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Abstract. This paper present a new optimization model to generate aggregate production planning by con-

sidering electric cost. The new Time Of Switching (TOS) electric type is introduced by switching over Time Of 

Day (TOD) and Time Of Use (TOU) electric types to minimize the electric cost. The fuzzy demand and 

Dynamic inventory tracking with multiple plant capacity are modeled to cover the uncertain demand of customer. 

The constraint for minimum hour limitation of plant running per one start up event is introduced to minimize 

plants idle time. Furthermore; the Optimal Weight Moving Average Factor for customer demand forecasting is 

introduced by monthly factors to reduce forecasting error. Application is illustrated for multiple cement mill 

plants. The mathematical model was formulated in spreadsheet format. Then the spreadsheet-solver technique 

was used as a tool to solve the model. A simulation running on part of the system in a test for six months shows 

the optimal solution could save 60% of the actual cost 
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1.  INTRODUCTION 

The energy cost for local operations in the cement 
industry in Thailand was around 60~64% of production 
cost during year 2001~2003. The energy cost depended 
on size and technologies used of the system and 35~38% 
of energy cost was electric cost. The electric cost for 
seven cement mill plants to produce three types of ce-
ment during first six months in year 2004 was more than 
291 million Baht. The increasing of electric cost in ce-
ment production and customers demand lead the entre-
preneurs to find out a methodology to balance the en-
ergy cost and the market demands. A number of re-
searches suggested methods to reduce electric cost. The 
methods ranged from heuristic method to mathematical 
model methods. The latter methods have been studied 
by using several techniques such as linear programming 
(Jowitt and Germanopoulos, 1992), dynamic program-
ming (Coulback and Orr, 1989), and nonlinear pro-

gramming (Tsay and Lin, 2000). A mixed-integer pro-
gramming models is introduced to analyze the customer 
incentive to install cogeneration system in the peak pe-
riod of TOU (Tsay and Lin, 2000). An optimization 
model developed to generate pump schedule for water 
supply in Pittsburgh could have saved 20% of the actual 
cost (Vilas et al., 1996). 

This paper present a new optimization model to 
generate aggregate production planning by considering 
electric cost. The new TOS electricity is introduced by 
switching over TOD and TOU electricity to minimize 
the electric cost. The fuzzy demand and Dynamic inven-
tory tracking with multiple plant capacity are modeled 
to cover the uncertain demand of customer. The con-
straint for minimum hour limitation of plant running per 
one start up event is introduced to minimize plants idle 
time. Furthermore; the Optimal Weight Moving Average 
Factor for customer demand forecasting is introduced by 
monthly factors to reduce forecasting error. 

† : Corresponding Author  
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2.  LITERATURE REVIEW 

2.1  Production Planning 

Many production planning methods have been sug-
gested to reduce production costs such as linear cost 
models, quadratic cost models, fixed cost models, and 
nonlinear cost models (Hax, 1984). Whist Hoffman and 
Jacobe (1985) initiate a linear cost model for a single 
product. Multi stage linear programming models in-
cluded multiple routings, multiple sources, product mix 
decision models, and multiple production and decision. 
In addition, Candea (1977) introduces a linear cost 
model for a single product. A mathematical program-
ming model with aggregate production planning and 
machine requirement planning was introduced, the per-
formance of model can be compared with those of the 
individual aggregate production and machine planning 
models (Behnezhad and Khoshnevis, 1996). An aggre-
gate production planning model with demand under 
uncertainty, the demand is presented by a compound 
Poisson process and a Gaussian approximation is pro-
posed to the compound Poisson process (Silva, 1999). 
The goal programming is modified to allow a simulta-
neous solution of a system of complex objectives rather 
than a single objective (Lee, 1972). Leung et al., (2003) 
expressed multi-site aggregate production planning with 
multiple objectives presented by a goal programming 
approach. The multiple linear programming with the set 
of efficient extreme point in the decision space obtained 
by parametric programming models (Bryson, 1991), 
(Steuer, 1985), and (Yu, 1985). The integrated model for 
scheduling and planning in a multi-site in order to de-
termine the feasible plan was described by Scswartz 
(1984). The goal programming model can provide an 
excellent approximation presented a robust optimization 
model to solve the aggregate production planning prob-
lem in an environment of uncertainty. The production 
cost, labor cost, and hiring and layoff cost are mini-
mized (Leung and Wu, 2004).  

Wang and Fang (2001b) developed a linear pro-
gramming model with fuzzy parameters such as fuzzy 
demand, fuzzy machine time, fuzzy machine capacity 
and fuzzy relevant cost. Wang and Fang (2001a) pro-
posed a model which included fuzzy objective coeffi-
cient and fuzzy variable in the aggregate production 
planning, the solutions presented by fuzzy number with 
more flexibility to decision-maker with an uncertain 
environment. Hop and Tabucanon (2000) considered the 
grouping problem of electronics component families 
based on their multiple attributes by introducing the 
concept of fuzziness to express the degree of concor-
dance on the decision. 

2.2  Electric Cost 

Price of electric power demand depends on two 
sections of cost i.e. fixed cost and running cost. Firstly, 

fixed cost is the capital cost of power station, substation, 
and the connection between them with the end of utiliza-
tion. Secondly, running cost depends on cost of the 
power plant running including Fuel Tariff (FT) (Hamed, 
2001). The price of electricity based on non-cooperative 
game theory by supposing that all of Independent Power 
Providers (IPPs) can jointly negotiate to supply electric-
ity to a utility. It is reasonable for the utilities that they 
will purchase the electricity depending on price (Geer et 
al., 2001). 

The electric pricing of TOD is variable cost relating 
to different seasons in a year. It depends on maximum of 
monthly demand, and the energy consumption. A cus-
tomer is able to improve his electric bill by managing 
electric usage time according to TOD rate charging 
(Harry, 1989). According to analysis of TOD electric 
pricing during daily peak demand in summer can pro-
vide information on customer response to time-diffe-
rentiated electric prices. The customer proposed to re-
duce electric demand during this peak period (Aigner, 
1985), (Aigner and Gliali, 1989), (Caves et al., 1989), 
(Henley and Perison, 1994), (Train and Mehrez, 1994), 
(Ham et al., 1997), and (Tishler and Lipovestsky, 1997). 

The electric pricing of TOU is based on the esti-
mated cost during a particular time block. TOU rate 
usually divided into three or four time blocks per 24 
hours, i.e. on-peek, mid-peek, off-peak, and super off-
peak. Most electric TOU studies have found little re-
sponse, as measured by price elasticity, by business cus-
tomer to TOU rate (Aigner and Hirschber, 1985), (Park 
and Action, 1984), (Aigner et al., 1994), and (Woo, 1985). 
Action and Park (1987) studied estimating individual 
customer response which mostly shows no change or 
very modest change in response to TOU prices, the sur-
vey found that some of hypotheses have been advanced 
to explain the pattern of response in large industries. A 
mixed-integer programming and nonlinear programming 
models is introduced to analyze customer incentive to 
install co-generation system in the peak period of TOU 
(Tsay and Lin, 2000). This customer behavior can be 
implied that they try to reduce as well as avoid consum-
ing electricity during peak period. The significance of 
mathematical model is switching the own co-generator 
during peak period. 

2.3  Spreadsheet Solver 

The spreadsheet solver is an add-in feature found in 
recent versions of spreadsheet software such as Lotus 1-
2-3, Borland’s Quattro Pro, and Microsoft Excel (Win-
ston, 1994). This feature capable solving linear and non-
linear programming problems. Demonstration of spread-
sheet solver to solve small aggregate production plan-
ning problems described by Albright et al. (1999). De-
monstrating the usage of a spreadsheet-solver technique 
in solving single product type expressed by Techawi-
boonwong and Yenradee (2002). Techawiboonwong and 
Yenradee (2003) formulated a mathematical model in 
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spreadsheet format and then used the spreadsheet-
solving technique to solve the aggregate production 
planning for multiple product types where the worker 
resource can be transferred among the production lines.  

There are several interesting references provide 
other potential approaches and other viewpoints to save 
cost. The production planing is emphasized to reduce 
production cost, labor cost, and hiring and firing cost. 
Load shifting and co-generation was present for electric 
cost saving. Spreadsheet Solver is used to solve single 
and multiple product types.  

3.  LECTRIC SUPPLY 

The electric supply based on non-cooperative game 
theory by supposing that all of IPPs can jointly negotiate 
to supply electricity both TOD and TOU. It is reason-
able for the utilities that they will purchase the electric-
ity depending on price and other situation or factors. 

The electric user will have the contract with IPPs 
either TOD or TOU rates. Single line diagrams of TOD 
and TOU are the same that can be described as Figure 1, 
the difference of TOD and TOU meters based on TOD 
or TOU contract. 

There are three different types of electric charge for 
industry based on electric demand. Those are small size, 
medium size, and large size industry. This research fo-
cuses on investigation of large size industry with electric 
supply ³  69 Kilo-Volts (KV), i.e. 115 KV. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. TOD or TOU Electric power supply 
 
There are three different types of electric charge for 

industry based on electric demand. Those are small size, 
medium size, and large size industry. This research fo-
cuses on investigation of large size industry with electric 
supply ³  69 Kilo-Volts (KV), i.e. 115 KV. 

Large size industry consumes the average electric-
ity ³ 1,000 KW.Hr within 15 minutes by measuring 
through a single Watt-meter while average consumption 

in three months is more than 250,000 KW.Hr. Electric 
cost can be separated into two rates i.e. TOD and TOU 
as described in Table 1 and Table 2.  

 
Table 1. TOD rate for large size industry 

Demand Charge (Baht/KW) Voltage 
(KV) Peak Partial Off-Peak 

Energy Charge 
(Baht/KW.Hr) 

< 22 332.71 68.22 0 1.7314 
22-23 285.05 58.88 0 1.7034 
³ 69 224.30 29.91 0 1.6660 

Note: – Peak : 6 : 30 p.m. – 9 : 30 p.m. (every day) 
 – Patial : 8 : 00 a.m. – 6 : 30 p.m. (every day) 
 – Off-Peak  : 9 : 30 p.m. – 8 : 00 a.m. (every day) 
 
Time blocks of TOD defined by certain time of a 

day and every day are the same. Time blocks of TOU 
defined by electric demand in a day by separate working 
days and holidays. 

Normally, the electric demand of TOD in Off-Peak 
period is low. Therefore; IPPs stimulated their customer 
to use electricity in these periods by omitting the de-
mand charge as shows in Table 1. 

 
Table 2. TOU rate for large size industry 

Energy Charge 
(Baht/KW.Hr) Voltage 

(KV) 

Demand  
Charge 

(Baht/KW) Peak Off-Peak 

Service  
Charge 

(Baht/month) 

< 22 210.00 2.8408 1.2246 228.17 
22-23 132.93 2.6950 1.1914 228.17 
³ 69 74.14 2.6136 1.1726 228.17 

Note  
– Peak : Monday – Friday 09 : 00 a.m. – 10 : 00 p.m.  
– Off-Peak  : Monday – Friday 10 : 00 p.m. – 09 : 00 a.m. 

 : Saturday – Sunday and traditional holiday 
00 : 00 a.m. – 12 : 00 p.m. 

 
Timing diagram over 24 hours per day of TOU and 

TOD can be described in Figure 2. TOD identifies pe-
riod of 24.00~08.00 and 21.30~24.as Off-Peak hours, 
but period of 08.00~18.30 is Partial Peak hours, and 
period of 18.30~21.00 is Peak. On the other hand for 
TOU, period time 24.00~09.00 and 22.00~24.00 are 
Off-Peak hours, and 09.00~22.00 is Peak. The different 
perception on time of electric consuming between TOD 
and TOU induced the author to find out the electric cost 
minimization method. 

 

Figure 2. TOD and TOU time period 
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4.  MODEL DEVELOPMENT FOR TOS 

This article presents a new optimization model that 
considered the electric source switching, Dynamic in-
ventory, and minimum limit hours of plant operation per 
one start up. The major objective is to minimize the 
electric cost while satisfying customer demands and 
system requirements. The optimization models compose 
TOU and TOD electric types to be the TOS electric type 
with hourly switching consideration while satisfying 
daily customer demands. The formulation of mathemati-
cal model is based on Mixed Integer Linear Program-
ming (MILP). Triangular fuzzy demand is applied to 
cover the uncertainty of customer demand with several 
fuzzy factor adjustment. Daily demands have been com-
bined to be a monthly demand. Weighted Moving Aver-
age is applied for demand forecasting while weighted 
factors optimization is presented to minimize forecast-
ing error. To adjust inventory level based on Off-Peak 
hours, the Dynamic inventory constraint is presented. 
The continuous plant operation is introduced to avoid 
frequently start-stop during production. 

 
 

 
Figure 3. TOS Single line diagram 

 
The Off-Peak periods of both electric types in Fig-

ure 2 are cheapest electric cost, but they are in the dif-
ferent time. If we can supply both electric power lines to 
electric user and switching them to select the cheapest 
cost for each hour, the electric bill can be decreased 
properly. This research created this switching method 
and was named as “Time of Switching: TOS”. To sup-
port the TOS, single line diagram can be described in 
Figure 3. Where Sd, Su, and Sw are TOD switch, TOU 
switch and plant switches respectively. 

4.1  Model Formulation 

To support the switching of TOS, the deterministic 
production model will be formulated. Decision variables 
and parameters for mathematical formulation will be 
assigned as below. 

i : Product type, i = 1,…,3 types. 
j : Electric Type,  j = 1,2 (TOD, TOU). 
h : Period hours,  h = 1, 2, …,24 (hr). 
t : Planning horizon,  t = 1 day. 
g : Number of plants running in period hour h ,   

g = 1, 2,…,7 plants. 
Egi : Electricity used by plant g to produce one ton 

of product i (Kw/hr). 
Mig : Capacity of plant g to produce product i over 24 

hours. (ton). 
rig : Minimum running hours of plant g to produce 

product i per one starting event (hr). 
sig : Initial start hour of plant g to produce product i 

daily t. 
Iimax : Maximum inventory stock of product i (ton). 
Iimin : Minimum inventory stock of product i (ton). 

   cjh : Electric cost of electric type j in period hour h  
(฿ /KW.hr). 

dit : Demand of product i on daily t (ton). 
    
Decision Variable 
Decision variable will consist of three parts as fol-

lowing. 

ighX  : Quantity of product i produced in plant g 
in hour h (ton) 

 it
X  : Quantity of product i produced in a day t 

(ton) 
    itI   : Inventory of product i in a day t (ton) 

1

0
jhR =

ì
í
î

   

1

0
ighP

ì
= í
î

 

 
The mathematical formulation to generate the swi-

tching of TOS with minimizing electric cost considera-
tion can be described as following: 

 
Objective Function 

 

Min jh jh igh gi gih
ijgh

c R X E På                  (1)   

subject to                     

it
igh

gh

X X=å                    ,i t"  (2) 

, 1
it

i t it itX I I d-+ - =               ,i t"  (3) 

minitI Ii³                       ,i t"  (4) 

maxitI Ii£                       ,i t"  (5) 

igh igh ig
h

X P M£å                ,i g"  (6) 

;  Otherwise 

;  If electric type j selected in period h 

;  If plant g selected to produce product i in period h 

;  Otherwise 
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ig

ig

h r

igh ig
h s

P r

=

=

=å                   ,i g"  (7) 

, , , 0
it

igh it itX X d I ³           , , ,i g h t"  (8) 

, 0,1( )jh ighR P Binary=         , , ,i g h j"  (9) 

 
Objective function (1) is proposed to minimize the 

electric cost. Inventory holding and labor cost are ne-
glected to consider since the labor cost is least varying 
in production level and inventory holding cost is very 
low in cement industry. The electric cost occurs up to 
electric type selected in period hour h through decision 
variable jhR . Constraint (2) is summation of product i 
produced in plant g in hours h, implied the number of 
product i produced in a day t. Constraint (3) is balance 
inventory of product i in planning horizon day t. Equa-
tion (4), (5) are minimum and maximum limit of inven-
tory stock of product i. Equation (6) shows maximum 
quantity of product i can be produce in plant g over 24 
hours. During starting up the plant; motors consumed 
high electricity. Therefore, start up event should least as 
possible and continuous plant running should long as 
possible. Equation (7) shows the minimum running 
hours igr  of plant g to produce product i per one start-
ing event. Plant g started on hour igh s=  and continu-
ous running to hour igh r= . Equation (8), (9) are non-
negative and binary constraints. 

The planning period is hourly and planning horizon 
is one day. Equation (2) imply the summation over 
hourly production ighX  is the daily production it

X . By 
substituting equation (2) into production-inventory bal-
ance equation (3), we can have daily production-in-
ventory balance in form of hourly production as follow-
ing: 

, 1

1

t

igh it it i t

g h

X d I I -

=

= + -é ùë ûåå     ,i t"  (10) 

4.2  Dynamic Inventory 

Objective function (1) is proposed to minimize 
electric cost. Therefore, production level it

X  in pro-
duction-inventory balance equation (3) must be as small 
as possible. It mean that the production it

X will produce 
only to make production-inventory balance equation (3) 
in order to cover customer demand itd and keep ending 
inventory itI  at lower bound of minimum inventory 
limit while the customer demand of next planning hori-
zon t is out of consideration. If the customer demand in 
next planning horizon is large number, mathematical 
equation will force manufacturers to produce during 
peak period to cover their customer demand. 

To increase the ending inventory itI up from lower 
bound of minimum inventory limit min ,Ii  the Dynamic 
inventory d

itI  is introduced. Level of Dynamic inven-

tory is related to plant capacity during lowest electricity 
cost hours 

LighX on the planning day t. If customer de-
mand itd is not large, Dynamic inventory level will be 
large. On the other hand, if customer demand itd is 
large, Dynamic inventory will lower. Relationship be-
tween plant capacity during hours of lowest electric cost 
and Dynamic inventory can be described in term of pro-
duction-inventory balance as equation (11). 

 

, 1L

d
it igh i t itI X I d-= + -            , , ,i g h t"  (11) 

 
Therefore, two possibilities of ending inventory 

level can occur. Firstly, if level of Dynamic inventory 
d
itI  is less than minimum inventory limit minIi , level of 

ending inventory limited by minimum inventory limit 

minitI Ii³ as equation (4). Secondly, if Dynamic inventory 
d
itI  is more than minimum inventory limit minIi , level of 

ending inventory limited by Dynamic inventory d
it itI I³ . 

Thus, the Dynamic inventory is always less than ending 
inventory as described in equation (12). 

 
d

it itI I³                          ,i t"  (12) 
 

where 

LighX  : Capacity of plant g to produce product i in low-
est electric cost hours hL 

d
itI  : Dynamic inventory of product i in period t 

4.3  Fuzzy Demand 

In real world, most customer demands are not de-
terministic, they are uncertainty. This mathematical mo-
del represents stochastic customer demand. A multipro-
duct, multiperiod production planning provided in sto-
chastic optimization model with constraints of produc-
tion level, electric cost, and inventory variable is formu-
lated to describe the problem. This research assumes 
that the customer demand is random variable represent-
ted by triangular fuzzy number. 

The random demand is direct effect to electric cost 
and inventory level. Hence, this system is seen as a sto-
chastic process. For these reasons, in the following parts, 
the basic model will be further developed in such a man-
ner that it can deal with the uncertain demand. 

Let itd  be demand for each type of product i in 
period t. In general, this demand is uncertain, but an 
estimation in terms of triangular fuzzy numbers denoted 
by ( , , )it it it itd d a b=% where ,itd ,it itd a- it itd b+ are the 
most probable, the minimum and maximum values of 
the tri-angular fuzzy demand respectively. 

Because of the fuzziness of customer demand,  
production-inventory balance equation is not an equa-
tion in terms of crisp mathematics any longer, but in 
term of a fuzzy equation. The equation is satisfied in 
terms of a degree of truth. 

The production-inventory balance equation as de-
scribed in equations (3), (10), and Dynamic inventory 
equation (11) will change. By substituting the demand 
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itd with fuzzy demand itd% , the new fuzzy equation can 
be described as equation (13), (14) and (15) respectively. 
Where @ is a fuzzy equation, called soft equation. It im-
plies that the production-inventory balance equation (14) 
is met in terms of a degree of truth. In other words, it 
indicates that the sum of production level it

X at this 
period and the inventory level at the end of the previous 
period , 1i tI - minus the inventory level at the end of this 
period itI  should not much larger or less than the de-
mand itd% . The more difference the less degree of truth 
or satisfaction of customer demand. 

, 1

1

t

it igh i t it

g h

I X I d-

=

@ + -åå %           ,i t"   (13) 

, 1
it

it i t itI X I d-@ + - %                 ,i t"   (14) 

, 1L

d
it igh i t itI X I d-@ + - %            , , ,i g h t"   (15) 

Given level of customer satisfaction is q  with 
production and inventory plan to cover the demand itd%  
for product i in period t. Where 

itdm %  is the fuzzy de-
mand of product i of the planning period t, then soft 
equations (13), (14) and (15) are equivalent to the fol-
lowing formulas: 

, 1

1

( )
it

t

igh i t itd
g h

X I Im q-

=

+ - ³åå%       ,i t"   (16) 

, 1( )
it

it
i t itd X I Im q-+ - ³%             ,i t"   (17) 

, 1( )
Lit

d
igh i t itd X I Im q-+ - ³%        , , ,i g h t"   (18) 

 
Formula (14) can also be expressed in the same 

types of fuzzy demands itd%  of the production-inventory 
balance equation in single stage. It is equivalent to the 
dynamic balance equation for product i from the begin-
ning of the planning horizon to a certain period t. 

In another way, equation (14) can be rewritten as: 
 

, 1
it

i t it itI X I d- + - @ %   ,i t"  (19) 

This mean that; 

t = 1,    (19) Þ 1
,0 1 1

i
i i iI X I d+ - @ %       i"   

t = 2,    (19) Þ 2
,1 2 2

i
i i iI X I d+ - @ %      i"  

… 

t = T-1,  (19) Þ , 1

, 2 , 1 1
Ti

i T i T iTI X I d
-

- - -+ - @ %  i"  

t = T,    (19) Þ ,
, 1 , ,

Ti
i T i T i TI X I d- + - @ %   i"  

 
The accumulation of daily production it

X  from t 
=1 day to t = T or t = 1, 2, …,T can be obtained by fol-
lowing formula: 

0

1 1

T T
it

i iT it

t t

I X I d

= =

+ - @å å %  i"  (20) 

Referring to level of customer satisfaction q , the 

soft equation (20) is equivalent to the following formula: 

0

1

( )
it

T
it

r i it

t

I X Im q
=

+ - ³å%  i"   (21) 

where 
1

T

it it

t

r d

=

=å %%  is the total fuzzy demand of  

product i from the beginning of the planning horizon t to 
any day T. 

Equation (21) is the production-inventory balance 
equation (14) under a fuzzy environment. Substituting 
equation (20) into the production-inventory balance 
equation (14), then can be rewritten as following:  

, 1( )
it

it
i t itd X I Im q-+ - ³%         ,i t"   (22) 

or 0

1

( )
it

T
it

r i it

t

I X Im q
=

+ - ³å%         ,i t"  (22a) 

4.4  Triangular Fuzzy Demand 

A preferably acceptable level q  denotes decision 
maker’s satisfaction with the production and inventory 
plan to cover customer demands, a soft equation may be 
defuzzified in the sense that the cumulative demand of 
product i from period 1 to period t should be met at the 
degree of truth q . 

 
 
 
 
 
 
 
 
 

Figure 4. Demand considered as a triangular fuzzy number 

 
Consider a fuzzy number d%  = (d, a, b) where d, 

d-a, d+b are the most probable, minimum and maxi-
mum values of the fuzzy number (Figure 4). We can 
meet the followings: DG = d, GE = a, GI = b, and BF 
= CH = q 

 
In the triangular AEG, we have: 

( )
1

(1 )

BF EF

AG EG

BF
EF EG

AG

GF GE EF

q
a qa

a qa a q

=

Þ = = =

Þ = - = - = -

æ ö æ ö
ç ÷ ç ÷
è ø è ø

 

Similar with triangular AGI 

( )
1

(1 )

CH HI

AG GI

CH
HI GI

AG

GH GI HI

q
b qb

b qb b q

=

Þ = = =

Þ = - = - = -

æ ö æ ö
ç ÷ ç ÷
è ø è ø
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In order to ensure that the membership of the fuzzy 
number is larger than or equal to 0, the values of the 
fuzzy number d% should be in the range of FH only. 

In other words, the values of the fuzzy number 
should be in the range of [d-(1-q)a, d+(1-q)b]. More 
generally, the fuzzy demand itd%  should be in the range 
of [ ](1 ) , (1 )it it it itd dq a q b- - + - .          

4.5  Fuzzy Model 

Forecasting demand is the approximation of future 
demand while considering the actual past demand. It 
may either be more than or less than or equal to actual 
demand in the period. In this research; itd  is forecast-
ing demand and uncertain customer demand based on 
fuzzy demand itd% . Let it it itt a b= = ; the fuzzy demand 

itd%  should be in the range of (1 )it itd q t± - . 
When considering Dynamic inventory equation 

(15), substitute demand itd  by fuzzy demand itd% , the 
dynamic inventory equation with fuzzy demand can be 
described as following: 

[ ], 1 (1 )
L

d
it igh i t it itI X I d q t-= + - ± -    , , ,i g h t"  (23) 

Substitute the best value of itd%  into equation (13), 
(22), and (15). Then combine adjustable inventory equa-
tion (23), and (12) to the mathematical model. The com-
pleted fuzzy model can be described as following: 

 
Objective Function 

Min  jh jh igh gi gih
ijgh

c R X E På        (24) 

subject to  

, 1(1 )igh it it it i t
gh

X d I Iq t -= ± - + -é ùë ûå    ,i t"  (25) 

min itIi I£                         ,i t"  (26) 

max itIi I³                         ,i t"  (27) 

[ ], 1 (1 )
L

d
it igh i t it itI X I d q t-= + - ± -   , , ,i g h t"  (28)  

d
it itI I³                           ,i t"  (29) 

igh igh ig
h

X P M£å                   ,i g"  (30) 

ig

ig

h r

igh ig
h s

P r

=

=

=å                      ,i g"  (31) 

, , , , 0
L

d
igh igh it it itX X I I d ³           , , ,i g h t"  (32) 

, 0,1( )jh ighR P Binary=             , , ,i g h j"  (33) 
 
The production-inventory balance equation (14) in 

the original fuzzy optimization model is expressed in 
term of constraints (25) and (28), by the decision maker’s 
level of customer satisfaction with production and inven-

tory plan to covered customer demand. 

5.  MODEL APPLICATION 

The optimization model is applied to cement indus-
try, seven cement mills are under consideration. The 
proposal of this application is to, firstly, simulate the 
incurred cost under the optimization schedule, and sec-
ondly, compare those costs with the actual cost in a half 
test year. To ensure that the analysis is not biased, the 
actual cement demands are taken from historical data of 
first half of year 2004. 

Since the calculation of electric cost is based only 
on the production of cement. The electric bill covers not 
only the plant consumption but also other electric uses 
such as lighting, welding, maintenance work and other 
utilities. It is necessary to verify the calculated cost with 
the actual cost incurred. Using the cement demand to 
determine the electric cost by applying the electric rates 
on the energy use as calculated from the cement produc-
tion. The actual cost is minus 1% approximately. 

Cement consists of clinker, gypsum, and limestone. 
They are treated and stored in different places. The real 
time proportional weigh-feeder and belt conveyors are 
used to transmit raw material to the ball mill. Different 
sizes of cement powder from the outlet of the ball mill 
are separated by SEPOL separator and are conveyed to 
store in cement silo containing many types of cement 
separately. The dispatching will be loaded from cement 
silo and can also be packed into bulk trucks, bulk train 
or cement bags. 

5.1  Optimal Weight Moving Average Factor 

The best forecasting method should have the least 
difference between forecasting and actual. Generally, at 
the time of forecasting, we do not know how much will 
the forecasting error. This research presents the forecast-
ing method that can minimize the forecasting error by 
Optimal Weight Moving Average Factor: OWMAF.  

Three cement products are considered in the ex-
periment. They are type I cement, type mixed cement, 
and type III cement. The actual cement demand in first 
six months of year 2004 described in Table 4. Monthly 
demand had been changed to daily demand to fulfill 24 
hour electricity cost optimization. By trial and error, the 
three days Weighted Moving Average forecasting is 
found suitable and it can be expressed in equation (34). 
To maximize the accuracy of forecasting that means 
minimizing forecasting error. The sum square error of 
forecasting demand and actual demand are considered to 
find out the OWMAF for each production type. Objec-
tive function (35) is the minimization of sum square 
error. Equation (36) describes the forecasting value of 
next period t+1. Constraint (37) and (38) are the sum-
mation of weighting and non-negativity constraint. 
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where; t : number of day in considered month,  
t = 1, 2, …, 31 

 f  : moving average day, f = 0, 1, 2 day 

fw  : optimal weight value of moving average day f 

1tF +  : forecasting value of day t+1 

t fD -
 : actual demand of day t-f    

1te +  : sum square error of forecasting period  

       ( )2
1 1 1t t te F D+ + += -  

 
Apply equation (35) to (38) to the actual cement 

demand in first six months of year 2004 with three days 
Weighted Moving Average and used the spreadsheet-
solver. The optimal result of three days OWMAF (f = 0, 
f = 1, and f = 2) is described in Table 3. The daily actual 
cement demand for first six months of year 2004 com-

bined into monthly demand as Table 4. 

5.2  Demand Forecasting 

Based on the actual demand described in Table 4 
and OWMAF show in Table 3. The forecasting result of 
three days Weight Moving Average can be calculated 
with daily demand consideration and combined to be the 
monthly demand as shown in Table 4. The OWMAF is 
used to forecast the demand for each month in next 
planing year. 

5.3  Production Planning 

According to TOS charge, one day planning hori-
zon is used as the operation period for a model in seven 
cement mills. Each time step in the optimization proce-
dure is one hour. The day of the month in the experi-
ment can be divided into two cases which are normal 
working days and holidays including traditional holi-
days. Each case has different Peak and Off-Peak periods. 
The operation periods on each day start from 00.00 a.m. 
which is the beginning of Off-Peak for both cases, and 
end when satisfied inventory balance equation (25) and 
Dynamic inventory equation (28) is satisfied. 

Number of holidays in each month will be taken 
into account. There are 11, 9, 9, 12, 12, and 9 number of 
holidays in January, February, March, April, May, and 
June in year 2004 respectively. The holiday can be di-

 

Table 3. OWMAF 

Product Type (Tons) 

Type I  Type Mixed  Type III Month 

f = 0 f = 1 f = 2 f = 0 f = 1 f = 2 f = 0 f = 1 f = 2 

January-2004 0.849 0.000 0.151 0.611 0.306 0.084 0.495 0.056 0.448 

February-2004 0.731 0.018 0.252 0.711 0.280 0.009 0.809 0.018 0.173 

March-2004 0.329 0.000 0.671 0.933 0.000 0.067 0.226 0.536 0.238 

April-2004 1.000 0.000 0.000 1.000 0.000 0.000 0.771 0.173 0.056 

May-2004 0.872 0.000 0.128 0.742 0.155 0.102 0.817 0.000 0.183 

June-2004 0.772 0.200 0.028 0.639 0.264 0.097 0.176 0.367 0.457 

 
Table 4. Actual demand and forecasting demand 

Product Type (Tons) 

Type I Type Mixed Type III Month 

Actual Forecasting Actual Forecasting Actual Forecasting 

 January-2004 189,854 188,015 109,746 107,681  27,635 27,744 

 Febeuary-2004 196,596 196,983 123,550 124,654  27,207 27,372 

 March-2004 226,995 227,221 121,741 120,841 27,876 27,545 

 April-2004 208,421 209,265 106,384 107,080 25,552    5,961 

 May-2004 239,768 236,799 122,461 122,771 28,248 28,086 

 June-2004 282,843 283,480 121,295 119,525 26,063 26,282 

 Total 1,344,477 1,341,762 705,177 702,553 162,580 162,991 
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vided into three cases based on the sequence number; 
they are first holiday, second holiday, and third holiday. 
Each case has significant effect to inventory level. The 
limitation of inventory level on working days and on 
holidays is described in Table 5. Furthermore; on normal 
working days, level of inventory is not only larger than 
or equal to minimum limit level. But it must also be 
larger than or equal to Dynamic inventory as expressed 
in equation (28) based on which one is bigger. 

The cumulative six months actual demand and 
fuzzy demand is described in Table 6. Forecasting de-
mand is the fuzzy demand at the level of q =1.00 and 
t =0.00. The calculation result of fuzzy demand has 
been adjusted by level ofq  and t  to cover different 
degree of customer satisfaction. 

5.4 Plant Basic Data 

To describe the performance of optimization model, 
the actual plant basic data are necessary. Process of ce-
ment mill is continuous process. The capacity of each 
cement mill plant, electric power consumption in Kilo-
Watt Hour per Ton of product, and electric power con-

sumption in Kilo-Watt Hour per hour are presented in 
Table 7, Table 8, and Table 9 respectively. 

6.  OPTIMIZATION RESULTS 

The optimization model is applied to the system for 
reducing electric billing in seven cement mill plants. 
The research takes one month of running time to obtain 
the results for this billing period. The plant basic data, 
number of demand, limitation of inventory, and other 
constraints are obtained. The optimization of MILP can 
be implemented by using the Spreadsheet-Solver. The 
optimization results of MILP can be described as below: 

Table 10 shows the optimization result of cement 
plants that are suitable to produce which cement product. 
The results “1” implied that this plant is suitable or se-
lected to produce this product.  

Table 11 expresses the capacity of optimal plant se-
lection for each type of cement production. The ope-
ration manager can match the plants and the product ty-
pes according to these optimization results. 

The optimal TOS electricity is results of switching 

Table 5. Limit level of inventory (
min

Ii , 
max

Ii ) 

Product Type (Tons) 
Type I  Type Mixed Type III Types of  Planning Day 

Min. Max. Min. Max. Min. Max. 

Working Day   4,000 19,000 2,000 19,000    800 19,000 
First Holiday 11,500 19,000 3,500 19,000 1,500 19,000 

Second Holiday 14,500 19,000 5,000 19,000 2,000 19,000 
Third Holiday 17,500 19,000 6,500 19,000 2,800 19,000 

 
Table 6. Cumulative demand with different level of q  and t  

Cumulative Demand (Tons) Product   
Types Actual Forecasting q  =0.85, t =30 q =0.90, t =10 q =0.90, t =20 q =0.95, t =30 

 Type I 1,344,477 1,341,762 1,281,383 ~1,402,141 1,328,345 ~1,355,180 1,314,927 ~1,368,597 1,321,636~1,361,889 
 Type Mixed   705,177 702,553 670,938 ~734,167 695,527 ~709,578 688,501 ~716,604 692,014~713,081 

 Type III    162,580 162,991 155,656 ~170,325 161,361~164,621 159,731 ~166251 160,546~165,436 

 

Table 7. Capacity of each cement mill plant 

Cement Mill Plants (T/Hr) Product 
Types CM # 1 CM # 2 CM # 3 CM # 4 CM # 5 CM # 6 CM # 7 
 Type I 218.37 210.96 207.87 210.78 209.83 211.29 213.85 

 Type Mixed 278.96 272.81 255.16 261.48 261.05 265.37 264.83 
 Type III 122.28 122.87 123.21 129.00 129.02 128.99 128.64 

 

Table 8. Electric power consumption in kilo-Watt hour per ton of product 

Cement Mill Plants (KW.Hr/T) Product 
Types CM # 1 CM # 2 CM # 3 CM # 4 CM # 5 CM # 6 CM # 7 
 Type I 36.88 36.99 36.34 42.74 42.68 40.14 39.82 

 Type Mixed 28.77 28.58 29.93 29.71 30.39 34.79 35.01 
 Type III 51.26 50.63 50.33 48.11 48.18 47.92 47.85 
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among TOU and TOD can be separated to holiday and 
workday. On holiday; optimal TOS electricity charge is 
1.726 Baht per Kilowatt-Hour for both weekend and 
traditional holiday. On workdays; optimization results 
avoid producing at period time 18:30~21:30 because 
these periods cause too high electricity cost. The result 
of TOS optimal electricity charge over production hours 
can be described in Table 12. 

Table 13 describes the optimization results of plant 
g assigned to produced product i in hour h on January 05, 
2004 with level of q =0.85 and t =30. Cement mill # 6 
expresses the minimum running hour limitation i.e. 3 
hours to produce cement type III according to equation 
(31). From time 23.00~24.00 is only two hours; it should 
be shift to the next planing day t. Therefore; the planing 
time is start on time 23.00. The result “0” implied that 

Table 9. Electric energy consumption in kilo-Watt hour per hour 

Cement Mill Plants (KW.Hr/Hr) Product 
Types CM # 1 CM # 2 CM # 3 CM # 4 CM # 5 CM # 6 CM # 7 
 Type I 8,053.48 7,803.41 7,553.99 9,008.73 8,955.54 8,481.18 8,515.50 

 Type Mixed 8,025.67 7,796.91 7,636.93 7,768.57 7,933,31 9,232,22 9,271.69 
 Type III 6,268.07 6,220.90 6,201.15 6,206.19 6,216.18 6,181.20 6,155.42 

 

Table 10. Optimal cement plant selection 

Cement Mill Plants Product 
Types CM # 1 CM # 2 CM # 3 CM # 4 CM # 5 CM # 6 CM # 7 
 Type I 1 1 1 0 0 0 1 

 Type Mixed 0 0 0 1 1 0 0 
 Type III 0 0 0 0 0 1 0 

 

Table 11. Capacity of optimal plants selection (Tons) 

Cement Mill Plants Product 
Types CM # 1 CM # 2 CM # 3 CM # 4 CM # 5 CM # 6 CM # 7 CM # 1 
 Type I  218.37 210.96 207.87 0 0 0 213.85 851.05 

 Type Mixed 0 0 0 261.48 261.05 0 0 522.53 
 Type III 0 0 0 0 0  128.99 0 128.99 

 

Table 12. TOS optimal electricity charge on workdays (Baht/KW.Hr) 

Hour Number 
Electric Type 

1 2 3 4 5 6 7 8 9 10 11 
 TOS 1.1726 1.1726 1.1726 1.1726 1.1726 1.1726 1.1726 1.1726 1.1726 1.6660 1.6660 

 

Table 12. (Continue) 

Hour Number 
Electric Type 

12 13 14 15 16 17 18 18.00~18.30 21.30~22.00 23 24 
 TOS 1.6660 1.6660 1.6660 1.6660 1.6660 1.6660 1.6660 1.6660 1.6660 1.1726 1.1726 

 

Table 13. Optimization results of plant g assigned to produced product i in hour h ( ighP ) 

Hour Number 
Plants 

1 2 3 4 5 6 7 8 9 10 11 12 
 CM # 1 218.37 218.37 218.37 218.37 218.37 218.37 218.37 218.37 218.37 0 0 0 
 CM # 2 210.96 210.96 210.96 210.96 0 0 0 0 0 0 0 0 
 CM # 3 207.87 207.87 207.87 207.87 207.87 207.87 207.87 207.87 207.87 0 0 0 
 CM # 4 261.48 261.48 261.48 261.48 261.48 261.48 0 0 0 0 0 0 
 CM # 5 0 0 0 0 0 0 0 0 0 0 0 0 
 CM # 6 128.99 128.99 128.99 0 0 0 0 0 0 0 0 0 
 CM # 7 0 0 0 0 0 0 0 0 0 0 0 0 
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plants do not select to produce in those hours.     
If customer demand rise up to maximum of optimal 

plant capacity. The optimization of TOS electricity on 
Off-Peak cannot perform. All plants must run over all 
period hours (see Table 14. Because of economic down-
turn during considered period the demand was never 
maximum capacity. 

This research intends to cover any level of cus-
tomer satisfaction by adjusting level of q  and t . The 
electric cost also increases directly to level of customer 
satisfaction, it can be between minimum and maximum. 
Table 15 displays result of maximum electric cost for 
each level of q  and t  adjustment compared with ac-
tual electric cost.  

Table 13. (Continue) 

Hour Number 
Plant 

13 14 15 16 17 18 18.00~18.30 21.30~22.00 23 24 
 CM # 1 0 0 0 0 0 0 0 0 218.37 218.37 
 CM # 2 0 0 0 0 0 0 0 0 0 0 
 CM # 3 0 0 0 0 0 0 0 0 207.87 207.87 
 CM # 4 0 0 0 0 0 0 0 0 0 0 
 CM # 5 0 0 0 0 0 0 0 0 0 0 
 CM # 6 0 0 0 0 0 0 0 0 0 0 
 CM # 7 0 0 0 0 0 0 0 0 0 0 

 

Table 14. Maximum of plants capacity running 

Hour Number 
Plant 

1 2 3 4 5 6 7 8 9 10 11 12 
 CM # 1 218.37 218.37 218.37 218.37 218.37 218.37 218.37 218.37 218.37 218.37 218.37 218.37 
 CM # 2 210.96 210.96 210.96 210.96 210.96 210.96 210.96 210.96 210.96 210.96 210.96 210.96 
 CM # 3 207.87 207.87 207.87 207.87 207.87 207.87 207.87 207.87 207.87 207.87 207.87 207.87 
 CM # 4 261.48 261.48 261.48 261.48 261.48 261.48 261.48 261.48 261.48 261.48 261.48 261.48 
 CM # 5 261.05 261.05 261.05 261.05 261.05 261.05 261.05 261.05 261.05 261.05 261.05 261.05 
 CM # 6 128.99 128.99 128.99 128.99 128.99 128.99 128.99 128.99 128.99 128.99 128.99 128.99 
 CM # 7 213.85 213.85 213.85 213.85 213.85 213.85 213.85 213.85 213.85 213.85 213.85 213.85 

 

Table 14. (Continue) 

Hour Number 
Plant 

13 14 15 16 17 18 18.00~18.30 21.30~22.00 23 24 
 CM # 1 218.37 218.37 218.37 218.37 218.37 218.37 218.37 218.37 218.37 218.37 
 CM # 2 210.96 210.96 210.96 210.96 210.96 210.96 210.96 210.96 210.96 210.96 
 CM # 3 207.87 207.87 207.87 207.87 207.87 207.87 207.87 207.87 207.87 207.87 
 CM # 4 261.48 261.48 261.48 261.48 261.48 261.48 261.48 261.48 261.48 261.48 
 CM # 5 261.05 261.05 261.05 261.05 261.05 261.05 261.05 261.05 261.05 261.05 
 CM # 6 128.99 128.99 128.99 128.99 128.99 128.99 128.99 128.99 128.99 128.99 
 CM # 7 213.85 213.85 213.85 213.85 213.85 213.85 213.85 213.85 213.85 213.85 

 

Table 15. Electric cost 

Level of q and t  
Month 

Actual Forecasting 
q  = 0.85 
t = 30 

q = 0.9 
t = 10 

q = 0.9 
t = 20 

q = 0.95 
t = 30 

 January-2004   43,757,053 14,026,299 14,000,003 13,552,705 13,694,900 13,623,387 
 Febeuary-2004   49,492,668 14,648,520 15,409,796 14,834,049 14,966,459 14,926,258 

 March-2004   50,900,377 16,496,499 17,129,280 16,566,972 16,728,846 16,635,308 
 April-2004   48,131,458 14,627,051 15,325,120 14,736,924 15,003,778 14,858,171 
 May-2004   47,645,464 17,440,844 18,210,618 17,579,679 17,752,526 17,732,747 
 June-2004  52,041,351 17,932,898 18,606,398 17,943,342 18,137,632 18,052,350 

 Total 291,968,370 95,172,110 98,681,215 95,213,671 96,284,142 95,828,221 
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The actual cost and fuzzy model cost described in 
Table 16, the actual cost will minus 1% approximately 
to verify that the rate is being applied correctly to the 
electricity used, i.e. (291,968,370)(0.99) = 289,048,687 
Baht. Fuzzy model cost must be 5% increased for prob-
ability of plant breakdown. Maximum electric demand 
of seven experimental plants was 70 MW, additional 
electric demand charge for TOD occurred on the Partial 
Peak only. Because on the Peak period i.e. 6:30 p.m.- 
9:30 p.m. all plant operations are avoided. Hence, de-
mand charge of TOD for voltage ³ 69 KV is (29.91 
Baht/KW)(70,000 KW) = 2,093,700 Baht per month, 
this means 12,562,200 Baht per six months. 

Table 16 describes the final result of electric cost 
saving. Saving cost is comparison of actual cost plus 
electric demand charge and fuzzy model cost. The 
amount of saving based on level of customer satisfaction. 
Maximum saved is 61.06% while level of customer sat-
isfaction 90% (q = 0.90 andt =10), and minimum saved 
is 59.80% while level of customer satisfaction 85% 
(q =0.85, andt =30). 

7.  CONCLUSIONS 

A new optimization model has been developed in 
order to minimizing the electric cost or electric bill 
while satisfying level of customer demand. The model 
uses the decomposition in space of TOU and TOD elec-
tricity by creating the TOS electricity. TOS can be gen-
erated by the combination of TOU and TOD, and then 
switched over both electric types to minimize the elec-
tric cost. To reduce the complication of model, FT and 
electricity for utility are omitted. 

The mathematical model has been formulated with 
the objective function to minimize the electric cost by 
applying TOS electricity with binary constraint. Trian-
gular fuzzy demand and dynamic inventory tracking 
with multiple plant capacity are introduced to cover the 
uncertain demand of customer. The constraint for mini-
mum hour limitation of plant running per one start up 
event is presented to minimize plant idle time. Moreover; 
the OWMAF for demand forecasting is also presented. 
Application is made to the multiple cement mill plants. 
To implement the model solution the Spreadsheet-
Solver is used. A simulation run on part of the system in 

a test for six months over seven cement mill plants was 
presented.  

The optimization result shows the creation of TOS 
electricity, and suitability of plants and product types 
selection. Finally, cost saving more than 61% or more 
than 177 million Baht of the actual electric cost. Dy-
namic inventory constraint (28) can be adjusted the in-
ventory level to prevent the peak load in next planning 
day, it also causes high saving. The maximum expecta-
tion of plant break down and electricity cost for utilities 
are taken from historical data that are 5% and 1% re-
spectively. Plant break down can be decreased by sche-
duling preventive maintenance on Peak period hours 
when not producing. 

The mathematical model was designed for general 
plant application while multiple plants are available. In 
case of single plant application; optimization of plant 
selection cannot perform. 

The experiment was done with the past data. Appli-
cation of this mathematical model is suitable for the 
countries that supply electricity by IPPs. 

REFERENCES 

Acton, L. P. and Park, R. E. (1987), Response to Time-
of-Day electricity rates by large business customers: 
Reconciling Conflicting Evidence, Rand, R-3477-
NSF. 

Aigner, D. J., Newman, J. and Tishler, A. (1994), The 
response of small and medium-size business cus-
tomers to Time-of-Use (TOU) electricity rates in 
Israel, Journal of Applied Econometrics, 9, 283-
304. 

Aigner, D. J. (1981), The residential electricity Time-of-
Use pricing experiments: What have we learned? 
Chapter 1 in Hausman, J.A. and Wise D.A. (eds.), 
Social Experimentation, Chicago: University of 
Chicago Press. 

Aigner, D. J. and Gliali, K. (1989), Self-Selection in the 
residential electricity Time-of-Use pricing experi-
ments, Journal of Applied Econometrics, 4, S131-
S144. 

Aigner, D. J. and Hirschberg (1985), Commercial and 
Industrial customer response to Time-of-Use elec-
tricity prices: Some experimental results, Rand 

Table 16. Fuzzy model cost. 

Level of Customer Satisfaction 
Cost Types 

q = 0.85, t = 30 q = 0.9, t = 10 q = 0.9, t = 20 q = 0.95, t = 30 

Actual Cost (Baht) 289,048,687 289,048,687 289,048,687 289,048,687 
Fuzzy Model Cost (Baht) 103,615,275 99,974,355 101,098,349 100,619,632 
Demand Charge (Baht) 12,570,000 12,570,000 12,570,000 12,570,000 

Saved (Baht) 172,863,411 176,504,332 175,380,338 175,859,055 

Percent of Saved 59.80% 61.06% 60.68% 60.84% 

 



118 Puvarin Nilrangsee·Erik L. J. Bohez 

 

Journal of Economics, 16, 341-355. 
Albright, S. C., Winston, W. L. and Zappe, C. (1999), 

Data analysis and decision making with Microsoft 
Excel, Duxbury Press, USA. 

Behnezhad, A. L. and Khoshnevis, B. (1996), Integrate 
of machine requirement planning and aggregate 
production planning, Production Planning and 
Control, 7(3), 292-298. 

Candea, D. (1997), Issue of hierarchical planning in 
multistage production system, Technical Report No. 
134, Operation Research Center, MIT, Cambridge, 
Mass. 

Caves, D. J., Herriges and Kuester, K. (1989), Load shi-
fting under voluntary residential Time-of-Use rates. 
The Energy Journal, 10(4), 83-99. 

Coulbeck, B. and Orr, C. H. (1989), Dynamic program-
ming for optimization of pump selection and sched-
uling in water supply system, Dynamic Program-
ming for Optimal Water Resources System Analysis, 
A. Esogbue, ED., Prentice-Hall, Inc., Englewood 
Cliffs, N. J. 

Geerli, L. L., Chen and Yogoyama, R. (2001), Pricing 
and operation in deregulated electricity market by 
noncooperative game, Electric Power System Re-
search, 57, 133-139. 

Hamed, M. (2001), A correlative concept for the energy 
cost: A case study in Egypt, Electric Power System 
Research, 57, 49-57. 

Ham, J., MOUNTAIN, D. and Chan, M. (1997), Time-
of-Use prices and electricity demand: Allowing for 
selection bias in experimental data, RAND Journal 
of Economics, 28, S113-S141. 

Harry, G. H. (1989) Least-Cost Electric Utility Planning, 
John Wiley & Sons, New York, USA. 

Hax, A. C. (1984), Aggregate production planning, 
Handbook of operation research, Van Nostrand 
Reinhold, New York. 

Henley, A. and Perison, J. (1994), Time-of-Use electric-
ity pricing: Evidence from a British experiment. 
Economics Letters, 45, 421-426.  

Hoffman, A. J. and Jacobs, W. (1954), Smooth patterns 
of production, Management Science, 1(1), 86-91. 

Hop, N. V. and Tabucanon, M. T. (2000) Fuzzy multi-
attribute decision-making for grouping of electro-
nic components in process planning, Production 
Planning & Control, 11(7), 677-688. 

Jowitt, P. W. and Germanopoulos, G. (1992), Optimal 
pump scheduling in water supply networks. Jo-
urnal of Water Resources Planning and Manage-
ment, 118(4), 406-422. 

Lee, S. M. (1972), Goal programming for decision 
analysis, Auerbach, Philadelphia. 

Leung, C. H., Wu, Y. and Lai, K. K. (2003), Multi-site 
aggregate production planning with multiple objec-
tives: A goal programming approach, Production 
Planning and Control, 14(5), 425-436. 

Leung, C. H. and Wu, Y. (2004), A robust optimization 

model for stochastic aggregate production planning, 
Production Planning and Control, 15(5), 502-514. 

Park, R. E. and Acton, L. P. (1984), Large business cus-
tomer response to Time-of-Day electricity rates, 
Journal of Econometrics, 26, 229-252. 

Provincial Electricity Authority of Thailand (PEA). 
(2000), Electricity charge rate, Provincial Electric-
ity Authority of Thailand, Thailand.  

Schwarz, P. (1984), The estimated effects on industry of 
Time-of-Day demand and electricity prices, The 
Journal of Industrial Economics, 32, 529-539.  

Silva Filho, O. S. (1999), An aggregate production plan-
ning model with demand under uncertainty, Pro-
duction Planning and Control, 10(8), 745-756. 

Steuer, R. E. (1985), Multiple-criteria optimization: the-
ory, computation, and mathematical statistic-app-
lied, Wiley, New York.  

Techawiboonwong, A. and Yenradee, P. (2002), Aggre-
gate production planning using spreadsheet solver: 
Model and case study, Science Asia, 28(3), 291-300.  

Techawiboonwong, A. and Yenradee, P. (2003), Aggre-
gate production planning with workforce transfer-
ring plan for multiple product types. Production 
Planning & Control, 15(5), 447-458.  

Tishler, A. and Lipovestsky, S. (1997), The flexible CES-
G13C family of cost functions: derivation and ap-
plication. Review of Economics and Statistics, 79, 
638-646.  

Train, K. and Mehrez, G. (1994), Optional Time-of-Use 
prices for electricity: Econometric analysis of sur-
plus and Parato impacts, RAND Journal of Eco-
nomics, 25, 263-283.  

Tsay, M. T. and Lin, W. M. (2000), Application of evolu-
tion programming to optimal operational strategy 
co-generation system under Time-of-Use rates, 
Electric Power and Energy System, 22, 367-373.  

Vilas, N., Elaine, C. S. and Rafael, G. O. (1996), Opti-
mization of water supply system operation, Journal 
of Water Resources Planning and Management, 
Sep/Oct, 374-384.  

Wang, R. C. and Fang, H. H. (2001), Aggregate produc-
tion planning with multiple objectives in a fuzzy 
environment, European Journal of Operation Re-
search, 133, 512-536.  

Wang, R. C. and Fang, H. H. (2001), Aggregate produc-
tion planning with fuzzy variables, International 
Journal of Industrial Engineering-Theory, Applica-
tions, and Practices, 8, 37-44.  

Winston, W. L. (1994), Operation research: Applications 
and algorithms (3rd edn.), Duxbury Press, Califor-
nia.  

Woo, C. (1985) Demand for electricity of small nonresi-
dential customers under Time-of-Use (TOU) pric-
ing, The Energy Journal, 6(4), 115-127.  

Yu, P. (1985) Multiple-criteria decision making, Plenum 
Press, New York. 

 
 
 


