Journal of Business Economics and Management
2007, Vol VIII, No 2, 155-161
www.jbem.It

ISSN 1611-1699

DEVELOPMENT AND APPLICATION OF A MATHEMATICAL MODEL
FOR EVALUATING EXTRA ENERGY COST DUE TO DISPROPORTIONAL
ENERGY CONSUMPTION

Sunday Ayoola Oke!, Oluwafemi Isaac Oyedokun

Department of Mechanical Engineering, University of Lagos, Lagos, Nigeria
E-mail: 'sa_oke@yahoo.com

Received 16 January 2007; accepted 12 February 2007

Abstract. In this investigation, a scientific approach is presented in quantifying energy losses associated with produc-
tion facilities. The corresponding analytical approach in estimating energy requirement of equipment is shown. In par-
ticular, mathematical information on how extra energy cost due to extra energy losses that occur in equipment is meas-
ured has been shown. The premise of the study is based on the fact that the value of the efficiency of the equipment
determines the value of the energy that can be lost for a time frame. Similarly, the heat generated in some equipment,
like lamps and air conditioner, can constitute energy lost in equipment. The paper then further shows that the energy
cost paid for the energy losses that occur in equipment can be determined by using the energy cost rate used for calcu-
lating the cost paid for the useful work done. As manufacturing companies strive to meet and exceed the expected needs
of the customer with cost saving manufacturing processes, a major hurdle is the losses in energy transfer as a result of
inefficiencies in operations. This paper is geared towards achieving effective and efficient manufacturing processes by
researching into trends in energy losses. The results obtained show the feasibility of the applied procedure. There is no
previous documentation that has addressed the current problem using the approach presented. This is therefore a new
way of viewing energy consumption.
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1. Introduction

Research into socio-economic dimensions of energy
offers a challenge for researchers, energy planners,
and policy makers. Many efforts have addressed the
important areas of energy-efficiency improvement,
evaluating energy conservation programs, etc. The
main thrust of these research areas is the careful
energy use, understanding the effects of socio-eco-
nomics and behaviour of people on efficient energy
use both at home and in industrial settings. Jaber et
al. (2005) concluded that there is an evidence of
excessive energy use and wasteful energy consump-
tion behaviour, even in poor households, due to lack
of public awareness and lack of state-sponsored en-
ergy conservation programs.

Interest in energy-efficiency improvements has been
reinvigorated by concerns ranging from the environ-
mental effects of fossil fuel combustion to energy price
volatility and natural security (Anderson and New-
ell, 2004). Energy expenditure in manufacturing is a
major component of the unit production cost (Mack-
ulak et al., 1980; Liberator and Miller, 1985; Lin and
Moodie, 1989). It is essentially important in energy

intensive industries such as steel, tile and glass-ware
where adequate planning is made concerning the
acquisition of energy resources and its utilization.

To a large extent the energy utilization in a manu-
facturing plant strongly depends on technology, com-
plexity of operations and the age of equipment. Re-
searchers and practitioners have established the
relationship between energy utilization and the age
of machines and equipment in manufacturing to be
an increasing linear function. Thus, as the facilities
become older, the more the energy requirements and
consumption of the plant. However, the energy uti-
lization in manufacturing systems will determine the
profitability of such manufacturing activities and the
ability to sustain production in the long term. In view
of the current profit improvement drive by many
organizations, there is an intensive effort by manu-
facturers to reduce avenues for operational inefficien-
cies, such as energy losses or inefficient energy uti-
lization. New methods are continually devised for
minimizing energy losses through the adoption of
various technologies. It is obvious that high energy
losses in the whole production system trandate into
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increased energy cost for the company with the as-
sociated increase in product price which may warrant
low demand and low return on investment (ROI).

Ozdamar and Birbil (1999) reported that energy costs
constitute more than 90% of the unit production cost
in the tile manufacturing company. This has stimu-
lated top management towards the optimal design of
energy consuming centers. Recently, intensive efforts
have been focused on the proper maintenance of fa-
cility towards minimizing energy losses in equipment.
Although in practice, energy losses are unavoidable,
successful efforts could be made towards minimal
energy losses in order to achieve an optimum ener-
gy cost in production activities. To this end, manu-
facturing companies are constantly embarking upon
a number of programmes and initiatives. Such initi-
atives are tagged with some ‘ action-driven words' such
as ‘operation energy cuts’, ‘action against energy
losses, ‘energy wastes reduction by 10%’, etc. En-
ergy losses may be broadly classified as mechanical
and electrical losses, among others. Mechanical |osses
relate to friction, power transmission on belts, gear
systems, etc. For electrical losses, energy losses in
copper and iron in motors and drives are possible.

Since the energy expended due to heating effect of
the parts and any other non-needed effects are not
useful, we term them as energy wasted or lost. Ba-
sically, energy expended is divided into two parts —
the useful work done and the energy loss. In the
energy literature it is not clearly stated how data
relevant to energy losses in terms of evaluating ex-
tra energy cost due to disproportiona energy consump-
tion should be collected. This paper aims at discussing
how the organization could gather information on
energy losses in manufacturing.

The section that follows is a detailed description of
the methodology adopted in carrying out this research.
The section contains a number of assumptions that
makes the application of the mathematical model pro-
posed thereafter feasible. In section 3, a case exam-
pleis presented to especially address the various ways
of collecting and analyzing information in practice,
based on the model developed. The solutions are pre-
sented in section 4. Section 5 is a discussion of re-
sults. In section 6, conclusions are drawn from the
study.

2. Methodology

This model is based on some assumptions, which are
as follows:
i.  Thedisproportionality in energy consumption is
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assumed to be the energy losses that occur in all
equipment used either in acompany or in a house
of residence.

ii. The rate of energy consumption for a specific
time interval in a day is periodic, having a fun-
damental period of 24 hours.

iii. The source of energy is immaterial.

iv. Energy can be consumed throughout the whole
24 hours in a day or otherwise.

v. The power output of all the equipment used in
the company or house are known also as the
power input.

vi. The company implements a good maintenance
policy such that the efficiency of the equipment
used have little or no change in vaue (very neg-
ligible change) with time and mode of usage.

vii. Thereis no fluctuation in the power supplied to
al the equipment except that the power supply
may either be stepped down or up for some
equipment for easy and safe usage.

Rate of Energy Consumption — Rate of Useful Work
done = Rate of Energy Loss:

dE_dw _dE_ .
dt dt dt - D
= . (1 dg; dw; _dE; .
or an equipment I; a at a 2
dg; d
—L=—(Ey £ Ey;
but, at dt( ) VI): ()

where E_ is the main energy supplied.
E,, isthe energy increase or decrease due to
the use of atransformer:

d(Eo —Eyi )

=M =1 at , (4)

Also,

where 1, symbolizes the overall efficiency of machine
i. Substituting equations (3) and (4) into equation (5)
gives:

dEo+Ey)  d . dE;

0= Vi) S (EL+ B,y )= ——kL
at Ni dt( ot Eyi) at (5
d dE
&(EoiEvi)(l_ni)= dtLI : (6)

Therefore, the total loss for a particular period of time.
(dEL l LoEy; Yo

-K
S dt —1 dt °, (1)
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M dL;
(dEL L zldljtl_l (Eo £Eyi)@-m;)+ Zld_tjz Ko (8)
— J:

dL.
where, d_tj represents the rate of loss of energy consumed in other equipment.

The magnitude of the stepped up or down power %Evi =1 x93,
where | is current and dvi is the small change in voltage. G is a counter, (g = 1, 2, 3, ..., n) signifying the

period of time concerned.
Equation (8) can be represented in Fourier series to aid the study of this paper.

K1 0<t<ﬁ
r
K> %<t<§
r r
dE, =f(t)=
dt
9
K, 220D ¢ oy
| r

r can be any number either a mixed fraction or a positive integer but not a fraction,
where f(t) = f(t + 24y)
y represents the number of days,y =0, 1, 2, 3, ...

It should be noted that K, or K, or K, can be equal to one another or not. This depends on the situations at
the company concerned. From Fourier series:

f(t) =ag + i(anCoan b,Sinnt) (10)
n=1
a5 = — [ f(t) ot (12)
240
11 .24 48
8% = o, Jor Kldt+j2£1 Kodt+...... 12401) ndt | (12)
r
J = s
24
80 = - (Kat) +(Kat)fy + .t (Knthy |, (13)
r r
1], 24 48 24 24(r -1)
K2 i k| 2222 4 K, 24- 222
% = 24[ ' Z(f f) ' n( f ﬂ o
1[ 24Ky, 24K, 24Kn]
= +..... +—
24[ r r rr (9
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8y = —+—5+...+—1 (16)

_ (e (e o,
80 = r[( : l+( = J2+ ..... +( ; ” a

Determining the value of a,

From equation (8),

124 nm
ap = — |, f(t)Cos—tdt 1
1270 ® 12 (18)
an j r chos tdt+ sz 2Cos tdt+ ..... + j KnCosEtdt
0 4 24(r -1) 12 : (19)
r
24 8 24
a, = —|1afgpmmtr Ao gt 12Kafg, Mt
" 12| nn 12 Jy 12 Ja nn 12 )24 | (20)

r r

a, = i 12K 4 Sin24n1t_Sino +12K2 Sin48n7t_SmZ4n1t N
12 nm 12r nn 12r 12r

12K, Sin24n7:_SinZ4(r-1)n1t (21)
nm 12r 12r !
a, = 1 [KlgnZTmH( (9 4Tm-Sinznn)+ ..... +Kn Sin2nn-Sin2n(r_l)nJ] (22)
nw r r r '
a, = 1 [KlanTmH( (Sin4nn-8in2nn)+ ..... +KnSin2n(r_1)n]. (23)
nw r r r
Since Sin2nn = 0O,
where n=1, 2, ....
whenn=r,thena =0
similary, by = - f(t)Slnn—ntdL (24)
b, K.Si dt sin ™ gt L
for sin +fza SNt +Jz4(r g KnSIn—dt] (25)
r
24 48 24
1] 12K net \r 12K nmt \r 12K nmt
by, = —|-="1| Cos— |" —==2|Cos— [ +...+="N|Cos—
"12] m ( 12 )0 nm ( 12 )24 nm ( 12 )240-1) ! (26)

r r
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o, = L ( 12K1(C0824nn_ 5 MO) )_ 12K2(COS48n7c_ C0824n7c)_

12 nm 12r 12 nm 12r 12r
- (27)
12K, Cos 24nm Cos 24(r -1)nmt
nw 12r 12r ’

b, = L [_12K1(0052nn_1)_12K2(Cos4nn_ COSZnn)_
r

12 nm r nm 1or
12K, 2(r-1)n
Cos2nn - Cos————
X ( r J] (28)
but cos2tn = 1, whenn =1, 2, ...
and cos4nn = cos2rn = 1
Similarly,
b= L [ (COS@-lj (COS@-Cos@j ..... -Kn(l-CosM) , (29)
n r r r ]
bp, =1[K1(Cosznn -1)+ Kz(COSZ -Cos 4nn) ----- - Kn( Cosw'l } : (30)
7n r r r r

Hence, substituting equations (16), (23) and (30) into equation (10) gives:
f(t) = ( 1y K2+...+K“J+Z 1( 1Sin27m+K2(Sin4nn-Sin2nn) Kn(-Sinzn(r_l)nD
r r n r r r ;

Cosnt+1(K (1 Cosznn)+ Kz(Cosznn —Cos4nn]+ 4K (Coszn(r_l)n—l)]smnt_
mn r r r

(31)

Equation (31) is the general formula to represent the rate of total energy loss for different periods in a day
or more. The total energy lost can be determined as:

dE dE
-l e ()
. dt )y (32)

The cost of energy consumed in one hour s represented as U hence, the cost of energy loss for t hours in
period g is:

where t is time in hours.

_ dE,
g
Hence, the total cost of energy loss for the whole periods.

C= icg = iUXt(dEL) (34)
g

g1 g1 dt
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Thus, equation (34) is the mathematical model for
evaluating extra energy cost due to disproportional
energy consumption.

3. Case study

The workers in Ajasco Company resume by 800hrs
GMT and close by 1800hrs GMT. During the work-
ing period, al the machines function considerably
well. The company has all its machines driven by
induction motors. In the factory, there is an overhead
crane which is driven horizontally by means of two
similar induction motors, whose rotors are the two
steel I-beams, on which the crane rolls. The 3-phase,
4-pole linear stators, which are mounted on opposite
sides of the crane have a pole-pitch of 6mm and are
energized by a variable-frequency electronic source.
One of the motors has the following data:

Stator frequency = 25Hz  Power to stator = 6 KW

Stator copper and iron

loss — 1.2 KW Crane speed = 2.4 m/s

Also, the company has other machines which are also
driven by induction motors and whose data are as
follows:

(i) the total power loss for a day in the company, (ii)
the total cost that would have been paid for the to-
tal energy loss for a whole month, if there is no work
on Saturdays and Sundays. (Note: The security lamps
are put on at that fixed time while all machines, fans
and AC are switched off also with office lights).
Predict what will happen at the transient periods if
(iii) the equipment were not switched off (iv) the
eguipment have been switched off before the period
(Note: 1Kwh cost N4.00).

4. Solutions

1. The total loss for a day:

dE
From 000hrs to 600hrs GMT, (_dtL 1 = 05x%x20=
10KW.

dE
From 600hrs to 800hrs GMT, (d_tl_} = 025x30+
0.3 = 7.8KW. 2

From 800hrs to 1800hrs GMT,

dE, | <= dE, dL,
T =Y E1-n, )+ —L+0.3+(0.25x 30),
( dt )3 ; dt ( nl)+ dt ’ +( )

dL
where—= is loss in the crane = 1.2 KW,

dt
Power Input (KW) Efficiency (%) 10

Machine 2 89 but solving for: Z%(l-ni) :

Machine 3 83 =1

Machine 4 84

Machine 5 75 Machine i Power loss (KW)

Machine 6 88 2 8.25

Machine 7 83 3 13.6

Machine 8 93 4 12

Machine 9 94.0 5 18.75

Machine 10 95.0 6 108

7 14.79

After the end of the working periods, all the machines 8 7
are switched off, also fans and Air-conditioner while 9 5 64
lamps are put on to lighten the company premises for
security purpose. The total number of lamps are put 10 2.5
on between the period from 1800hrs GMT to 600hrs Total 92.16

GMT the next day. The losses due to the heat gen-
erated by the lamps and the energy absorbed by the
over globe for each of the lamps sum up to be 0.5KW
when the company has 20 of such lamps. From 600hrs
to 1800hrs GMT only the lamps, fans and air-con-
ditioners are put on for the convenience of the work-
ers. The loss due to fans and air-conditioners sum up
to be 0.3KW. There are 30 office lamps, for which
the loss due to one of them is 0.25KW. Determine:
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dE
Hence, (TtLl: 9216 + 1.2 + 0.3 + 0.25 x 30 =

101.16 KW.

Power loss from 1800hrs to 2400hrs; [dd%) =
4

dE_ ) =10 KW.
dt
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Therefore, the total power loss for a day is.

dE | (GEL) ,(GEL) (dEL
dt dt ), (ot a )~ 10+ 78+
101.16 + 10 = 121.16 KW.

2. Let us consider a month with:

The total number of work days = 30 — 8 = 22 days.

The energy loss for 30 days during the hours from
000hrs to 600hrs GMT = (E,),

EL) = 6x30><(%l= 6 x 30 x 10 = 1800 KWh.

The energy loss for 22 days during the working hours
from 800hrs to 1800hrs GMT is (E ),

10 x 22 x 101.16 =

dE, ) _
(EL); = 10><22><( dtL l-
22255.2 KWh.

The energy loss for 22 days during the hours from
600hrs to 8000hrs GMT is (E,),:

dE,
E = 2x22
), = 222

J =2x22x7.8=2343.2 KWh.
2

The energy loss for 30 days during the hours from
1800hrs to 2400hrs GMT s (EL),:

dE
EL), = 6><30><(dtLJ4= 6 x 30 x 10 = 1800 KWh.

Therefore, total energy loss for a whole month
having thirty days:

E =(E),+([E),+(E),+(E),=1800+343.2 +
22255 + 1800.

Hence, total cost for the energy loss = 26198.4 x 4 =
N104793.6.

3. If the equipment used in the preceding periods are
not needed in the succeeding periods and they were
not switched off before the transition, the value of
the energy loss increases.

4. If, on the other hand they were switched off, the
energy loss will remain constant as long as the effi-
ciencies of the machines are constant.

5. Discussion of results

The case study gives us an insight into what can cause
the extra cost of energy consumption. From the ex-

ample cited, some of the causes are due to low effi-
ciencies of the machine, use of high-resistive lamps
and fans with low efficiencies. Summing up the indi-
vidual effects of these causes for a whole month gave
an amount of money that is so high. Companies have
to check the efficiencies of the machines. They have
to see that the efficiencies of the machines are improved
by buying of goods spare parts and implementing good
maintenance policy. Losses in machines (especially
heavy equipment) congtitute the greatest cause of ex-
tra cost due to disproportional energy consumption.

6. Conclusions

The quantification of energy losses in production fa-
cilities offers a challenge to researchers, energy plan-
ners, and policy makers. This is because enormous
amounts of energy are consumed periodically on ma-
terial processing, power generation (through electric-
ity and fuel consumption), in-plant transportation, etc.
This usualy results in high production cost, and re-
duced profits for the organization. Since expenditure
on energy runs into several millions of dollars annu-
aly, the optimal utilization of energy is therefore an
urgent solution to the problem of energy losses in order
to reduce wastes. Surely, this would enhance business
profitability. The proposed methodology in this study
seems to offer convincing explanations for energy losses
in industries. Significant savings in finance could be
achieved if organizations take advantage of the potentia
savings that this study suggests.
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