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A B S T R A C T

Global warming is adversely affecting the earth's climate system due to rapid emissions of greenhouse gases
(GHGs). Consequently, the world's coastal ecosystems are rapidly approaching a dangerous situation. In this
study, we formulate a mathematical model to assess the impact of rapid emissions of GHGs on climate change and
coastal ecosystems. Furthermore, we develop a mitigation method involving two control strategies: coastal
greenbelt and desulfurization. Here, greenbelt is considered in coastal areas to reduce the concentrations of GHGs
by absorbing the environmental carbon dioxide (CO2), whereas desulfurization is considered in factories and
industries to reduce GHG emissions by controlling the release of harmful sulfur compounds. The model and how it
can control the situation are analytically verified. Numerical results of this study are confirmed by comparison
with other studies that examine different scenarios. Results show that both control strategies can mitigate GHG
concentrations, curtail global warming and to some extent manage climate change. The results further reveal that
both control strategies are more effective than one control method. Overall, the results suggest that the con-
centrations of GHGs and the effects of climate change can be controlled by adopting sufficient coastal greenbelt
and desulfurization techniques in various industries.
1. Introduction

The Earth's environment is closely interconnected with living species,
big or small. Greenhouse gas (GHG) emissions have risen in the two
centuries due to unchecked population growth, modernization, indus-
trialization, and urbanization. About 83% of atmospheric GHGs is pro-
duced from man-made materials/sources and human activities [1]. Of
the man-made sources, about 59% of GHGs originate from industry [2]
which significantly increases the concentrations and amounts of GHGs in
the atmosphere. This is coupled with the indiscriminate cutting down of
the world's remaining forest areas (Figure A1, Appendix A), which are the
‘lungs’ of the planet's environment by absorbing approximately 32.6
gigatonnes of CO2 every year [3]. As a result, the atmospheric temper-
ature is rising as the concentrations of GHGs increase, and so is the
climate changing proportional to global warming [4, 5]. For these two
reasons, destructive natural phenomena such as tornados, tsunamis, cy-
clones, droughts, floods, rising seawater levels, and acidification are
inevitable [6]. Human societies and flora and fauna suffer a variety of
skin diseases due to incoming and worsening UV radiation [7]. About
137 species of temperature-sensitive plants, animals, and insects are
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becoming extinct every day due to global warming [7]. If this current
situation remains, the annual emissions of GHGs will reach 1.34 billion
tons by 2030 and 56 billion tons by 2050 [8]. Subsequently, the atmo-
spheric temperature will increase by 3.6 �C by 2036 [9] and 4.05 �C by
2100 [10] which is enough to wipe out most temperature-sensitive
species [11].

Most harmful GHGs such as sulfur dioxide (SO2) damage the forest
ecosystem by introducing acid rain. A large part of the total forest areas is
being lost rapidly because of acid rain as well as climate change.
Currently, Carbon Capture and Storage (CCS) techniques applied to the
decarbonization of industries are becoming more widespread to control
GHGs [12]. With these techniques, approximately 20% of CO2 emissions
can be reduced by 2050 [12]. Feedback control with various polymeric
amines is a very useful strategy to reduce GHGs by absorbing the
anthropogenic emissions of CO2 [13,14]. According to recent research,
the amine-based pilot plant technique is more effective in diminishing
GHGs and especially flue gases [15]. Experimental results show that this
technique can capture GHG emissions, approximately 9–11% more than
the amine-based carbon capture plant [15]. On the other hand, desul-
furization is a chemical process used to remove sulfur compounds from a
ne 2021
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molecule or mixture [16]. The main aim of desulfurization is to reduce
the release of harmful sulfur compounds and especially SO2 from
different man-made sources. In order to reduce the release of sulfur
components and local acid rain, desulfurization can be implemented in
various industries.

Yet, the total forest area on the earth's surface is declining daily
because of excess emissions of GHGs and indiscriminate deforestation
[17]. There is no afforestation alternative that is enough to maintain the
natural balance and overthrow the concentrations of GHGs [3, 6]. In this
case, greenbelt is an effective technique to reduce the concentrations of
GHGs by absorbing CO2. Greenbelt can be established near industrial
areas, roadsides, coastal regions and urban areas. Greenbelt consisting of
a heavy metal accumulated species was adapted around one industrial
area (West Bengal, India) so that it could reduce the air pollution by
absorbing pollutants emitted by industries [18]. To lower the concen-
trations of atmospheric chlorine, the greenbelt of Thuya Orientalis is very
effective [19]. Greenbelt could be introduced by the roadsides of urban
areas to control air pollution, emissions of carbon dioxide, and noise
[20]. In this case, greenbelt is more effective in preserving both con-
tained and uncontained urban areas [21].

There is much statistical and descriptive research describing various
techniques that can reduce the concentrations of GHGs. For example,
Samimi et al. (2013) claimed that GHGs are the most responsible for rapid
climate change. These authors also disclosed some techniques such as
coastal afforestation to minimize the concentrations of GHGs [22]. How-
ever, only a handful of analytical studies describe the best possible control
methods introducing control strategies for reducing the rapid emissions of
GHGs. For example, Biswas et al. (2016) developed an optimal control
method using a mathematical model to curtail global warming and CO2,
via utilizing aquatic ecosystems as the remediation strategy [23]. Jaschik
et al. (2020) used a hybrid VSA-membrane technique to capture high
emissions of CO2. Their study's results show that the hybrid VSA-technique
is more flexible and effective than membrane systems or VSA (Vacuum
Swing Absorption) [24]. Misra et al. (2015) adopted the reforestation
technique employing a time delay nonlinear model to reduce atmospheric
CO2. They disclosed that reforestation is very effective in reducing
amounts of CO2 [25]. Furthermore, Pendrill et al. (2019) stated that
deforestation is the second-largest source of GHGs, and afforestation could
serve as a control strategy to GHGs especially CO2 [26]. There is still a lack
of such research analyzing GHGs and climate change control strategies,
especially for saving the world's coastal ecosystems.

To fill the gaps in the research on this topic, we aim tomitigate climate
change by minimizing the concentrations of GHGs in an effort to save
coastal ecosystems. In this case, we first formulate a new mathematical
model to describe the harmful effects of the rising GHG emissions on
climate change and coastal ecosystems. Then,wedevelop a control system
that could mitigate the problem and takes the form of two control stra-
tegies, namely coastal greenbelt and desulfurization. Here, the coastal
greenbelt is adopted to mitigate the concentrations of GHGs by reducing
atmospheric CO2. For the second strategy, desulfurization is embraced to
reduce GHGs emitted by industries and the amount of sulfur components
being released. We analytically verify both models and find the necessary
conditions of best management by using Pontryagin's maximum principle
in terms of Hamiltonian. Furthermore, we perform numerical simulations
to validate the analytical results by comparing the results of other research
papers. To investigate the effectiveness of the suggested control tech-
niques, the simulations are integrated into three different scenarios.

The remainder of the paper is organized as follows. Section 2
explicitly describes the methods and materials which are used in this
research. The mathematical model and the development of the corre-
sponding control method are presented in Section 3. Additionally, an
analysis is conducted in Appendices B and C. Section 4 presents the nu-
merical results of this study. This section includes three different sce-
narios based on the efficacy of the control strategies; it also presents an
explicit comparison between them. The summary and limitations of this
study are outlined in Section 5.
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2. Materials and methods

2.1. Study area and materials

This study investigates the global coastal area to mitigate the effects
of global warming and the rapidly rising concentrations of GHGs; there is
no one specific region examined here. Because global warming is a
worldwide and important issue, it is not possible to reduce it or climate
change by adopting some control strategies that are applicable to only
one nation or region. In this study, we consider two control strategies,
namely coastal greenbelt and desulfurization to diminish global warming
and this means shrinking the concentrations of emitted GHGs. The
coastal greenbelt can be applied to any coastal region where afforestation
is lacking. The strategy plays a significant role in reducing global
warming and climate change by absorbing atmospheric CO2. Meanwhile,
desulfurization can be adopted by many industries because it is vital to
end the release of harmful sulfur components into the air.

For parametric estimates and relevant data collection, we consider
the top GHGs producing countries. The considered countries are China,
United States, European Union (27), India, Russia, and Japan [17] (their
annual emissions of GHGs are represented in Figure A2, Appendix A). In
this case, we first studied in-depth the relationships between rapid global
warming, concentrations of GHGs, and types of coastal ecosystems.
Following this, we gathered relevant data and/or environmental factors
from research papers, articles, monographs, annual reports, etc., of
governmental and non-government organizations [1, 2, 4, 5, 6, 9, 10, 13,
15, 20, 21, 22, 24, 27, 28]. Then, we did a detailed statistical analysis of
the collected data after observing carefully the system, processes, and
corresponding data, etc., to obtain the parametric values. All the para-
metric values used in this study are secondary or estimated data. These
parameters are displayed in Table 1 with the corresponding descriptions
and numerical values. By comparing the numerical results with others,
the parametric values are verified and then described in Section 4.

2.2. Methods

2.2.1. Lotka-Volterra model
The Lotka-Volterra model consists of a pair of ordinary differential

equations (ODEs). Generally, the model is used to describe the dynamic
behavior of the species living in a biological system where one species
acts as prey and another as predator [29, 30]. The general form of the
Lotka-Volterra model can be written in terms of a pair of autonomous
differential equations:

_x¼ xf ðx; yÞ & _y ¼ ygðx; yÞ (1)

where x and y are the prey and predator population, respectively, and the
functions f ðx; yÞ and gðx; yÞ are the growth rate of the corresponding
species.

2.2.2. Deterministic model
The deterministic model consists of differential equations (DEs)

whose solutions rely on parametric values and the initial conditions of
state variables [30]. This model is widely employed in environmental
management, epidemiology, biomathematics, etc., to describe how dy-
namic systems function [30]. Basically, the model is formulated based on
the competitional model, epidemic model, chaos theory, Lotka-Volterra
model, and Logistic growth model.

2.2.3. Optimal control problem
An optimal control problem (OCP) is concernedwith the state variable

and control variable. Let xðtÞ be the state variable and uðtÞ be the control
variable of an OCP, then xðtÞ satisfies the following differential equation:

_xðtÞ¼ gðt; xðtÞ; uðtÞÞ (2)



Table 1. An explicit description of the parameters used in this study including numerical values.

Parameter Descriptions Parametric value Units Source

α1 Normal concentrations rate of GHGs 0.00015 Kg km�2 [4, 5, 13], calculated

δ1 Producing rate of GHGs by the human population 0.025 Kg km�2 [4, 6, 15, 24], calculated

δ2 Absorbing rate of CO2 by forest ecosystems 0.0023 Kg km�2 [13, 20, 21], calculated

δ3 Concentration rate of GHGs after natural disasters 0.0005 Kg km�2 [1, 6], calculated

α2 Natural growth rate of atmospheric temperature 0.1 �C [1, 9, 10]

θ1 Growth rate of atmospheric temperature due to GHGs 0.67 �C [1, 9, 10], calculated

θ2 Increasing rate of atmospheric temperature by the human population 0.0055 �C [4, 22], calculated

θ3 Absorbing rate of atmospheric temperature by forest ecosystems 0.0225 �C [10, 22], calculated

α3 Natural growth rate of the human population 0.000015 Thousand�1 [6, 28]

ψ1 Decreasing rate of human population due to harmful GHGs 0.58 Thousand�1 [13, 15, 28], calculated

ψ2 Hampering rate of human population due to global warming 0.29 Thousand�1 [1, 28], calculated

ψ3 Increasing rate of human population with the help of forest ecosystems 0.00956 Thousand�1 [6, 28], calculated

α4 Natural growth rate of forest ecosystems near coastal areas 0.05 km�2 [2, 6]

ε1 Deforestation rate caused by human beings 0.095 km�2 [2, 6]

ε2 Net growth rate of forest ecosystems with the help of CO2 0.00122 km�2 [2, 6], calculated

ε3 Decreasing rate of forest cover due to global warming 0.0513 km�2 [1, 2, 6], calculated

a Saturation constant 0.01 - [6]

k1 Carrying capacity of the human population 1000 km�2 [6, 27], calculated

k2 Carrying capacity of forest ecosystems 100000 km�2 [6, 27], calculated
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here the function g is continuously differentiable. The objective of the
OCP is to find a piecewise continuous control uðtÞ and the corresponding
state variable xðtÞ to optimize (maximize or minimize) a specific objec-
tive functional [31]. An OCP can be described in the following way:
Figure 1. The schematic diagram of the effect of environmental G

3

Maximize or minimize Jðx; uÞ ¼
Z b

Lðt; xðtÞ; uðtÞÞ dt

a

Subject to _xðtÞ ¼ gðt; xðtÞ; uðtÞÞ a:e: t 2 ½a; b�
uðtÞ 2 U a:e: t 2 ½a; b�
xðaÞ 2 x0 a:e: t 2 ½a; b�
and xðbÞ 2 ℝþ is free

(3)
HGs on global warming and coastal ecosystems with controls.
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Figure 2. Numerical results of the dynamic
model (4) and control model (6) for Scenario I.
The figures represent the (a): growth rate of
GHGs, (b): rising rate of atmospheric temperature,
(c): growth rate of human population near coastal
areas, (d): growth rate of forest ecosystems near
coastal areas, (e): control profile of u1 2 ð0;0:02�,
(f): control profile of u2 ¼ 0. Here, the discrete
lines and continuous lines represent the time se-
ries before and after adopting the coastal green-
belt only, respectively.
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here uðtÞ and xðtÞ both are piecewise continuous differentiable and ½a;
b� is the time interval where a; b 2 ℝþ and a < b. In optimal control
problem (3), uðtÞ belongs to a certain space U which may be a piecewise
continuous function or a space of measurable function which satisfies all
the constraints of the problem. Therefore, ðx*; u*Þ is the optimal solution
of the OCP if the cost can be minimized for all processes involved [32].

2.3. Programming language

To investigate the dynamic behavior of the suggested system under
the designated control strategies, we have used solver ode45 in MATLAB
programming language.

3. Model formulation

Mathematical modeling can help explain natural phenomena and
helps in the design of management, analysis, control strategy, and
better prediction [6]. Optimal control is another important mathe-
matical tool widely used in environmental management along with
disease and/or infection minimization [33]. The purpose of this study
is to suggest how to save the world's coastal ecosystems by controlling
climate change as much as possible, and the concentrations of GHGs. It
4

is why we first formulate a four compartmental mathematical model
describing the impact of rapid climate change on coastal ecosystems.
Then, we develop an optimal control model based on the newly
formulated model. In this case, we embrace coastal greenbelt and
desulfurization as two control variables so that they can mitigate
climate change and GHG emissions. The four dynamic variables that
we considered are: the concentrations of GHGs (G(t)) emitted by
various industrial activities and man-made sources; atmospheric
temperature (T(t)) which changes the earth's climate; the human
population near coastal areas (H(t)) which simply worsens deforesta-
tion; and the forest ecosystems near coastal areas (F(t)) which are
being damaged due to rapid climate change and concentrations of
GHGs.

Here α1, α2, α3 and α4 are respectively the natural growth rate of
G(t), T(t), H(t), and F(t) [6, 34]. Many human societies are emitting
GHGs and these are increasing in the atmosphere [1]. Here,δ1HG pre-
sents the concentrations of GHGs caused by human activities. The rapid
concentration of GHGs increases the atmospheric temperature [4] and
threatens the way that people live [6]. However, it does promote forests'
photosynthetic activity so this could in fact promote better forest den-
sity [6]. Here, θ1GT is the increase in atmospheric temperature, ψ1GH is
the decline in the human population, and ε2F

aþG presents the promotion of
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coastal forest ecosystems due to the rapidly rising concentrations of
GHGs. People directly contribute to global warming by firing forest
areas, deforestation, coal plants, burning fossil fuels, massive burning
operations, etc. [6]. Here, θ2HT is the rise in atmospheric temperature,
whereas ε1HF is the decline in coastal ecosystems due to humans ac-
tivities. Rapid global warming and climate change are reducing the
viability of coastal people's lives through forest fires, cyclones, tsunami,
tornados, floods, and droughts [6, 25, 35, 36]. Here, ψ2TH presents the
decrease in human population, whereas ε3TF presents the destruction of
coastal systems due to rapid global warming. Conversely, the coastal
forest area absorbs GHGs (CO2), protects coastal societies from various
calamities, and is a source of food and shelter [27, 28, 37, 38]. Here,
δ2FG and θ3FT present the absorptions of G(t) and T(t) respectively by
forest ecosystems, whereas ψ3FH is the increase in human population
made possible by the support of forest ecosystems. Here a(0 � a < 1) is
the saturation constant, whereas k1 and k2 are respectively the carrying
capacity of H(t) and F(t). Parameters used in this study are described in
Table 1.

Considering the interrelationships among the dynamic variables, we
formulate a mathematical model consisting of the following nonlinear
ordinary differential equations (NODEs) [6, 29, 30, 34]:

dG
dt

¼ α1Gþ δ1HG� δ2FGþ δ3T

dT
dt

¼ α2T þ θ1GT þ θ2HT � θ3FT

dH
dt

¼ α3H
�
1� H

k1

�
� ψ1GH � ψ2TH þ ψ3FH

dF
dt

¼ α4F
�
1� F

k2

�
� ε1HF þ ε2F

aþ G
� ε3TF

(4)

with initial conditions G0 ¼ Gð0Þ > 0; T0 ¼ Tð0Þ > 0; H0 ¼ Hð0Þ � 0;
F0 ¼ Fð0Þ � 0 (5)

Analytical analysis of the model (4) is documented in Appendix B.
To minimize the emissions as well as the concentrations of GHGs, we

consider two control variables (u1; u2): (a) u1 is adopted for coastal
greenbelt that can reduce the concentration of GHGs by absorbing at-
mospheric CO2; and (b) u2 is adopted for desulfurization which can
hinder the release of harmful sulfur components. This is done by
absorbing or converting them to another component having less toxicity.
xðtÞ ¼

0
BB@

GðtÞ
TðtÞ
HðtÞ
FðtÞ

1
CCAgðt; xðtÞ; uðtÞÞ ¼

0
BBBBBBBBB@

α1Gþ δ1HG� δ2FGþ δ3T � ðu1 þ u2ÞG
α2T þ θ1GT þ θ2HT � θ3FT � u1GT

α3H
�
1� H

k1

�
� ψ1GH � ψ2TH þ ψ3FH

α4F
�
1� F

k2

�
� ε1HF þ ε2F

aþ G
� ε3TF þ ðu1 þ u2ÞF

1
CCCCCCCCCA
; uðtÞ ¼

�
u1ðtÞ
u2ðtÞ

�

Thus, controls u1 and u2 can abate the concentrations and emissions of
GHGs and reverse – to some extent - climate change. These control var-
iables can also improve the world's coastal ecosystems promoting the
growth of trees and reducing acid rain. Considering the control variables
u1 and u2, the dynamic model (4) can be developed via the following
NODEs [31, 33, 39]:
5

dG
dt

¼ α1Gþ δ1HG� δ2FGþ δ3T � ðu1 þ u2ÞG

dT
dt

¼ α2T þ θ1GT þ θ2HT � θ3FT � u1GT

dH
dt

¼ α3H
�
1� H

k1

�
� ψ1GH � ψ2TH þ ψ3FH

dF
dt

¼ α4F
�
1� F

k2

�
� ε1HF þ ε2F

aþ G
� ε3TF þ ðu1 þ u2ÞF

(6)

with the same initial conditions (5).
Now, the dynamic model (6) is an optimal control model. The control

variables can be defined in terms of the following Lebesgue measurable
control set:

U¼��
u1
�
t
�
; u2

�
t
��

: 0� ui
�
t
�� 1

�
; i¼1; 2 a:e: t 2 �

0; Tp
�	

where Tp denotes a preselected time interval when controls are applied.
Here u1 ¼ 0 represents that no greenbelt is implemented in coastal areas,
and u2 ¼ 0 shows that no desulfurization is to curtail sources that emit
GHGs. When the control variables u1 and u2 are fully implemented in the
system, then u1 ¼ 1 and u2 ¼ 1.

The control model (6) aims to obtain an objective functional that can
minimize the concentration of GHGs and improve the coastal ecosystems
at minimum cost. Therefore, the objective functional of the control model
(6) is given by

Minimize Jðu1; u2Þ¼
ZTp

0

�
GðtÞþA

2
u21 þ

B
2
u22

�
dt (7)

where A and B are the weight parameters that balance the costs of control
measurements.

Control model (6) can be reformulated below using the objective
functional (7) and state constraints:

ðPÞ

8>>>><
>>>>:

Minimize Jðx; uÞ ¼
ZTp

0

Lðt; xðtÞ; uðtÞÞ dt

Subject to _x ¼ gðt; xðtÞ; uðtÞÞ
uðtÞ 2 U; 8t 2 �

0; Tp
�

xð0Þ ¼ x0

(8)

where,
and the performance indexing integrand is denoted by:

Lðt; xðtÞ; uðtÞÞ¼GðtÞ þ A
2
u21 þ

B
2
u22 (9)

The reformulated control model (8) is an optimal control problem.
We analyze the characterization of the optimal control problem (P) and



Figure 3. Numerical results of the dynamic
model (4) and control model (6) for Scenario II.
The figures show the (a): growth rate of GHGs,
(b): rising rate of atmospheric temperature, (c):
growth rate of human population near coastal
areas, (d): growth rate of forest ecosystems near
coastal areas, (e): control profile of u1 ¼ 0, (f):
control profile of u2 2 ð0; 0:0025�. Here, the
discrete lines and continuous lines represent the
time series before and after adopting the desul-
furization only, respectively.
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find out the necessary conditions for optimality are documented in Ap-
pendix C. The schematic diagram of the control model (6) is presented in
Figure 1.

4. Results and discussion

In this section, we perform numerical simulations to illustrate
the numerical results of the dynamic model (4) and control model
(6). The simulation of the control model (6) is carried out using the
forward-backward sweep method [31, 40, 41]. A set of parametric
values is employed for the detailed investigations shown in Table 1.
Considering the initial values of the dynamic variables are G0 ¼
0:04; T0 ¼ 0:07; H0 ¼ 1:1; F0 ¼ 8:75 and the simulations for time
Tp ¼ 50 years. This is due to the long-term management along with
weight parameters A ¼ 800 and B ¼ 300. To illustrate the effec-
tiveness of the adopted control strategies, we consider three sce-
narios for (i) u1 6¼ 0 and u2 ¼ 0, (ii) u1 ¼ 0 and u2 6¼ 0, and (iii)
u1 6¼ 0 and u2 6¼ 0. Here, the optimal values of the controls are 0 �
u1 � 0:02 and 0 � u2 � 0:0025 which are similar to Joshi [39] and
Biswas et al. [33]. We conducted simulations for the dynamic model
(4) to compare the results obtained before and after implementing
the control strategies, and got the results by referring to Figures 2,
3, and 4 as "without controls". The three scenarios are explained in
more detail below.
6

Scenario I

In this scenario, we adopted the greenbelt only (i.e. u1 6¼ 0; u2 ¼ 0)
for the system as a control variable to reduce GHGs, and the objective
functional J is optimized with u1 2 ð0; 0:02�. The changes in dynamic
variables under the control variable u1 are represented in Figure 2.

In the absence of control strategies, the concentrations of GHGs rise
rapidly due to the low absorption capacity of CO2 by forests. If the
current situation continues, the GHGs may increase from 0.04% to
0.084% in the next 50 years [4, 6] as displayed in Figure 2(a). When the
coastal greenbelt is implemented in the system, the intensity of the
concentrations of GHGs drops gradually to approximately 0.058%
instead of 0.084% [18, 19, 20, 21]. Due to the reason of fall in the
concentrations of GHGs under the control strategy, the atmospheric
temperature can rise from 0.07 �C and reach approximately 1.75 �C, and
not 0.07 �C to 2.30 �C in the next 50 years [1, 6, 9, 10]. This is repre-
sented in Figure 2(b). It seems that the control technique can greatly
diminish the threat of global warming. As a consequence, the human
population slightly increases because of less environmental pollution and
warming [6] as shown in Figure 2(c). When the concentrations of GHGs
and global warming declines under the control strategy, the forest
ecosystem slowly recovers and regains some density [2, 6]. The growth
rate of the forest ecosystem can approach approximately 2.75 km�2

instead of 1.96 km�2 in the next 50 years after adopting the control

mailto:Image of Figure 3|eps


Figure 4. Numerical results of the dynamic
model (4) and control model (6) for Scenario III.
The figures represent the (a): growth rate of
GHGs, (b): rising rate of atmospheric temperature,
(c): growth rate of human population near coastal
areas, (d): growth rate of forest ecosystems near
coastal areas, (e): control profile of u1 2 ð0;0:02�,
(f): control profile of u2 2 ð0;0:0025�. Here, the
discrete lines and continuous lines represent the
time series before and after adopting the coastal
greenbelt and desulfurization simultaneously,
respectively.
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strategy u1 as represented in Figure 2(d). Figures 2(e) and 2(f) show,
respectively, the control profiles of u1 and u2 for this scenario.
Figure 2(e) illustrates the coastal greenbelt is maintained full effort
(u1max ¼ 0:02) at the beginning and slowly reaches zero at the end of the
intervention. Previous studies reported that the control efforts should be
adopted fully at the start [18, 19, 20, 21]. Our finding discloses that
similar efforts made for the coastal greenbelt will reduce GHG concen-
trations. Figure 2(f) shows that u2 is not adopted in this scenario.
Figure 2 reveals that if we can implement the coastal greenbelt as much
as possible, it can save ecosystems by reducing GHGs as well as global
warming.

Scenario II

In this scenario, we adopted desulfurization only (i.e. u1 ¼ 0; u2 6¼ 0)
in the system as a control variable to reduce the emissions of sulfur
components. It did this by absorbing or converting to another component
of less toxicity. In this scenario, the objective functional J is optimized
with u2 2 ð0;0:0025�. Figure 3 below shows the progressive changes in
the dynamic variables under the control strategy u2.

When desulfurization occurs in the world's industries, it reduces
harmful sulfur components being released, especially SO2 [12,14,15]. As
7

a result, this can lead to less GHG emissions from 0.04% to 0.0685% and
not 0.04%–0.084% as shown in Figure 3(a). Because of the emissions
reduction under this control strategy, the atmospheric temperature rises
but then drops from 2.30 �C to 1.66 �C [1, 6, 9, 10] as shown in
Figure 3(b). Figure 3(c) presents that the reduction in GHGs emissions
and atmospheric temperature increases the growth of the human popu-
lation considerably [6]. According to the figure, the human race's growth
rate may increase from 0.001% to 0.1% in the next 50 years under the
control strategy. Due to the decline in the concentrations of GHGs and
global warming, the rate at which the forest ecosystems can recover will
increase [2, 6] as depicted in Figure 3(d). The figure indicates that the
growth rate of forest ecosystems can reach approximately 2.85 km�2

instead of 1.96 km�2 when the strategy has been completed. The control
profiles of this scenario are represented in Figures 3(e) and 3(f). Here,
Figure 3(e) shows u1 is not adopted in this scenario. Figure 3(f) shows
that desulfurization must be fully and consistently maintained (u2max ¼
0:0025) at the beginning and gradually falls when the intervention ends.
This outcome seems to be consistent with previous studies [12, 13, 14,
15] which reported that if desulfurization is fully implemented, it can
significantly reduce the emissions of industrial GHGs. So Figure 3 illus-
trates that desulfurization can mitigate GHGs emissions and global
warming.

mailto:Image of Figure 4|eps


Figure 5. A numerical comparison between Scenarios I-III. (a)–(d) respectively present the time series of the growth of GHGs, atmospheric temperature, human
population, and forest ecosystems near coastal areas under three different control scenarios.
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Scenario III

In this section, we adopted both coastal greenbelt and desulfurization
into one system that can absorb GHGs and reduce their emissions at the
same time. In this case, the objective functional J is optimized with
u1 2 ð0;0:02� and u2 2 ð0;0:0025�. The numerical changes in the dynamic
variables under both the active controls are illustrated in Figure 4.

When both greenbelt and desulfurization are implemented simulta-
neously, the GHGs significantly decline from the current rate, specifically
from 0.04% to 0.034% in the next 50 years [12, 14, 15, 18, 19, 20, 21].
These changes are shown in Figure 4(a). In the case of having both
control strategies, the rise in atmospheric temperature reaches approxi-
mately 0.75 �C instead of 2.30 �C after the time interval due to a sig-
nificant decline in the concentration of GHGs [1, 6, 9, 10]. The numerical
outcome is shown in Figure 4(b). The human population's growth rate
rose sharply at a lower concentration of GHGs [6] as displayed in
Figure 4(c). According to this figure, the growth rate of the human
population can reach 0.44% after the time interval. As usual, the fall in
the concentrations of harmful GHGs gives the forest ecosystem time to
recover significantly when both controls are applied [2, 6]. However, if
the control strategies are carried out for a long period of time, it can
really cut CO2 concentration to minimal levels [2]. If the concentration of
CO2 drops below the minimum level, it will significantly reduce the
photosynthetic activity of the plant [6]. Consequently, it will reduce the
density of coastal forests. The changes are shown in Figure 4(d).
Figures 4(e) and 4(f) represent the profiles of u1 and u2respectively.
Figure 4(e) confirms that the maximum and minimum efforts of the
greenbelt profile are the same as Scenario I, and the results accord with
other research [18, 19, 20, 21]. Similarly, Figure 4(f) presents the profile
of desulfurization over the time interval which is the same as Scenario II,
and the results are similar to those reported elsewhere [12, 13, 14, 15].
However, Figure 4 explicitly indicates that if we can employ both coastal
greenbelt and desulfurization simultaneously, GHGs and global warming
will be reduced significantly.
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Next, we compared and analysed the results of all scenarios. Specif-
ically, we considered the same parametric values and initial values that
were already used in Scenarios I-III. The changes in the growth of dy-
namic variables for three scenarios are displayed in Figure 5. From
Figure 5, it is seen that the concentrations of GHGs and the increasing
atmospheric temperature significantly decline under both control stra-
tegies and not just one. Conversely, the growth rate of the human pop-
ulation and forest ecosystem near coastal areas is dramatically evident in
both control strategies. However, if the control strategies are applied
over the long-term, it can further break down the minimum concentra-
tion of CO2. In turn, this means that the density of forest ecosystems will
decrease the photosynthesis activities of trees.

From Scenarios I-III, it is concluded that Scenario III is the best
strategy for minimizing the concentrations of GHGs and reducing the
threat of global warming, as well as enriching or simply saving the
coastal ecosystems.

5. Conclusion

In this study, we have formulated a new mathematical model (4) to
assess the impact of rapid emissions of GHGs on climate change and
coastal ecosystems. We have also developed a control system (6) by
considering coastal greenbelt and desulfurization as the control vari-
ables. Model (4) has been verified by analysis. We have found the
necessary best possible conditions for managing problem (P) by using
Pontryagin's maximum principle in terms of Hamiltonian. Furthermore,
we have verified the results of this study by comparing them to what
other studies found, employing numerical simulations.

The analysis findings described in three different scenarios were
based on an investigation of the effectiveness of chosen control
strategies. From Scenarios I-III, it is seen that both control strategies
can effectively reduce the emissions and concentrations of GHGs,
whereas the coastal greenbelt is more effective than desulfurization.
However, when both control strategies are adopted to system (6)

mailto:Image of Figure 5|eps
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simultaneously instead of only one control strategy, this process
significantly minimizes the GHGs. As a result, it can markedly help
the coastal ecosystems to regrow, which is part of the overall strategy
to combat climate change and global warming. Therefore, Scenario
III is the best strategy to minimize the concentrations of GHGs and
global warming. Since global warming is proportionally related to
the concentrations of GHGs, it is more convenient to minimize global
warming and climate change by reducing industrial emissions and
have the GHGs absorbed in some way. Overall, the results show that
coastal greenbelt and industrial desulfurization have good environ-
mental remediation potential.

The parametric values of this study are mostly related to environ-
mental factors, so the only limitation of this study is that the analytical
results may change when the corresponding variables in nature also
change. Since this study describes the effective strategies for better at-
mospheric and coastal environmental management, it is incumbent upon
all governments to design programs now and in the future to save the
planet's ecosystems.
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