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Formulation of relationship between productivity and
energy consumption in manufacturing system
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Abstract. In the industrial world, since the amount of eryetg consume is
very large, it is required to manage and reducegynensumption while main-
taining a high productivity. In order to approatie theoretical realization the
production conditions that affect a productivity@rergy consumptiorwe in-
vestigate the formulation of the relationship betwenergy consumption and
production throughput, and verify it by using nuioaf simulation.

Keywords: Sustainable Manufacturing System, Simulation, Betidity, En-
ergy Consumption, Mathematical Formulation.

1 I ntroduction

Recently, in various fields, reduction of energmsamption has been an important
issue.[1,2,3] In patrticular, in the world of indual, since the amount of energy to
consume is very large, management of energy corgisrgreatly required. It is nec-
essary to reduce energy consumption while maimtgiaihigh productivity.[3]

In the previous study, a simulation environmentsfestainable manufacturing sys-
tems considering the productivity and energy comgtion have been established, and
an implementation for the simulation environmerg haen proposed [5,6]. The state
transition model for facility has been proposed arpressed by using a Unified
Modelling Language (UML) model. A case study fanaldle-scale semiconductor
manufacturing line was carried out by using cortderd simulation system. It has
been found that the energy consumption per progluttiroughput increase with
decreasing lot size and, become a constant valheingreasing lot size. This result
has indicated that the number of times of settipgrarease with decreasing lot size.
Since the energy is required for setting-up, eneapsumption per production
throughput becomes large.

However, in the manufacturing system, the theaaktigalization the production
conditions, such as lot size, failure rate, andrsathat affect a productivity and ener-
gy consumption is not understood clearly. In ttapgr, therefore, we propose the
formulation of the relationship between energy comgtion and production through-
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put, and verify it by using numerical simulatiorseym constructed in our previous
report.

2 Formalizing the energy consumption and throughput

2.1 Energy consumption per throughput, U

One of the most important indicators in the evatumbf productivity and energy
consumption of manufacturing systems is energy wmpsion per production

throughput /). U is defined as

E
U=y @

Here,U is energy consumption per production throughpdtthe unit is [J/product],

E is energy consumption and and the unit isfJ§ production throughput and the

unit is [product]. An electric energy consumpticer gecond is also defined electric
power consumption [W].

A line with n equipment which haven kinds of facility state is assumed in this
study. An facility in line always belongs to somatas during operating timé), so
the operating time of k-th facilityT) equal tol'. The relation betweef and the
total of operating time aof state in k-th facility T¥) is given by

k= Z Tk, )

X
The total electric energy consumption is given by
n n m

E=ZE"=ZZ€,’§T,§‘, 3)
k k X

whereE¥ is the total electric energy consumption of k-#itifity, andek is electric
power consumption of state in k-th facility. Therefore, the energy camgtion per
production throughput can be written as

X X )

HereU* is the energy consumptlon per productlon throughpuk-th facility. By
using eq.(4) can be calculated yf, T¥ andP. Figure 1 shows the summary of the
relationship betweeB, P,T,U, e, and p.
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Fig. 1. Relationship betweeF, P,T, U, e, and p.

2.2  Coefficient of work in process, g*

In a line, a buffer is generally set up betweernlifgcWhen some work exist in a
buffer, production throughput in line and produntitiroughput of each facilityP{)
is not same, that is,

Pk >p. (5)
Here, coefficient of work in procesg¥) can be defined as
Pk
In the case oP* = P, g* equal 1. Usuallyg® increases as previous process, i.e.,
ql2‘_.qu—12qk2qk+12‘_.an=1. (7)

2.3 Operating time of state of x in k-th facility, T¥

In this study, a state of running, setting-up, atthg will be discussed. The state of
running, setting-up, and idling are described byrxs, and i, respectively.

In a running state in k-th facility, the productitimoughput per secongX) is the
reciprocal of the cycle timec}f). Production throughput in k-th facilityf) is calcu-
lated by multiplyingl’¥ by ck = 1/pk. When thegX is taken into accounT¥ is ob-

tained as
Tk = gk = 8



P divided by lot size (LS) is frequency of setting-in k-th facility. ThegX andAk
which is defended by the time required for a oreftirgy-up are take into considera-
tion, T obtained as

Tk = q"%ak. (9)
It seems to be reasonable tiiitdecrease with increasing LS.

Since a facility in line always belongs to somdustaluring operation, so the oper-
ating time of k-th facility T*) equal to the sum @t*, T} and the operating time of
idling state in k-th facility 7;%);

T* = Tk + T} + T}, (10)
AsTkF =T,
TK=T—-Tk-Tk

- P
pk LS
_p(T_ X (11)
P pk LS

_p T qk qklk
e Pk LS )
Eq(9) eq(10) and eq(11) are substituted into ed(#)s calculated as
1
Uk = F(efTrk + elTE + efTk)

1 kP kP T k klk
e llar(C-2-00))
P p p p pf LS

3 Simulation

The simulation system of manufacturing has alrebdgn developed using the
Witness software which is a commercial discretenewmulator (Lanner). In this
paper, a middle-scale semiconductor manufacturimgwhich consist of three facili-
ties, the solder printing facility, the 1IC mountifigcility (mounter facility), and the
solder reflow facility is simulated. The three fdi®s were modelled in Witness using
our proposed state transition model. The printaglity, the mounter facility, and the
reflow facility are numbered to k = 1 to 3, respaealy. Figure 2 show a simulation
model of the middle-scale semiconductor manufaetuline. Table 1 shows the sim-
ulation input data. In contrast to simulation, ihplectric power consumption of run-
ning state and idle state in reflow facility*(and e¥) different between rising and
falling of temperature in furnace, the average @akiused in formulation as below.
There are four types of lot sizes as 15, 30, 90, 3Be size of buffer between each
facilities is big enough. The simulation periodtfis simulation is 40 hours (5 day
8 hours).
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Fig. 2. Simulation model of the middle-scale semiconduntanufacturing line.
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Tablel. Inputdata in simulation.

Facility
input data —
printing mounter  reflow
k=1 k=2 k=3
1/pk [s] 10 10 10
ek kW] 1.25 3.75 0.8* *0.4 (rising),
1.2 (falling)
A [s] 120 120 -
ek [kw] 3 15 -
ek [kW] 0.2 0.2 0.8* *0.4 (rising),
1.2 (falling)

4 Results and Discussion

Figure 3 show the relationship between electrieggheonsumption per production
throughput and inverse of lot size. The openedeirt Fig.3 indicate the simulation
results of the electric energy consumption per petidn throughput of printing fa-
cility (UY). Note that the linear correlation exists betwesmlt! and inverse of lot
size. In this simulation, since the cycle time adifities is almost same, and the fail-
ure of facilities is not considered, th& can be considered as 1. Furthermore, the
operating time of idling state in the printing fiégiis zero, because the size of buffer
between each facilities is big enough. Taking thessimption into accourif! andp

are given by
el elrt
Ul =—4+—|, 13
(p%+ LS ) )

1 1 A
5= E-l_ﬁ' (14)



respectively. The dashed line in Fig. 3 denotesutaled eq. (13). The simulation
results and formulation results are in reasonablydgagreement. The opened circle
and dashed line in Fig.4 indicate the simulatiosults of production throughput and
formulation results (eq.(14)), respectively. Ndtattthe results agrees well. We can
obtain a relation betwedhi! andp as
Ut el N el el
p vt oD
from Eq. (13) and (14). We can understand thatggneonsumption per production
throughput decreases with an increase productivity.
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5 Conclusion

In order to approach the theoretical realizatianghoduction conditions that affect
a productivity or energy consumptiong investigated the formulation of the relation-
ship between energy consumption and productiorutitrput, and verified it by using
numerical simulation. The simulation results andrfalation results are in reasonably
good agreement. The relation between lot size aedgy consumption per produc-
tion throughput, production throughput were undsodt It is clearly shown that en-
ergy consumption per production throughput decieaséh an increase productivity.
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