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ABSTRACT

The problem of optimal harvesting in controlling the outcome has often been
considered, yet the optimal felling in the control of oil palm biomass has rarely been
treated. The main objective of this thesis is to mathematically model the optimal
control of oil palm biomass, incorporating felling rate and carbon absorption. Optimal
control of oil palm biomass is mathematically a controlled system to optimize the
amount of oil palm yield while absorbing carbon, controlled by state control (felling
rate) and can be influenced by state variables. The first objective considered is the
felling problem. A time-invariant linear quadratic optimal control model is developed
for controlling the felling and harvesting rates of the oil palm biomass using the linear
quadratic regulator approach. The optimal control solution is solved using Pontryagin’s
Minimum Principle. The second objective of this thesis is to develop a non-linear
optimal control model of oil palm biomass incorporating carbon absorption, again
assuming that the rate of felling can be controlled. The results indicate that felling rate
affects the amount of biomass but not biomass growth rate. As the biomass growth rate
is not affected by felling, separating the whole biomass into young and mature biomass
and setting the biomass growth rate to be constant is the third objective accomplished
in this thesis. Separating is considered vital since at the early age, no yield is produced
and the absorption of carbon is quite low for young oil palm trees. A nonlinear system
of ordinary differential equations is implemented for formulating the nonlinear optimal
control models. To support the proposed models, a theoretical analysis of the positivity
and boundedness of the solutions as well as their stability is carried out for each model.
The equilibrium points are identified, and it is shown that a small perturbation of the
felling rate near the equilibrium point decays exponentially, indicating that the model is
stable with the existence of a felling rate. Model solutions are obtained using the control
parametrization method and the Nelder—Mead method for both nonlinear models. The
computational results show that the model is able to increase the amount of fruit yield
and carbon absorption. This study has succeeded in developing models to control
the oil palm biomass optimally in producing fruit whilst absorbing carbon from the

atmosphere.
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ABSTRAK

Masalah penuaian optimum dalam mengawal hasil tuaian sering dipertim-
bangkan, namun penebangan optimum dalam mengawal biojisim kelapa sawit jarang
dikaji.  Objektif utama tesis ini adalah untuk memodelkan secara matematik
kawalan optimum bagi biojisim kelapa sawit, menggabungkan kadar penebangan
dan penyerapan karbon. Kawalan optimum biojisim kelapa sawit adalah sistem yang
dikawal secara matematik untuk mengoptimumkan jumlah hasil kelapa sawit sambil
menyerap karbon, dikendalikan oleh kawalan negeri (kadar penebangan) dan boleh
dipengaruhi oleh pemboleh ubah keadaan. Objektif pertama yang dipertimbangkan
adalah masalah penebangan. Model pengendalian optimum kuadratik linear tak
berubah masa dibangunkan untuk mengawal kadar penebangan dan penuaian biojisim
kelapa sawit menggunakan pendekatan pengatur kuadratik linear. Penyelesaian
kawalan optimum diselesaikan dengan menggunakan Pontryagin’s Minimum Principle.
Objektif kedua tesis ini adalah untuk membangunkan model kawalan optimum bukan
linear biojisim kelapa sawit yang menggabungkan penyerapan karbon, sekali lagi
mengandaikan bahawa kadar penebangan dapat dikawal. Keputusan menunjukkan
bahawa kadar penebangan mempengaruhi jumlah biojisim tetapi bukan pertumbuhan
biojisim.  Oleh kerana pertumbuhan biojisim tidak terjejas oleh penebangan,
memisahkan keseluruhan biojisim kepada biojisim muda dan matang dan menetapkan
pertumbuhan biojisim menjadi malar adalah matlamat ketiga yang dicapai dalam
tesis ini. Pemisahan dianggap penting kerana pada usia muda pokok, tiada hasil
yang dihasilkan dan penyerapan karbon agak rendah. Satu sistem tidak linear bagi
persamaan pembezaan biasa telah dilaksanakan untuk merumuskan model kawalan
optimum bukan linear. Untuk menyokong model-model yang dicadangkan, analisis
teori mengenai positiviti dan sempadan serta kestabilan telah dijalankan untuk setiap
model. Titik keseimbangan dikenal pasti, dan ditunjukkan bahawa gangguan kecil kadar
penebangan berhampiran titik keseimbangan merosot secara eksponen, menunjukkan
bahawa modelnya stabil dengan adanya kadar penebangan. Penyelesaian model
diperoleh menggunakan kaedah kawalan pemparameteran dan kaedah Nelder-Mead
untuk kedua-dua model tidak linear. Keputusan pengiraan menunjukkan bahawa model
dicadangkan dapat meningkatkan jumlah hasil buah dan penyerapan karbon. Kajian ini
berjaya membangunkan model untuk mengawal biojisim kelapa sawit secara optimum

dalam menghasilkan buah-buahan sambil menyerap karbon dari atmosfera.
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CHAPTER 1

INTRODUCTION

The demand for the forest products is reported to exceed the existing supply,
which will make the carbon stock deficient for future generations. Re-planting a forest
for future use is being actively carried out, but takes a very long time to generate a
new forest products. Apart from forest products, the forest ecosystem is an important
mechanism of the terrestrial carbon cycle [1], it acts as a carbon reservoir that stores
carbon in numerous components, such as biomass carbon and soil carbon [2]. Carbon
sequestration is a process of capturing carbon dioxide (CO;) or removing carbon
from the atmosphere and depositing it in a long-term forest reservoir. However, forests
worldwide have been reported to be decreasing due to deforestation at a net rate of about
9.4 million hectares per year. This unabated deforestation mechanically increases the
volume of greenhouse gasses (GHG), which results in the release of 1.6—1.7 Petagram
(Pg) of carbon per year into the atmosphere [2], where one Petagram is equivalent to

one billion tonnes per year.

Deforestation and the global warming phenomenon have given rise to great
concern and numerous research on the importance of carbon sequestration and its values
for the ecosystem [3]. There are few studies in forest management that consider carbon
sequestration in their model system. Instead, studies have focused on developing and
improving forest models, such as finding optimal revenues, reducing the cost function,
maintaining forest productivity, improving ecological sustainability, and other related
forest issues [1]. To date, researchers have reported that uncontrolled and unmanaged
forest strategies by irresponsible parties have reduced the production of forest values,

which also affects the carbon sequestration cycle [4, 5, 6, 7].

As deforestation issues become global, the attention of researchers has shifted
to the search for the initial cause of this problem. It is claimed that trees should stay

noticeably longer on the ground to absorb more CO; by reducing harvesting activities



[8] or by postponing harvesting to the age of biological maturity, which may result
in the formation of a large carbon sink [9]. Thornley and Cannell [10] have reported
that maximizing timber harvest and carbon sequestration are inversely related, and
not complementary to each other. However, Gray and Whittier [1] argue that regular
harvesting has little impact on carbon sequestration. At the same time, the economic
and business point of view do not support the idea of expanding the timber age, and

suggests regular forest harvesting [11].

1.1  Motivation

Various alternatives are being investigated to find a potential forest replacement,
such as using an agricultural plantation, that still allows the carbon to be sequestered
in biomass and sustain the ecosystems. However, agricultural plantation should not
replace natural forests and impact the livelihood of the forest [12], but should balance the
natural ecosystem and allow for the protection of a well-conserved forest by producing
new sources with a short rotation. The advantages and disadvantages of forest is

summarized in Figure 1.1.

In Malaysia, 48%
Forest loss is
Eriss: I::::.‘? converted to Palm

QOil Plantation

T T T 1 T T 1
Powerin Most research Product Taketimeto Onceh A
Forest Product Absorbing focussedon depend on Reach limit produce forest :ﬁ; ;ir::s
Carbon forest harvesting product

Figure 1.1 Advantages and disadvantages of forest

Oil palm is one of the world’s edible oil sources. This kind of plantation
could be one of the alternatives to forests in sequestering carbon. Generally, such a
plantation needs proper management to maintain its fruit production and sustain the
environment. In order to produce more oil, the larger land is needed for the expansion
of the production of oil palm. One of the issues faced by such a plantation is clearing

the forest to establish an area for the oil palm plantation. The more oil palm trees are



planted, the more edible oil can be produced. However, the clearing and felling of an
area will release more carbon than will be sequestered by the growing palm trees [13].
Yet, as stated by Wahab et al. [14] and Khamis et al. [15], the oil palm tree is efficient
at sequestering carbon. Although not as good as a virgin forest, it has a very high
productivity. At the same time, the global potential of the oil palm is well known as a

major source of raw material for the world’s food, oleochemical, and biofuel industries.

Managing oil palm plantation to reach the maximum carbon absorption along
with maximum fruit production is challenging. However, it has a long lifespan and able
to absorb lots of carbon from the atmosphere even without producing yield. The ability
of oil palm biomass to absorb carbon from the atmosphere is considered significant yet
rarely thought of. The biomass is the mass of living biological organisms in a given
area or ecosystem at a given time such as plants, animal or microorganisms [16]. The
biomass or volume is referred to as the biomass or volume of living trees with a stem
diameter at breast height [17]. Biomass is any organic matter that can be used as an
energy source. Wood, crops yard and animal waste are examples of biomass [18]. Palm
oil is the oil that produced by oil palm trees [19]. In the context of this thesis, oil palm
biomass is defined as the mass of standing oil palm trees in a given area at a given time.
Since this plantation takes a few years to be fully grown before producing fresh fruit,
the fundamental challenges to be faced are the felling and replacement of the oil palm
trees, affecting the amount of oil palm biomass in producing fresh fruit and absorbing

carbon.

In Malaysia, an estimated 651,757 hectares of forest loss between 1988 and
2012 had been converted to plantations agricultural by 2014 [20] and nearly half (48%)
of the natural forest loss area represents conversion to tree plantations primarily oil
palm plantation [21]. On top of that, due to the fact that the expansion of area in
Malaysia has reached its limits, it is impossible to increase the biomass productivity
together with sequestering the carbon. The advantages and disadvantages of oil palm

is summarized in Figure 1.2.

The management of an oil palm involves land preparation, planting new trees,

harvesting, felling, and regular operation and maintenance [19]. The felling and regular



harvesting are considered as the main aspects to improve and sustain palm oil production
[22, 23]. The beauty of this oil palm biomass is having a lifespan of around 25 to 30
years, with continuous felling management [14, 15]. The effect of felling and harvesting
in maintaining the plantation, has a cost that has increased tremendously year by year

as illustrated in Figure 1.3 [24].

Less mathematical modelling has been developed for oil palm plantations than
for forest plantations. It can be observed that in order to achieve optimal production
in an oil palm plantation, re-planting, harvesting, and felling activities are needed. All

these activities are important to smooth the plantation system [25].

The present thesis attempts to show that oil palm biomass is capable of being one
of the potential plantations in absorbing carbon from the atmosphere while continuously
maintaining the biomass in producing fruit yield. Thus, by assuming that the felling rate
can be controlled, the intention of this thesis is to develop optimal control models for
oil palm biomass incorporating carbon absorption. As agreed by several researchers,
sequestration of carbon is important not only for environmental benefits but has a big
potential for commercial benefit [26]. Even though clearing the forest to establish the
plantation releases more carbon than will be sequestered by the growing oil palms, the
dynamic relationship will definitely overcome this and have positive implications for
economic sustainability. Considering felling as a control state, oil palm biomass may

increase the carbon sequestration process and optimize oil palm production.

1.2  Background of the problem

There are many comprehensive models of forest that have been developed to
handle logging or felling problems. Examples of such models were developed by
Sohngen et al. [27], Hritonenko et al. [28], Gaoue et al. [29], and Chaudhary et
al. [30], in which these studies used ordinary differential equation. These models
however, focused on maximizing the yield of harvesting from the forest and assume
that the biomass of forest tree is available as it is replaced by natural plantation. The
availability of agricultural plantation depends on the activities of felling old trees and
re-planting new trees [31, 25]. Gaoue et al. [29] adopted a logistic growth model by

adding non-lethal, lethal harvesting (felling) and a variable 7 to their model, which



represents the average lifespan. Gaoue er al. [29] suggested that in order to maintain
a population, the optimal non-lethal and lethal felling should not exceed 40% of the
total population density, and suggested the life history as an indicator, not the lifespan,
for harvesting and felling. However, Gaoue et al. [29] disregard how lethal harvesting
(felling) may affect plant productivity and did not consider the potential of a plant to
absorb carbon from the atmosphere for sustaining the environment. These models of
[27, 28, 29, 30], can be applied to oil palm plantation due to their similar characteristics
such as the natural growth of the population, harvest to obtain yield, natural depletion
and lifespan. However, oil palm plantation needs unique model due to its own lifespan,
requiring regular harvesting and felling, as well as different carrying capacity of each

arcea.

Previously, a mathematical model to predict the specific growth rate and biomass
concentration of an oil palm plantation has been formulated by Khamis et al. [15]. He
reported that based on statistical testing and goodness of fit, the best model is the logistic
model, followed by the Gompertz model, Morgan—Mercer-Flodin, Chapman—Richard
(with initial stage), and log-logistic growth models [15]. Studies on quantifying the
carbon stock of a tree biomass have often been urged in oil palm plantation [32, 33, 34,
35, 36]. These researchers believed that the amount of carbon in the biomass increased
linearly with time. In agreement with this, Kongsager et al. [35] quantified the carbon
sequestration potential of tree crop plantations for cocoa, oil palm, rubber and orange.
While Sanquetta e al. [32] calculated the values of carbon in the oil palm biomass,
which lies within the empirical range from 25 Metagramme (Mg) C ha™! to over 50
Metagramme (Mg) C ha~! towards the end of the plantation [32]. A Metagramme (Mg)
Carbon (C) ha™! is equal to a tonne Carbon (C) ha'. The estimated carbon content
of the oil palm trees is calculated based on the equation of Khalid ef al. [37]. Thus
Khalid et al. [37] and Kongsager et al. [35] have proven that the amount of carbon is
proportional to the amount of biomass in the plantation. However, these studies only
concentrated on quantifying the carbon stock of standing biomass and ignored the effect
of uncontrolled felling towards the plantation and carbon sequestration. Other methods
include artifial neural network (ANN), fuzzy logic, genetic algorithm (GA), linear
programming and regression are also being applied to solve the carbon sequestration
problem [38, 39, 40]. However, these studies are applied to virgin forest and less focused

on mathematical model. Later, a comprehensive model of the optimal control of tree



biomass was considered by Chaudary et al. [30], who proposed an age-structured
forestry biomass to distinguish between premature and mature trees. However, this
model works well for the forestry biomass problem only and the variables are not

suitable for oil palm biomass.

Thus, there is a gap in the literature, which pay less focus on felling trees that
may affect productivity. Most mathematical models developed are for the forest but
not crop plantation such as oil palm plantation. On top of that, previous literature
discussed the goodness of oil palm biomass in absorbing carbon but less mathematical
models have been developed to show that this plant is able to effectively absorb carbon.
This has motivates the researcher to mathematically model the oil palm plantation
problem incorporating carbon absorption via controlling the felling activity namely on
how to increase the fruit production fruit while optimally absorbing carbon from the

atmosphere.

1.3 Statement of the problem

Most existing oil palm models discussed the importance of harvesting in
producing fruit yield but not the importance of felling in maintaining the biomass.
Since the activity of felling could reduce or increase the lifespan of unproductive palm
trees, there have been concerns about the issues of uncontrolled felling activity. The
most relevant models to be referred to are forest models due to forest model considering
felling in its model equation. The forest model are Chaudary et al. [30] and Gaoue
et al. [29] models. However, the state variables in a forest model are less suitable to
be applied for an oil palm plantation. The unsuitability of the forest model is due to
the trees are totally removed from the ground for harvesting. While for oil palm, the
harvesting only collects fruit and oil palm trees remains standing on the ground. These
two models is considered in formulating mathematical model for oil palm biomass
and added a new variable of carbon absorption is added and felling rate is used as the

control state to the model equation.

On top of this, there are few available optimal formulation relevant to the oil
palm industry problem, yet most of them require mathematical considerations to achieve

an optimal solution [3]. There is a gap in the literature, to the filling of which this



thesis contributes, namely, how to increase oil palm biomass in producing fruit while
optimally absorbing carbon from the atmosphere. The present thesis has identified a
weakness of uncontrolled felling rate, which will result in a bleak future with a long term
deficit in oil palm yield. To the best of researcher’s knowledge, in the case of optimal
control model, past studies have only concentrated on harvesting in improving the oil
palm’s productivity, ignored felling activities that may reduce the amount of biomass
and did not touch on the potential of oil palm biomass for environmental benefit. Thus,
this thesis intends to mathematically model the oil palm biomass, incorporating carbon
absorption, via the optimal control of the felling rate. To verify these models, positivity,

boundedness and stability of each models are established.

14 Objectives of the research
This thesis attempts to achieve a few objectives regarding the incorporation
of carbon absorption in an oil palm plantation model. As per the above issues, the

objectives of this thesis are as follows:

I. To propose a mathematical model of control problem for felling and harvesting

rate using time-invariant linear quadratic optimal control approaches.

2. To formulate an optimal control model for oil palm biomass in maximizing the
carbon absorption and fresh fruit bunch production via optimal control of the

felling rate.

3. To examine the positivity of the solution and demonstrate the stability of the

mathematical model.

4. To optimize the state function of the optimal control model.

1.5 Scope of the research

The optimal control theory for differential equations provides a path, that
chooses a time-dependent management control to achieve a desirable solution.
Generally, for such research, a model involving a system of differential equations
is created based on logistic growth model to investigate the effect on the palm oil yield

and carbon absorption rate from controlled felling rate.



This thesis is divided into three major parts. Firstly, the formulation of the
model for the control of the felling and harvesing rate using linear Quadratic Regulator
(LQR) approaches as a starting point to create a basic model. Then an optimal control
model for oil palm biomass will be formulated and lastly the state function of the
optimal control model of oil palm biomass incorporating carbon absorption will be

developed.

A set of secondary data is used to estimate the parameters of the model. The
source of data is taken from MPOB which covers the whole Peninsular Malaysia which
falls under its jurisdiction. The data are the amount of oil palm biomass in tonnes per
hectares, the amount of fruit yield in tonnes per hectares and the amount of carbon
absorb in kilogram per hectares. This data was established from experimental study,
conducted by the research department of MPOB. The determination of the control
parameter depends on parameter estimation and simulation process. By controlling
the parameters in the state and control variables, dynamics of the solution can be
determined. As the edible oil is produced from the yield of fresh fruit bunch, the

variable of fruit production in producing oil is used throughout this thesis.

To improve the performance of the formulated model, analysis of its positivity,
boundedness and stability are carried out. The primary aim of this analysis is to validate
the model. Even though this research incorporates carbon absorption in the oil palm
model, the details of the carbon components released into the air, which consists of
both that above the ground and that from the root system below the ground, is beyond

the scope of this thesis.

1.6  Significance of this thesis
The significance of this thesis is primarily for the nation and the body of

knowledge. Its contributions are as follows.

1.6.1 Contribution of the mathematical formulation
The existing literature seldom has an optimal control formulation for the oil
palm industry problem. Therefore, the product of this thesis would be new formulation

of models that can optimize the benefits of an oil palm plantation by controlling the



felling activities over the years. The contribution of this thesis is mainly in formulating
the state equations of the biomass, considering the growth, felling, re-planting, and
maturity of the biomass. The state equation is controlled by the control variable of the
felling rate, that results in improving the productivity of the oil palm plantation. The
optimal control model will be helpful in the formulation of new studies and is key to

future developments that will lead to and contribute to a new body of knowledge.

1.6.2 Contribution of the theoretical analysis
The study of the model includes positivity solution, boundedness and stability
analyses to ensure that the newly formulated models are efficient in representing the

operation of an oil palm plantation.

1.6.3 Contribution in sustaining the environment

This research highlights the potential of the oil palm industry to absorb carbon
and contribute to the society. Indeed, it is uncommon to find an optimal formulation
for carbon absorption in tree crop plantations. This mathematical model acts as an oil
palm biomass green potential model and helps in terms of increasing the value of the
biomass plantation in the absorption of carbon in the future. The result of the model
have proved that oil palm biomass is able to achieve high rates of carbon absorption
even without adding or expanding any new area of the plantation. Furthermore, the
model can give insight ideas not just for any agricultural plantation but also for other

biological living.

1.7  Thesis organization

This thesis is organized as follows. The first chapter extensively describes the
issue of felling activities that may affect the productivity of a plantation and detract from
environmental aspects, for example, by increasing the deforestation rate. This issue
has become the main concern of this research. This chapter starts with the motivation
from the mathematical modelling to address these issues and it continues with the
background for the thesis, the problem statement, the objectives of the research, its

significance as well as its scope.



Chapter 2 reviews the previous literature related to the mathematical modelling
of agricultural plantations. It reviews the biological processes related to the logistic
growth model and the methodology used in the literature to obtain the relevant
objectives. The discussion of the literature is vital to determine the optimal solution

for the research problem.

In Chapter 3, the proposed methodology is discussed in detail. This chapter
covers the development of the model, identifies the best parameter estimation, and the
method used for solving the optimal control problem. At the end of this chapter, there
is an explanation of the methodology used to measure the stability of the model for

model validation.

Chapter 4 presents the issue of felling problems in oil palm plantations and
proposes a linear quadratic regulator to solve the model, which is a system of ODEs.
The model has two state variables: the biomass and the yield of fruit. Then the
solution procedure of the resulting control problem is discussed. Finally, the chapter is

summarized with some concluding remarks.

Chapter 5 presents the carbon absorption control model for an oil palm biomass.
The objective of this chapter is to maximize oil palm fruit production while absorbing
carbon. As this research assumed that the rate of felling can be controlled, a model
is constructed based on the ODE model. The model is known as Model 1, employing
two state variables: biomass and growth of oil palm plantation. As fruit yield and
carbon absorption are proportionate with the amount of oil palm biomass, thus increase
of biomass will indirectly increase the amount of fruit yield and carbon absorption.
Here, positivity, boundedness and the stability of the model are established to ensure

the fitness of the solution. Then finally, a result discussion is given.

Chapter 6 presents the optimal carbon absorption control model of an oil palm
plantation, known as Model 2. This chapter aims to optimize the state function of
the optimal control model by optimally controlling the felling rate. Before the result
is simulated, positivity, boundedness, and stability are established to ensure that the

model is suitable in presenting the oil palm problem. Finally, the result is discussed.

10



Chapter 7 summarizes the study with a conclusion, stressing the contributions
of the models as well as some suggestions for future development. The flow diagram

of the conceptual link among the chapters is given in Figure 1.4.

11
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