple to apply

Dockner’s formula (Dockner 1985). Note that the four eigenvalues of the Jacobian matrix
are used to distinguish the linear system’s approximation (10)–(13). Applying the formula
of the four roots r1,2,3,4 are gives

r1,2,3,4 = (ρ/2)±
√
(ρ2/4)− (ψ/2)± (1/2)

√
ψ2 − 4detJ (14a)

where

ψ =

∥∥∥∥∥∥
∂

.
B

∂B
∂

.
B

∂λ1
∂

.
λ1

∂B
∂

.
λ1

∂λ1

∥∥∥∥∥∥+
∥∥∥∥∥∥

∂
.
S

∂S
∂

.
S

∂λ2
∂

.
λ2

∂S
∂

.
λ2

∂λ2

∥∥∥∥∥∥+ 2

∥∥∥∥∥∥
∂

.
B

∂S
∂

.
B

∂λ2
∂

.
λ1

∂S
∂

.
λ1

∂λ21

∥∥∥∥∥∥ (14b)

Making the appropriate substitutions the coefficient ψ of the formula (14b) reduces
in to

ψ = g′(B)
(
ρ− g′(B)

)
− δ(ρ + δ) +

S′′ (E)U′1(B)
U′′ 2(u)(ρ− g′(B))

(15)

while the determinant detJ of the Jacobian reduces into the following expression:

detJ = −g′δ
(
ρ− g′

)
(ρ + δ) +

g′′U′1S′2

U′′ 2(ρ− g′)
+

S′2U′′ 1
U′′ 2

+
g′S′′U′1

U′′ 2
(16)

Assuming that an interior solution u∗ exists for the concave problem (4)–(6) then
the system’s stability properties, which are mostly determined by the sign of the growth
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function’s rate of change, i.e., on the sign of g′, are derived, which are also dependent on
the other qualitative characteristics of the model as noted below.

Case 1: g′ ≤ 0, according to (16), since g′ ≤ 0, then detJ > 0 and ψ < 0. As a
result, two of the eigenvalues require negative real parts and consequently the long-run
equilibrium is a saddle point.

Case 2: 0 < g′ < ρ. The long-run equilibrium can be described by all different cases,
i.e., saddle point stability and locally volatile spirals, and destabilization because of the
converge to equilibrium is limited to a one-dimensional set of initial conditions. Based on
the Poincare–Andronov–Hopf (PAH) theorem (Kuznetsov 2000), the shift from a stable
domain to a locally unstable one may give rise to limit cycles.

Supposing that there is growth, g′ > 0, and a process of diffusion with a single and

unique budget point
∼
B such that g′(

∼
B) = 0, it is widely understood that the temporal

path of the budget level is made of a convex segment (if B <
∼
B) and a concave segment (if

B >
∼
B). To put it another way, the domain of the low level ( B <

∼
B) illustrates increasing

returns and the domain of the upper level is characterized by diminishing returns. It is
feasible that declining returns result in a stable equilibrium, whereas increasing returns
favour complicatedness, i.e., limit cycles. The rationale for this is that a small percentage
of the national budget may climb to a particular point, making it sensible for the agent to
develop his equipment in order to receive future advantages.

Specifications

Advantages are anticipated from the national budget stock proportionate to its current
condition. Furthermore, the expansion of advantages connected with the existing level of
environmental amenities, however, is not unbounded, but rather approaches a limit. Thus,
the functional forms are defined as below:

U1(B) = a1B, a1 > 0 (17)

U2(u) = β1u− 1
2

β2u2, β1 > 0, β2 ≥ 0 (18)

g(B) = B(1− B) (19)

S(E) = γE, γ > 0 (20)

The last two formulae express the notion that there is a budget ceiling B that must be
met, which rises when there is lack of subsidies, whereas the diminution of the budget’s
level grows in proportion to the total amount of environmental quality E. Nevertheless,
because of the large depreciation that has been made on the previous accumulated en-
vironmental quality, the decision for adjustments has a very minor meaning in the long
term. In other words, at the steady state, the choice of u∗, drops to zero and this outcome is
only possible if the depreciation rate is set close to zero, δ ≈ 0. With this final assumption,
and under the requirements (17)–(20), the determinant of the Jacobian (16) along with the
coefficient ψ (15) reduces into

detJ =
g′′ (B)U′1(B)S′2(B)
U′′ 2(u∗)(ρ− g′(B))

=
2ρβ1γ

β2
(21)

ψ = g′(B)
(
ρ− g′(B)

)
=

a1γ
(
ρ2β1 − a1γ

)
β2

1ρ2
(22)

Having the set of requirements for the presence of a pair of entirely imaginary eigenval-

ues, i.e., det (J) −
(

ψ
2

)2
− ρ2ψ

2 = 0, ψ > 0 and det (J) > 0, the bifurcation point a1 is kept



Economies 2024, 12, 75 10 of 21

for the specific parameter values β1 = β2 = 1, ρ = 0.01, γ = 0.071. It can be demonstrated
quantitatively (Grass et al. 2008) that the criteria for complex eigenvalues with positive real
parts are fulfilled for the aforementioned parameter values a1 ∈ (6.69, 7.595), and further-
more there are stable limit cycles, at least in the right-hand proximity of a1 = 6.69 (Halkos
and Papageorgiou 2014).

The phase portrait in the modification–stock plane is depicted in Figure 2, which
corresponds the aforementioned values of a1.

Figure 2. Phase portrait of the example of a cyclical strategy in a decision–stock plane, for certain
values of the bifurcation parameter a1 ∈ (6.69, 7.595).

In Figure 2, the four phases I–IV illustrate a cycle as the best management strategy

Phase I :
.
B > 0 and

.
u > 0

Phase II :
.
B > 0 and

.
u < 0

Phase III :
.
B < 0 and

.
u < 0

Phase IV :
.
B < 0 and

.
u > 0

5. Conflicts with a Shared Function of Subsidies

Based on the assumption of the previous section, the instantaneous budget is presented
by B(t) and has common access at time t. The budget grows based on the function g(B),
having no subsidy taken into account, undoubtedly on the basis of the budget itself.
This happens by the satisfaction of the following conditions: g(0) = 0, g(B) > 0 for
all B ∈ (0, K), g′(B) < 0 for all B ∈ (K, ∞), g′′ (B) ≤ 0. For the following game, it is
assumed that two types of players are involved. The first player is the social planner who
cares to maintain the amenities of the environment. The second player is the commercial
heavy equipment extractor of environmental resources acting as factories. Regarding the
second type of player, it is costly to carry out the exploitation of environmental resources;
examples of costs include (i) damages to the available equipment, (ii) payroll for employees,
and (iii) diminution of financial capital (Halkos and Papageorgiou 2014). Taking into
account the process of depletion of the budget stock (the environmental subsidies function)
does not only rely on frequent usage ν(t) of the heavily equipped exploiter but is also
influenced by the environmental restoration effort u(t) undertaken by the other player, i.e.,
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by the effort of the social planner. As instrument variables, the intensity of their extracting
actions and the planner’s effort are respectively established, meaning (i) the intensity of the
extracting equipment’s usage ν(t) for the heavily equipped player (player type 2), and (ii)
the effort u(t) for the social planner (player type 1) are both assumed to be non-negatives
ν(t) ≥ 0, u(t) ≥ 0.

The subsidies function is stated by S(u, ν), which depends on both the planner’s
effort u(t) and the intensity of the extractors. Bringing together the growth g(B) with the
subsidies function S(u, ν), the state dynamics can be expressed as

dB
dt

=
.
B = g(B)− S(u, ν), B(0) = B0 > 0 (23)

The non-negativity constraint is imposed along a trajectory, that is

B(t) ≥ 0 ∀t ≥ 0 (24)

As intensity from the perspective of player 2 rises regarding the extracting equipment
utilization and as the effort from player 1 (i.e., the social regulator) rises as well, these two
actions usher in a certain stronger depletion of the national budget via the use of subsidies.
Hence, it is reasonable to believe that the partial derivates of the subsidies function are
positive with respect to the parameters, i.e., Su > 0, Sν > 0 (Halkos and Papageorgiou
2014). In addition, the type 1 player’s effort is affected by the law of diminishing returns,
which is Suu < 0, or it might be assumed that Sνν = 0 in order to make it simpler. Moreover,
the assumption that the Inada conditions remain true(guaranteeing the non-negativity of
the optimal strategies) is made, i.e.,

lim
u→0

Su(u, ν) = ∞, lim
u→∞

Su(u, ν) = 0

lim
ν→0

Sν(u, ν) = 0, lim
ν→∞

Sν(u, ν) = ∞
(25)

The two players want to maximize the following utility functions: Player 1 (i.e., the
social planner) desires instantaneous utility, firstly from its own subsiding program, but its
actions u(t) stimulate increasing and convex costs a(u), and secondly from the high stock
of budget also stated by the increasing function φ(B).

Bearing in mind the previous assumptions, the present value of player 1’s utility is
defined by the following functional.

J1 =

∞∫
0

e−ρ1t[S(u, ν) + φ(B)− a(u)]dt (26)

Player 2 (i.e., the extractor of natural resources) benefits from utility υ(B) for two
reasons: (i) the existing national budget stock B(t) and (ii) their extracting actions usage
intensity ν, which can be presented by the function β(ν). Regarding the utilities υ(B) and
β(ν), it can be assumed that they are monotonically increasing functions with decreasing
marginal returns, meaning that υ′(B) > 0, β′(ν) > 0 and υ′′ (B) < 0, β′ ′(ν) < 0. It can
be further purported that the social planner’s overall effort u has zero effect on player 2’s
utility. Hence, player 2’s utility function can be given, in additively separable form, as

J2 =

∞∫
0

e−ρ2t[υ(B) + β(ν)]dt (27)

The methodology used in the proposed model undoubtedly includes not only the
heavily equipped exploiter but every type of extractor of natural resources (renewables or
non) starting from a simple fisherman, a simple miner, etc., to a heavily equipped industry
of extraction. The notion “heavily equipped exploiter” is only used in order to give some
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emphasis, as a representative agent, but the model is applicable for all types of natural
resources extractors, since the same utility function (27) is applied for all types of exploiters
of natural resources.

5.1. Periodic Solutions

In the subsection that follows, the stability and steady state analysis of the important
conditions of the model is carried out, which is considered as a differential game that
contains two controls and one state variable. Corresponding Hamiltonians, optimality
conditions, and adjoint variables for the problem under consideration are, respectively,

H1 = S(u, ν) + φ(B)− a(u) + λ1(g(B)− S(u, ν))

H2 = υ(B) + β(ν) + λ2(g(B)− S(u, ν))

∂H1

∂u
= (1− λ1)Su(u, ν)− a′(u) = 0 (28)

∂H2

∂ν
= β′(ν)− λ2Sν(u, ν) = 0 (29)

.
λ1 = ρ1λ1 −

∂H1

∂B
= λ1

[
ρ1 − g′(B)

]
− φ′(B) (30)

.
λ2 = ρ2λ2 −

∂H2

∂B
= λ2

[
ρ2 − g′(B)

]
− υ′(B) (31)

The subscripts state player 1 and player 2 for Hamiltonian Hi, i = 1, 2, respectively,
and the adjoints λi, i = 1, 2. The solutions of the system of equations are the steady state
solutions for the state, the adjoints, and the controls:

g(B) = S(u, ν),

λ1
[
ρ1 − g′(B)

]
− φ′(B) = 0,

λ2
[
ρ2 − g′(B)

]
− υ′(B) = 0

(1− λ)Su(u, ν)− a′(u) = 0,

β′(ν)− µSν(u, ν) = 0.

The following matrix denotes the Jacobian matrix referring to the system of optimality
conditions:

J =


∂

.
B

∂B
∂

.
B

∂λ1
∂

.
B

∂λ2
∂

.
λ1

∂B
∂

.
λ1

∂λ1

∂
.
λ1

∂λ2
∂

.
λ2

∂B
∂

.
λ2

∂λ1

∂
.
λ2

∂λ2

 =

 g′(B) − ∂S(u,ν)
∂λ1

− ∂S(u,ν)
∂λ2

−λ1g′′ (B)− φ′′ (B) ρ1 − g′(B) 0
−λ2g′′ (B)− υ′′ (B) 0 ρ2 − g′(B)


which also gives the following: trace, tr(J), and the determinant, det(J) as

tr(J) = ρ1 + ρ2 − g′(B)

and
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det(J) = g′(B)(ρ1 − g′(B))(ρ2 − g′(B))− ∂S(u,ν)
∂λ1

(λ1g′′ (B) + φ′′ (B))(ρ2 − g′(B))−
− ∂S(u,ν)

∂λ2
(λ2g′′ (B) + υ′′ (B))(ρ1 − g′(B))

Based on (Wirl 1997), the satisfaction of the following conditions demand the existence
of a pair of purely imaginary eigenvalues:

tr(J) > 0, det(J) > 0, w > 0, det(J) = w tr(J)

where the result of the sum of the following determinants is coefficient w.

w =

∣∣∣∣∣ g′(B) − ∂S(u,ν)
∂λ1

−λ1g′′ (B)− φ′′ (B) ρ1 − g′(B)

∣∣∣∣∣+
∣∣∣∣ρ1 − g′(B) 0

0 ρ2 − g′(B)

∣∣∣∣+
+

∣∣∣∣∣ g′(B) − ∂S(u,ν)
∂λ2

−λ2g′′ (B)− υ′′ (B) ρ2 − g′(B)

∣∣∣∣∣ =

= ρ1ρ2 − [g′(B)]2 − ∂S(u,ν)
∂λ1

[λ1g′′ (B) + φ′′ (B)]− ∂S(u,ν)
∂λ2

[λ2g′′ (B) + υ′′ (B)]

It is important that the crucial condition for cyclical strategies be defined in order to
have Hopf bifurcations occur, which can be stated as

w > 0, w =
det(J)
tr (J)

After simple algebraic calculations, this becomes

ρ1ρ2[ρ1 + ρ2 − 2g′(B)] =
= ∂S(u,ν)

∂λ1
[λ1g′′ (B) + φ′′ (B)]ρ1 +

∂S(u,ν)
∂λ2

[λ2g′′ (B) + υ′′ (B)]ρ2
(32)

5.2. Specifications for the Game

The game’s functionalities are defined as follows: a diffusion technique for budget
function expansion, that is g(B) = rB(1− B), a Cobb–Douglas type function for the subsi-
dies function S(u, ν) = uγν, and the utility function resulting from player 2’s equipment
use intensity as in the equation β(ν) = A − ν(ξ−1)/(1− ξ). Observing that the utility
function β(ν) with A > 0 and ξ ∈ (0, 1) presents constant relative risk aversion in the sense
of the Arrow–Pratt measure of risk aversion (Pratt 1964; Halkos and Papageorgiou 2014),
the rest of the functions remain in a linear form. This means that the utilities deriving
from the existing budget stock are for player 1 φ(B) = φB and for player 2 υ(B) = υB,
while player 1’s effort cost is in the linear fashion a(u) = au as well, observing that all
the included coefficients, i.e., the intrinsic growth rate r and the slopes φ, υ, and a, are
positive real numbers, but ∈ (0, 1), A > 0, and ξ ∈ (0, 1) as already mentioned (Halkos
and Papageorgiou 2014).

Having in mind the above specifications, the following outcome holds true.

Proposition 1. A necessary condition for cyclical strategies in the game between the social planner
and the exploiters of the environmental resources, as described above, is the exploiters of the natural
resources take riskier actions compared with the social planner.

Proof. See Appendix A. �

The insight behind Proposition 1 is apparent. Beginning with a rather low and in-
creasing intensity of the actions undertaken by the exploiters of environmental resources,
the intensity of the actions is represented by the control variable v. The social planner
operates at low effort as well, because the higher the increasing effort, the higher the costs.
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Furthermore, the social planner is worried about the budget level, considering the environ-
mental quality, amplified by the intensity of the actions undertaken by the environmental
exploiters. Under the assumption that the exploiters react in a farsighted way, the social
planner might raise the intensity of equipment only slightly, leading the dynamical system
to a stable steady state.

Nevertheless, accounting for their impatience, the exploiters behave myopically and
react by robustly increasing the magnitude of their activities. This leads the social planner
to choose between leaving the environmental quality deterioration or increasing the overall
effort through the subsidy mechanism. Supposing that the social planner increases the
subsidies devoted to environmental quality, this might lead to a combination of high
intensity on behalf of the exploiters and an even higher effort (i.e., subsidies) on the
planner’s part, ultimately resulting in a high diminution of the national budget stock.

However, the low standards of the national budget stock (and therefore the low level
of subsidies) are unprofitable for the exploiters of environmental services to operate at great
magnitude, leading them to decrease intensity on their part and the cycle would close.

The beginning of a new cycle happens again, probably at a different level due to the
budget stock’s reduction, nevertheless following the same described results. Our thoughts
are that the crucial point of this intuitive description is that the strategic variable u of the
first player lags behind the strategic variable ν of the second player, and both lag behind
the state variable, the national budget stock B.

5.3. An Example of the Game

The present subsection includes our calculation of the Nash equilibrium regarding
the subsidies differential game. The notion of open-loop Nash equilibrium is based on the
assumption that every player’s strategy can be deemed as the best reply to the opponent’s
exogenously-derived strategy. Hence, it is apparent that equilibrium happens if both
strategies are simultaneously the best replies (Halkos and Papageorgiou 2016). Based on
(Dockner et al. 2000), the formulation of the current value Hamiltonians for both players, is
as below:

H1 = S(u, ν) + φ(B)− a(u) + λ1(g(B)− S(u, ν))

H2 = υ(B) + β(ν) + λ2(g(B)− S(u, ν))

The first order conditions, for the maximization problem, are the following system of
differential equations for both players.

First, the maximized Hamiltonians are

∂H1

∂u
= (1− λ1)Su(u, ν)− a′(u) = 0 (33)

∂H2

∂ν
= β′(ν)− λ2Sν(u, ν) = 0 (34)

and second the costate variables are defined by the equations

.
λ1 = ρ1λ1 −

∂H1

∂B
= λ1

[
ρ1 − g′(B)

]
+ φ′(B) (35)

.
λ2 = ρ2λ2 −

∂H2

∂B
= λ2

[
ρ2 − g′(B)

]
+ υ′(B) (36)

The Hamiltonian of player 1, H1, is concave in the control u as far as λ1 < 1 and
is guaranteed by the assumptions on the signs of the derivatives, i.e., Suu < 0, Sνν = 0
and from the decreasing marginal returns on player 2’s utilities, i.e., υ′′ (B) < 0, β′

′
(ν) <

0 (Halkos and Papageorgiou 2016). Moreover, the optimality condition (33) indicates that
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the adjoint variable λ1 takes positive values only if player 1’s marginal utility Su exceeds
the marginal costs, since λ1 = (Su(u, ν)− a′(u))/Su(u, ν).

Linearity of the model is also assumed. A linear growth function, despite the critique
as a fairly unrealistic model, is a good approximation for the exponential growth of the
budget since the 19th century (Murray 2002). To be more precise, the game’s subsequent
functions are expressed in linear form:

1. The growth function of the budget in the form g(B) = r · B, where r is the interest rate;
2. The utility function, φ(B), which stems from the high stock of the budget, in the form

φ(B) = φ · B;
3. The function that measures player 1’s effort cost in the form u(t) = a · u.

All of the constants are positive values, that is, r, φ, a > 0. For the second player’s part,
the maximized functions are linearly specified, i.e., the utilities derived from the budget
stock and high intensity realizations are written as υ(B) = υ · B(t) and β(ν) = β · ν(t),
respectively.

Following the above-mentioned improved specifications, the canonical system of
Equations (33)–(36) can be rewritten as follows:

∂H1

∂u
= (1− λ1)Su(u, ν)− a = 0 (37)

∂H2

∂ν
= β− λ2Sν(u, ν) = 0 (38)

.
λ1 = ρ1λ1 −

∂H1

∂B
= λ1[ρ1 − r]− φ (39)

.
λ2 = ρ2λ2 −

∂H2

∂B
= λ2[ρ2 − r]− υ (40)

and the limiting transversality conditions must hold:

lim
t→∞

e−ρ1tB(t)λ1(t) = 0, lim
t→∞

e−ρ2tB(t)λ2(t) = 0 (41)

The analytical expressions of the adjoint variables (λ1, λ2), solving Equations (39) and
(40), respectively, are:

λ1(t) =
φ

ρ1 − r
+ e(ρ1−r)tC1 (42)

λ2(t) =
υ

ρ2 − r
+ e(ρ2−r)tC2 (43)

In order for the transversality conditions to be fulfilled, it is simple to select the
constant steady state values; thus, the adjoint variables are rendered to the following
constants:

λ1 =
φ

ρ1 − r
, λ2 =

υ

ρ2 − r
(44)

Wanting to assure certain signs for the adjoints (44), another condition on the discount
rates has been imposed by our part, which demands that discount rates are greater than
the interest rate, i.e., the proposed condition is:

ρi > r, i = 1, 2

Thus, the constant adjoint variables both have positive signs.
Considering the inexistence of other optimal solutions, the above restrictive condition

is justifiable. Indeed, by choosing ρ2 < r, player 2’s discount rate is lower than the interest
rate, and their objective function becomes unbounded in the case that they choose to carry
out no exploitation (Halkos and Papageorgiou 2016). In a similar way, by selecting player
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1’s discount rate to be slightly lower than the interest rate, the associated adjoint variable
λ1 eventually becomes a positive quantity. As a shadow price is implausible to be positive
for optimal solutions, the aforementioned argument is satisfactory for the assumption
ρi > r, i = 1, 2. The above discussion is recorded as the next result.

Proposition 2. The proposed game in its linear form admits a solution only if the discount rates of
both players are greater than the interest rate at which the national budget grows.

Having the concavity of the Hamiltonians fulfilled in relation to the strategies for
each player, the first order conditions assure its maximization. Next, the specification
of the subsidies function S(u, ν) that reduces the budget stock is selected. This specific
function depends on effort and as well as intensity. A production function similar to the
Cobb–Douglas specification is chosen that can be characterized by constant elasticities,
withthe form:

S(u, ν) = uσνζ , 0 < σ < 1 < ζ

The next subsection is dedicated to the calculations of the explicit formulae at the
Nash equilibrium.

5.4. Optimal Nash Strategies

Applying first order conditions for the chosen specification function,

Su(u, ν) =
a

1− λ1
⇔ σuσ−1νζ =

a
1− λ1

(45)

Sν(u, ν) =
β

λ2
⇔ ζuσνζ−1 =

β

λ2
(46)

Combining Functions (45) and (46) using the Cobb–Douglas type of specification
unveils an existing interconnection between the strategies, that is,

S(u∗, ν∗) = (u∗)σ(ν∗)ζ ⇔ au∗
σ(1−λ1)

= βν∗
ζλ2
⇔

ν∗ = u ∗ aζλ2
σ(1−λ1)β

(47)

The interconnection between the players’ Nash strategies can be now predicted by
Expression (47). The interconnection of these strategies is dependent on the constant
parameters and on the constant adjoint variables as well.

The substitution of (47) into (46) provides significant information about how to find
the analytical expressions of the strategies. Expression (46), after evaluating the below
algebraic calculations, becomes:

(u∗)σ+ζ−1 =

[
a

σ(1− λ1)

]1−ζ( ζλ2

β

)1−ζ(λ2ζ

β

)−1
=

[
a

σ(1− λ1)

]1−ζ(λ2ζ

β

)−ζ

Based on the above, the analytical expressions for the equilibrium strategies can now
be expressed in a more comparable form:

u∗ =
[

a
σ(1− λ1)

] 1−ζ
σ+ζ−1

(
ζλ2

β

) −ζ
σ+ζ−1

(48)

ν∗ =
[

a
σ(1− λ1)

] σ
σ+ζ−1

(
ζλ2

β

) σ−1
σ+ζ−1

(49)
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Further substitutions in the equation of resource accumulation,
.
B = rB− uσνζ , yield

the following steady state value of the stock:

BSS =
1
r

[
a

(1− λ1)σ

] σ
σ+ζ−1

(
ζλ2

β

) −ζ
σ+ζ−1

(50)

The above discussion is summarized in the proposition that follows.

Proposition 3. If it is assumed that the subsidies function exhibits constant elasticity, then the
environmental quality game with subsidies yields constant optimal Nash strategies. The analytical
expressions of the strategies are given in Expressions (48) and (49) for the social planner and the
exploiters of the environment, respectively. The steady state value of the national budget stock is
given by Expression (50).

Proposition 3 seems to have little economic meaning, caused by the linearity of the
paradigm. However, the constancy of the resulting strategies can be seen in connection
with the concept of time consistency, a central property in economic theory. In fact, time
consistency is a minimal requirement for any strategy’s credibility, but in general, the
open-loop strategies do not have (by definition) the time consistency property since these
strategies are not functions of the state variable but are, rather, time dependent functions.
Nevertheless, a constant strategy may be a time consistent one, since the crucial characteris-
tic for time consistency, i.e., the independency of any initial state B0, is met for the above
constant strategies.

6. Discussion

Examples of subsidy mechanisms could be taken from education. If long-term struc-
turally unemployed workers gain useful training and education, it enables them to find
work. This has benefits for other people in society. The government receives more tax
revenue and pays less unemployment benefits. There is also a less tangible benefit of a
more cohesive society. A second example is that taken from health care. Free universal
health care can ensure everyone gets vaccinated; this prevents the spread of infectious
disease, which benefits everyone. In other words, an individual has a personal benefit from
other people being healthy.

The results of the proposed models are fully applicable in all cases of environmental
resources exploitation, such as renewable and nonrenewable resources. Since the crucial
variable which interconnects the utilities of the model maximized the with subsidies
function is a generalized environmental quality function, the proposed model covers and is
applicable to all types of natural resources, both renewables and non-renewables.

Concerning the results of the proposed models, comparing with the results of a
previous study involving subsidies as an improvement measure of environmental quality,
these results bring cyclical equilibrium strategies one step forward. More precisely, for
certain values of the bifurcation parameter, there exists a limit cycle equilibrium, at least in
the right-hand proximity of that parameter.

Since the two proposed models, optimal management and game theory, involve social
planning, in both cases the extracted results are by default economic policy implications.
Taking the social planner’s position, one policy implication could be that the optimal
cyclical policy regulation should be that the movements of the regulator are less impatient
compared with the opponent players, i.e., an optimal policy for the social planner should
be less risky. A second policy implication can be proposed that the discount rate of the
social planning must to be greater than the interest rate the social budget grows. A third
policy implication is that the social planning should be in a position to predict the resulting
policies of a potential game between the government and the rivals, and this could be done
only in the proposed case in which the functional forms of the two policies are rigorous
expressions (Expressions (48) and (49) in the main text).
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7. Conclusions

In the field of stock economics, the national budget stock is a frequently overlooked
field. As it is widely understood, the analysis centers around the two primary elements
that influence the national budget; specifically the size of the budget itself and the rate
of subsidies offered in order to sustain environmental amenities. The afore mentioned
specification does not take into consideration any other subsidies that impact the national
budget, for instance, subsidies for poverty.

Regarding long-run equilibrium, commonly recognized as the simplest case of saddle–
point type stability, only one attribute is required of the growth function of the national
budget, meaning negative growth. However, even if the assumption of negative growth
is adequate for saddle-point stability, local monotonicity is not assumed, meaning that
transient cycles could arise.

Nonetheless, subsidy management is not only limited to the traditional view of envi-
ronmental quality from the perspective of the social planner. Ensuring the sustainability
of the environmental quality often requires subsidy variation, i.e., the reduction or aug-
mentation of the subsidy amount offered, and the undertaken decision about expansion or
reduction obeys the state variable which is the existing budget stock. Moreover, regarding
the national budget as the stock variable, equilibrium dynamics get more complicated, and
much wealthier, also including saddle-point stability. In the discussion in this paper, the
dynamics of such equilibrium dynamics present cyclical policies as optimal strategies, but
from the above discussion, only some conclusions have been drawn.

The present research’s emphasis is not only limited to the stability properties of the
optimal management program, but also there are stability aspects of the induced non-zero-
sum game between two categories of players that share a common subsidies function are the
subject of this paper. Particularly, the game setup between the social planner and the group
of environment exploiters with a common subsidies function yields an economic outcome,
where the discount rate has a significant impact on periodic solutions. The prerequisite for
periodic solutions is that the exploiters be well-equipped, with impatience greater than the
social planner. Finally, for the supplemental linear example of the same game, the optimal
Nash strategies for both players are computed, which are constant expressions, and are
therefore time consistent strategies.

A limitation of the paper is associated with the proposed game model example, which
lies in the linearity of the utilities of the two players, stemming first from the budget high
stock and second from the high intensity of exploitation realizations. Another limitation
could be the linearity of the growth of the national budget. The utility and the growth
functions are left in linear forms without any loss of generality of the model, while in a
future paper attention will be given to tackling more generalized functional forms for both
growth and utilities. The current proposed models refer to the actors directly consuming
these subsidies, and it will be worth exploring the associated indirect effects.
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Appendix A

Proof of Proposition 1. With the specifications, given in Section 5.2, one can compute

g′(B) = r(1− 2B), g′′ (B) = −2r, Su(u, ν) = γuγ−1, Sν(u, ν) = uγ, a′(u) = a, β′(ν) = νξ−2, φ′(B) = φ, υ′(B) = υ

∂H1

∂u
= 0 ⇔ (1− λ1)Su(u, ν) = a′(u)⇔ (1− λ1)γuγ−1ν = a (A1)

∂H2

∂ν
= 0 ⇔ β′(ν) = λ2Sν(u, ν)⇔ λ2uγ = νξ−2 (A2)

Combining (A1) and (A2), the optimal strategies take the following forms:

u∗ = λ
−1/[1+(1−γ)(1−ξ)]
2

[
a

γ(1− λ1)

](ξ−2)/[1+(1−ξ)(1−γ)]

(A3)

ν∗ = λ
(γ−1)/[1+(1−γ)(1−ξ)]
2

[
a

γ(1− λ1)

]γ/[1+(1−γ)(1−ξ)]

(A4)

and the optimal subsidy becomes

S(u∗, ν∗)= λ2
−1/[1+(1−γ)(1−ξ)]

[
a

γ(1− λ1)

]γ(ξ−1)/[1+(1−γ)(1−ξ)]

(A5)

with the following partial derivatives

∂S
∂λ1

=
λ2
−1/[1+(1−γ)(1−ξ)]

[
a

γ(1−λ1)

]γ(ξ−1)/[1+(1−γ)(1−ξ)]

(1−λ1)
γ(ξ−1)

1+(1−ξ)(1−γ)
=

S(u∗, ν∗)

(1− λ1)

γ(ξ − 1)
1 + (1− ξ)(1− γ)

(A6)

∂S
∂λ2

=
λ2
−1/[1+(1−γ)(1−ξ)]

[
a

γ(1−λ1)

]γ(ξ−1)/[1+(1−γ)(1−ξ)]

λ2
−1

1+(1−ξ)(1−γ)
= S(u∗ ,ν∗)

λ2
−1

1+(1−ξ)(1−γ)

(A7)

Both derivatives (A6) and (A7) are negatives due to the assumptions on the parameters
γ, ξ ∈ (0, 1) and on the signs of derivatives, i.e.,

Su > 0, Sν > 0, υ′(B) > 0, φ′(B) > 0,

which ensures the positive sign of the adjoints λ1, λ2.
Condition w = det(J)

tr (J) now then becomes

ρ1ρ2
[
ρ1 + ρ2 − 2g′(B)

]
= λ1ρ1g′′ (B)

∂S
∂λ1

+ λ2ρ2g′′ (B)
∂S
∂λ2

,

which, after substituting the values from (A6) and (A7) and making the rest of algebraic
manipulations, finally yields (at the steady states).

S(u∞, ν∞)g′′ (B)
1 + (1− ξ)(1− γ)

[
ρ1γ(1− ξ)

φ

φ + g′(B)− ρ1
− ρ2

]
− ρ1ρ2

[
ρ1 + ρ2 − 2g′(B)

]
= 0 (A8)

where it has been set as λ1
1−λ1

= φ
ρ1−g′(B)−φ

stemming from the adjoint equation
.
λ1 =

λ1(ρ1 − g′(B))− φ′(B), which, at the steady states, reduces into λ1 = φ′(B)/(ρ1 − g′(B)).
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Condition w > 0 after substitution the values from (A6) and (A7) becomes

w = ρ1ρ2 −
[
g′(B)

]2
+

S(u, ν)g′′ (B)
1 + (1− ξ)(1− γ)

[
γ(1− ξ)

−φ

g′(B) + φ− ρ1
+ 1
]
> 0 (A9)

The division (A8) by ρ1 yields
S(u∞, ν∞)g′′ (B)

1 + (1− ξ)(1− γ)

[
γ(1− ξ)

φ

φ + g′(B)− ρ1
− ρ2

ρ1

]
− ρ2

[
ρ1 + ρ2 − 2g′(B)

]
= 0 (A10)

The sum of (A9) + (A10) must be positive, thus after simplifications and taking into
account that S(u∞, ν∞) = g(B), we have

g(B)g′′ (B)
ρ1 − ρ2

ρ1[1 + (1− ξ)(1− γ)]
>
[
ρ2 − g′(B)

]2
and the result ρ2 > ρ1 follows from the strict concavity of the logistic growth g′′ < 0.

Since the discount rate ρ2 of reward of the heavily equipped natural resources extrac-
tors is greater than the discount rate ρ1 of the payoff of the social planner, it is undoubtedly
safe to conclude that the second player of the game takes riskier actions than the first, and
the risk premium is given by the difference of the two factors, i.e., ρprem = ρ2 − ρ1. �
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