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A Mathematical Approach for Afforestation to Mitigate
Climate Change

C. Vanlisuta and S. Prombanpong

Abstract—The objective of this paper is to develop a
mathematical model to determine types and number of trees to
plant in the forest in order to maximize profit based on such
expenses as operation expenses, raw material, against revenue
from carbon credit obtained from these plants. The model is,
therefore subject to several constraints i.e. planting area,
required amount of carbon sequestration and so on. The
developed model can be used to obtain the optimal solution in
the plantation system of the clean development mechanism
(CDM) project. This model is currently under verification by
several organizations both in private sectors and government
agencies in Thailand. Therefore, for a demonstration of how to
implement the model, eight different parts of Thailand are
investigated and experimented. Note that only economical
plants are considered in the model. As a result, it is found that
solutions obtained from the optimization model are practical
and acceptable. This will lead to an accurate computation of
carbon credit in CDM in the future.

Index Terms—Optimization, CDM, climate change.

I. INTRODUCTION

Climate change in terms of global warming is one of the
intimidating problems that threat people nowadays [1].
According to World Bank report, both CDM (Clean
Development Mechanism) and JI (Joint Implementation) can
reduce carbon dioxide equivalent around 832 Metric-ton [2]-
[4]. In addition, reforestation is introduced in order to reduce
carbon dioxide in the atmosphere. Therefore, all nations in
the World attempt to preserve and replant the forests [5].
However, it is found that the reforestation process is not
optimized in terms of carbon sequestration obtained from the
trees. Meaning that they are planted without consideration of
an expected amount of carbon absorption and costs. None
research has been conducted in applying optimization in
afforestration process. Let alone developes the mathematical
model and apply to solve this problem. However, some of
related literature papers are on different topics. Steppe
developed the mathematical model to study the relationship
between tree trunk diameter and its growth rate [6]. Boland
developed optimal harvest time utilizing an integer
programming model [7]. Jain and Clearsky developed a
numerical smoke dispersion forecast system during
post-harvest burning of agricultural fields [8]. Kittredge used
allometric equations in a study of bio mass in the forest [9].
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The equations later were simplified to calculate bio-mass of
tree trunk and branches by Satoo and Senda [10]. In order to
increase accuracy in the bio mass computation, the height of
the tree must be included in the calculation [11]-[13].
Alexander Clark 1l studied total weight of the tree and
calculated carbon sequestration using diameter of the tree
trunk and its height [14].

Although, an optimization technique has been used in
various areas, has this technique not yet been applied much
in forestation.

Il. METHODOLOGY

The flow diagram of the process is divided into three steps
and illustrated in Fig. 1. The first step is input. All relevant
data of the mathematical model must be entered in the
particular format. Next, the linear programming model is
solved to obtain the optimal solution. Finally, the solution
will be interpreted as in the output format in terms of selected
trees and their locations, as well as total profit earned. Thus,
the developed mathematical model will be described next.
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Fig. 1. Flow diagram of the model

A. Mathematical Model

This paper utilizes an integer linear programming to
formulate the mathematical model. The objective function is
to maximize profit which is a difference between a total
return of carbon credit and the total expenses of plantation,
and operration expenses [15],[16]. The objective function
will be expressed as the following.

1) Obijective function
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where
Xij : a tree i plants at location (j,k)
C :acarbon credit revenue (US$/ton carbon)
: the ability of carbon dioxide absorb of tree i
(Ton carbon/year)
b; : expenses of planting and maintenance tree i
(US$/treelyear).
i :tree species, where i=1,2,....,1

aj

j :row array, wherej=1,2, ....,J
k : column array, wherek=1,2, ... K
2) Constraints

The objective function is subjected to the following
constraints.
1) Area constraint: The total area of planting must not
greater than the available area.
I J K
222 [Xusi s A
i=1 j=1 k=1

()

where s; is the area required to plant tree i and A is a total
available area.

2) Singularity constraint: Only one tree can be planted at
only one position.

m
i=1

3) Carbon sequestration constraint: The total amount of
carbon sequestration by all trees must greater than the
required amount of carbon absorption.

R NILEIE

i=1 j=1k
where L is an amount of required carbon sequestration

(©)

(4)

Tree distribution constraint: This constraint ensures a
distribution of trees throughout the area. In addition, the
similar type of tree should not grow next to each other
since its growth rate can be harmful.

4)

Xijk + Ximn =L Vi (5)

where m e {j-1, j, j+1}andn e {k-1, Kk, k+1}

5) 0-1 Integer constraint: All decision variables are either

Zero or one.
Xix =01 (6)

B. Experimentation

Once the mathematical model is developed, the

implementation will be next. The input data such as
operating expenses and carbon sequestration ability of each
tree must be acquired from several sources and can be
shown in Table | and Table Il respectively. In Table I, the
expenses in the first year include seeding cost, field
preparation, and labor cost [17]. The expenses for the
following years until the seventh year include labor cost,
fertilizing, and tree replenishment. The carbon absorption
ability by a tree is in ton carbon per year which is by
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courtesy of Office of Nation Resources and Environmental
policy and planning, Ministry of Natural Resources and
Environment [18].

In this experiment, planting area of 400 by 400 meter is
utilized. The required area of each plant to be fully grown is
designed at 4 by 4 meter which is considered providing the
best growing result. Therefore, there will be exactly 100
trees needed to grow in the area. The required total amount
of carbon sequestration is set at 0.05 ton carbon per year.

TABLE I: THE OPERATING AND MAINTENANCE EXPENSES

Legend Tree Expenses($) Total
1tyear 2" 7"years (US$)
= Acacia mangium Willd 145 772 917
f Acacia auriculaeformis 178 772 950
#A  Alstonnia Scholaris R. Br. 12 e 994
) . . 138 772
i Anthocephalus chinensis 910
. (Lam) Rich. Ex Walp.
) 175 772
T:i’r Azadirachta.indica.A..Juss 947
Var. siamensis
e 151 772
-l Dalbergia oliveri Gamble 923
& 175 772
Duranta erecta L. 168 779 947
* Elaeis guineensis Jacq. 150 772 940
7 4 Eucalyptus citriodara. 164 772 922
f% Hymenocallis littoralos Salosb 201 772 936
;f: Lagerstroemia calyculata Kurz 168 772 973
‘ Mangifera indica. 151 e 940
‘ Pelltophorum pterocarpum 71 72 923
o 175 772
% Plerocapus indicus 943
151 772
#E  Plerocapus macrocarpus Kurz 947
175 772
m Shorea obtuse Wall. Ex Blume 923
169 772
Shorea roxburghii G. Don
? g 235 172 il
@ Slr_ldora siamensis Teijsm. Ex 145 779 941
Mig.
1,007
- Swietenia macrophylla King
B 917

~

Tectona grandis L.f.

The carbon credit revenue is the earning from the amount
of carbon sequestration. The amount of credit earning during
2009-2012 is shown in Table Il which is by courtesy of
Thailand Greenhouse Gas Management Organization (Public
Organization).

As mentioned earlier, the forestation area in Thailand is
divided into eight different parts. This is due to the fact that
each part is suitable for certain types of plants. Therefore,

RESULTS
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the corresponding input data of each part are managed and
the model is solved using LINGO software. The optimal

Var siamensis. The number of trees that must be planted are
15, 15, 15, 10, 20, 10, 15 trees respectively. The earning of

results of each part of Thailand are shown in Table 1\VV-Table
XII.

TABLE Il: CARBON CREDIT REVENUE

Year 2009 2010 2011 2012
Carbon 12.62 12.19 11.39 5.80
Credit

(US$/TCO,~)

TABLE Il1: THE CARBON SEQUESTERED BY A TREE (TON CO, PER YEAR)

Legend Tree CO, Absorption
£ . . )

*# = Acacia mangium Willd 126.10
\f Acacia auriculaeformis 213.13
* Alstonnia Scholaris R. Br. 310.81
#%  Anthocephalus chinensis (Lam) 218.02

- Rich. Ex Walp.

$#.  Azadirachta.indica.A..Juss 893.42

¥ Var. siamensis

il

‘Z_L‘ Dalbergia oliveri Gamble 140.09
& Duranta erecta L. 381.86
* Elaeis guineensis Jacq. 45,51

7 Eucalyptus citriodara. 273.30
% Hymenocallis littoralos Salosb cv 203.14
* Lagerstroemia calyculata Kurz 126.10
& Mangifera indica. 42151
‘ Pelltophorum pterocarpum 170.95
é Plerocapus indicus 130.99
* Plerocapus macrocarpus Kurz 638.51
@ Shorea obtuse Wall. Ex Blume 379.64
? Shorea roxburghii G. Don 126.10
@ Sindora siamensis Teijsm. Ex Mig. 84.14
- Swietenia macrophylla King 72.82
A

ol Tectona grandis L.f. 301.27

In Table IV it can be concluded that there are five kinds of
trees suitable to grow in this area. They are : Plerocapus
macrocarpus Kurz, Acacia mangium Willd, Acacia
auriculaeformis,  Alstonnia  Scholaris R. Br. and
Azadirachta.indica.A..Juss..Var. siamensis. The number of
trees that must be planted are 25, 20, 20, 15, 20 trees
respectively. The earning of 1,739,962 $ can be obtained
within 7 years span.

In Table V it can be concluded that there are seven kinds
of trees suitable to grow in this area. They are : Plerocapus
macrocarpus Kurz, Acacia mangium Willd, Acacia
auriculaeformis, Alstonnia Scholaris R. Br, Tectona grandis
L.f., Tectona grandis Linn. and Azadirachta.Indica A. .Juss..
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1,803,328 $ can be obtained within 7 years span.

TABLE IV: THE OPTIMAL SOLUTION OF EASTERN PART

Position Type of plant
oftee 1 2 3 4 5 6 7 8 9 10
, P RS T ey @
, ® F & TAETLTMA
s SPME GELR G &
s WHEPAESG LT
s PSR GH
s W4 £ AE G L A
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s B4 2P ARE S P
O LPREGETR G
0 oy s TREGE T M

TABLE V: THE OPTIMAL SOLUTION OF WESTERN PART

Position Type of plant

oftree 1 2 3 4 5 6 7 8 9 10
L S hEheTEL S 2
- 2 & f*a..i%* AL
s ¢ B2 pape R
o e TALIsTAL
8 ¥ = TADTH AL
p PETAQIETAL

In Table V1 it can be concluded that there are seven kinds
of trees suitable to grow in this area. They are : Plerocapus
macrocarpus Kurz, Mangifera indica, Hymenocallis
littoralos Salosb cv., Swietenia macrophylla King, Elaeis
guineensis Jacg., Hymenocallis littoralos Salosb cv and
Shorea siamensis. The number of trees that must be planted
are 25, 15, 10, 15, 10, 10, 15 trees respectively. The earning
of 1,633,536 $ can be obtained within 7 years span.

In Table VII it can be concluded that there are seven kinds
of trees suitable to grow in this area. They are : Plerocapus
macrocarpus Kurz, Anthocephalus chinensis (Lam) Rich. Ex
Walp., Azadirachta.indica.A.Juss.Var siamensis, Swietenia
macrophylla King, Acacia auriculaeformis, Acacia mangium
Willd and Alstonnia Scholaris R.Br. The number of trees that
must be planted are 10, 15, 20, 10, 15, 20, 10 trees
respectively. The earning of 3,076,800 $ can be obtained
within 7 years span.
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TABLE VI: THE OPTIMAL SOLUTION OF SOUTHERN PART

Position Type of plant
of tree 1 2 6 7 8 10
1

2

3

¥ B % B %

B ¥ 8B x 83 ¥ 3 %[
H

EIENEREN.
s o B B g
B b &h bp2h -
B o podhod
3 BO¥
EIEIEI]IEIL R
" e ¥ xS e o

%
%

Ay erederey
TABLE VII: THE OPTIMAL SOLUTION OF CENTRAL PART

Position Type of plant

oftree 1 2 3 4 5 6 7 8 9 10
1 £ *Y%*%’V**SQ
, B ot TERE GP
s 4GPt the Sl
R EE LY LI RRs
5 & 4T £ e = =N
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TABLE VIII: THE OPTIMAL SOLUTION OF UPPER NORTHERN PART

Position Type of plant

oftee 1 2 3 4 5 6 7 8 9 10
1 &’f.@_"-ﬁi*f?$
: g a®etT R F @
; CfRtaieie e
¢ g aFeT AT A
5 ‘%&*&i*?’ $
c $5a®eT B¢F R
; FPSERE K

"y

I ST EXLEE TEX
¢ e fRrar®tFe S
10 fi.ﬁ*? f.ﬁ_&’fd&

In Table VII1 it can be concluded that there are nine kinds
of trees suitable to grow in this area. They are: Sindora
siamensis Teijsm.Ex Mig., Duranta erecta L., Lagerstroemia
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calyculata Kurz, Tectona grandis Linn., Plerocapus
macrocarpus Kurz, Tectona grandis L.f., Shorea obtuse
Wall. Ex Blume, Shorea roxburghii G. Don and Xylia
xylocapa(Roxb.) Tuab.var. kerrii. The number of trees that
must be planted are 10, 10, 10, 15, 15, 10, 10, 10, 10 trees
respectively. The earning of 2,732,810 $ can be obtained
within 7 years span.

TABLE IX: THE OPTIMAL SOLUTION OF UPPER NORTH EAST PART

LT ate T

3 fyf‘ K@

. 8§ *OTFE
a7t @

(o]

Il 2RI

oo oloe-
E EE PR B R

In Table IX it can be concluded that there are eleven kinds
of trees suitable to grow in this area. They are : Plerocapus
macrocarpus Kurz, Duranta erecta L., Sindora siamensis
Teijsm. Ex Mig., Tectona grandis L.f, Shorea obtuse Wall.
Ex Blume, Shorea roxburghii G. Don, Lagerstroemia
calyculata Kurz, Dalbergia oliveri Gamble, Pelltophorum
pterocarpum,  Eucalyptus citriodara and  Xylia
xylocapa(Roxb.) Tuab.var. kerrii. The number of trees that
must be planted are 10, 10, 10, 10, 5, 10, 10, 10, 5, 5, 15 trees
respectively. The earning of 4,484,866 $ can be obtained
within 7 years span.

TABLE X: THE OPTIMAL SOLUTION OF LOWER NORTH EAST PART

 F R TEETQ4 $F
: § T F¥ 5229
: FETg*2Q@a87T
€ Tralryer?
c § T*APX 523 @
7f!i&5$9;;§
» € T4 FFue ¥

- ¥HTesrea 8T
p E T4 BXHEFQ

In Table X it can be concluded that there are ten kinds of
trees suitable to grow in this area. They are: Tectona grandis
L.f., Sindora siamensis Teijsm. Ex Mig., Plerocapus
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macrocarpus Kurz, Shorea obtuse Wall. Ex Blume, Shorea

roxburghii G. Don, Lagerstroemia calyculata Kurz, Total

100 100 100 100

Dalbergia oliveri Gamble, Plerocapus indicus, Xylia
xylocapa(Roxb.) Tuab.var. kerrii and Eucalyptus citriodara.
The number of trees that must be planted are 10, 10, 10, 10,
10, 10, 10, 10, 10, 10 trees respectively. The earning of

Profit (M$) 1.734 1.803 1.633 3.076

TABLE XIII: THE SUMMARY OF RESULTS FOR THE REMAINING SECTIONS

4,427,323 $ can be obtained within 7 years span. section
Type of plant Gpper Northern  Upper North  Lower North  Lower
TABLE XI: THE OPTIMAL SOLUTION OF LOWER NORTH PART Part East Part EastPart _North Part
Position Type of plant E?'l 10 10 10 20
oftee 1 2 3 4 5 6 7 8 9 10 @ 10 10 0 20
ﬂi *@ oy
- % % ! * 10 10 10 0
{ y 573
2 @iﬁ* .’$M$ <. 15 0 0 0
I | # 3 )
KEFEES L X,
3 *h*.‘.g@ & 15 10 10 20
4 m :ﬁ < i i m@ %
@ i &’&miﬁ* el 10 10 10 10
5 & 5P m % W 10 5 10 20
4 [ 2 ¢ A
: QFAF VT *Y R & Y
@ A _ . 10 10 10 0
r 2 1QHa Rhge ¥
() E 10 15 10 0
8 h&* "’["’ m& )
@ (& A ' — 0 10 10 0
9 ﬁ'ﬁw@«W@ﬁ* |
73
" QEH* 19 g NI I
=0
In Table XI it can be concluded that there are six kinds % 0 ° 10 0
of trees suitable to grow in this area. They are: Shorea obtuse R o 0 0 10 0
Wall. Ex Blume, Duranta erecta L., Sindora siamensis .
Teijsm. Ex Miqg., Tectona grandis L.f., Plerocapus ! 0 0 0 10
macrocarpus Kurz and Toona ciliata M.Roem. The number Total 100 100 100 100
of trees that must be planted are 20, 20, 20, 10, 20, 10 trees
respectively. The earning of 4,576,608 $ can be obtained Profit (M$) 2.732 4.484 4.427 4576

within 7 years span.

TABLE XII: THE SUMMARY OF RESULTS

section IV. DISCUSSION
Type of plant Eastern Western Southern Central ) o o
Part Part Part Part This paper demonstrates the utilization of the optimization
# 25 15 25 10 technique to determine a number and type of trees to be
& planted in the forest in order to maximize profit. According
LS 20 15 0 20 to the result, it can be seen that the tree distribution is quite
5 " 20 15 0 15 even and it is considered to be practical. This mathematical
r model will be one of the tools used in forestation in order to
; 15 10 0 10 obtain required amount of carbon sequestration in the CDM
£5% .
ok project.
20 15 0 20
£
"r 0 20 0 0 REFERENCES
- 0 10 0 0 [1] F. Wagner, B. Aaby, and H. Visscher, ”Rapid atmospheric CO,
changes associated with the 8,200-years-B. P. cooling event,” in Proc.
& of the National Academy of Sciences of the United States of America.
0 0 15 0 v0l.99, n0.19, pp. 12011-12014, 2002.
[2] K. Capoorand P. Ambrosi, State and trends of the carbon market 2008,
? 0 0 10 0 World Bank Institute Washington D.C., p.19, May, 2008.
- [3] S.Damilolaand S. Olawuyi, “From Kyoto to Copenhagen: Rethinking
0 0 15 10 the place of flexible mechanisms in the Kyoto Protocol’s post 2012
* commitment period,” Law, Environment and Development Journal,
0 0 10 0 vol. 6/1, pp.21-35, 2010.
[4] M. P. Cigran and P. Iturregui, “Institutional Strategy to promote the
f 0 0 0 15 clean development mechanism in Peru,” UNEP Riso Centre, Denmark,
p. 64, 2004.
? 0 0 10 0 [5] R. A. Birdsey, “Carbon storage and accumulation in United States
Y forest ecosystem,” General technical report WO (USA), U. S. Dept. of
¥~ 0 0 15 0 Agriculture, Forest Service, pp.11-51, 1992.

163




6]

(71

8]

[]
[10]

[11]

[12]

[13]

[14]

[15]

International Journal of Innovation, Management and Technology, Vol. 4, No. 1, February 2013

K. Steppe, Dirk J. W. De Pauw, R. Lemeur and P. A. Vanrolleghem,
“A mathematical model linking tree sap flow dynamics to daily stem
diameter fluctuations and radial stem growth”, Oxford Journals, Life
Sciences, Tree Physiology, vol. 26, Issue 3, pp. 257-273, 2006.

N. Boland, “Solving environmental problems with integer
programming recent experience and challenges” The 18th World
IMACS Congress and MODSIMO09 International Congress on
Modeling and Simulation. Cairns, Australia from July13-17. pp. 1-12,
2009.

R. Jain, J. Vaughan, K. Heitkamp, C. Ramos, C. Claiborn, M.
Schreuder, M. Schaa, and B. Lamb, “Development of the clear sky
smoke dispersion forecast system for agricultural field burning in the
Pacific Northwest,” Atmospheric Environment, vol. 41, pp. 6745-6761,
2007.

J. Kittredge, “Estimation of the amount of foliage of trees and stands”.
Journal of Forestry, vol. 42, no. 12, pp. 905-912, 1944,

T. Satoo and M. Senda, “Materials for the studies of growth in stand.
IV. Amount of leaves and production of wood in young plantation of
Chameacyparis obtuse,” Bull. Tokyo Univ, vol. 54, pp. 7-100, 1958.
H. Ogawa, K.Yoda, K. Ogino, and T. Kira, “Comparative ecological
studies on three main types of forest vegetation in Thailand. Il. Plant
biomass,” Nature and Life Southeast Asia ,vol. 4, pp. 51-80, 1965.

K. Ogino, D. Ratanawongs, T. Tsutsumi. and T. Shidei, “The primary
production of tropical forest in Thailand,” The Southeast Asian Studies,
vol. 5, no. 1, pp. 122-154, 1967.

T. Kira and T. Shidei, “Primary production and turnover of organic
matter in different forestecosystems of the western pacific,” Japanese
Journal of Ecology, vol. 17, no.2, pp. 70-87, 1967.

Alexander Clark Ill, Joseph R. Saucier, and W. Henry McNab,
“Total-Tree Weight, Stem Weight, and VVolume Tables for Hardwood
Species in the Southeast,” Research Division, Georgia Forestry
Commission, pp. 1-52, 1986.

C. Vanlisuta and S. Prombanpong, “The research framework for a
reduction of global warming through efficient afforestation and
reforestation in Thailand,” in Proc. 11" Asia Pacific Industrial
Engineering and Management Systems Conf., Malaka, Malaysia, 6-9
December, pp.115-119, 2010.

164

£ &

[15] C. Vanlisutaand S. Prombanpong, “An integer programming approach
to optimize the plantation in order to reduce global warming,”
International Journal of Advanced Materials Research, vol.548, pp.
686-690, 2012.

[16] N. Tangtam,“The Role Forests in Reducing Global Warming,”
Journal of Forest Management, vol. 1, no. 2, pp.1-18, 2007.

[17] S. Kerdkankankaew and V. Saosiri, Hand book of domestic trees and
their sequestered, Office of Nation Resources and Environmental
Policy and Planning, Ministry of Natural Resources and Environment,
2009.

Chanchai Vanlisuta is currently a Ph.D. candidate at
' ‘ King Mongkut’ s University of Technology Thonburi
g~ (KMUTT) and also a lecturer at Faculty of Industrial

Technology, Phranakhon Rajabhat  University,

Thailand. He received his Master Degree in Industrial

Engineering at King Mongkut’ s University of

Technology Thonburi (KMUTT). His teaching and

research interests include work study, planning and control production,

manufacturing application.

Suksan Prombanpong is currently working at King
Mongkut’s  University of Technology Thonbui
(KMUTT). He received Fulbright scholarship to
pursue his doctoral degree at The Ohio State
University (OSU) U.S.A. After graduation he worked
at National University of Singapore for three years.
Now he is a lecturer in the department of Industrial
Engineering at KMUTT. He also holds a position of
DEPUTY DIRECTOR for the Institute for Scientific and Technological
Research and Services and a head of Continuing Education Center at
KMUTT. His research interest is in the area of manufacturing applications,
production planning and control, optimization, logistic and supply chain and
green industrial.



http://treephys.oxfordjournals.org/search?author1=Kathy+Steppe&sortspec=date&submit=Submit
http://treephys.oxfordjournals.org/search?author1=Dirk+J.+W.+De+Pauw&sortspec=date&submit=Submit
http://treephys.oxfordjournals.org/search?author1=Raoul+Lemeur&sortspec=date&submit=Submit
http://treephys.oxfordjournals.org/search?author1=Peter+A.+Vanrolleghem&sortspec=date&submit=Submit
http://www.ingentaconnect.com/content/saf/jof;jsessionid=7mq7ia5du0r92.victoria

