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Preface

For two decades, the CIRP Life Cycle Engineering (LCE) Conference has continued its steady course since its creation. It has grown signif-
icantly beyond its original scopes and objectives and has seen researchers in this field doubled and tripled in the last 10 years. Sustainable
manufacturing is a major initiative of almost all the manufacturing industries worldwide, in an effort to prolong the life of products, reduce the
use of toxic materials and carbon footprint, conserve energy, not only for meeting the needs of the manufacturers and consumers, but also the
multi-stakeholders in the entire business chain.

In 2013, Singapore has the honor of hosting the 20t* CIRP LCE, with its organizers from SIMTech , the Singapore Institute of Manufacturing
Technology and the National University of Singapore. For Singapore, this is a major CIRP event since the General Assembly which was held in
1994.

The conference has accepted some 117 papers from 28 countries. All the papers have been subject to the rigorous peer review and revision
process by experts in the field. The topics covered in LCE2013 include Sustainabledesign — approaches and methodologies, methods and tools;
Methods and tools for resource efficient manufacturing; technologies for energy efficient machine tools; Sustainable manufacturing process
— machining, cleaning, coating, forming and molding; Analysis and tools for reuse and recycling; Supply chain management; Sustainability
analysis — methodologies and tools, various case studies; Sustainability management; Remanufacturing — business and management, design
and analysis, process technologies, reliability assessment; Social sustainability.

Keynote speeches will be delivered by eminent researchers in the field of LCE: Prof ShahinRahimifard from Loughborough University,
Prof Nabil Nasr from Rochester Institute of Technology, Prof | S Jawahir from University of Kentucky, Prof Zhang Hong-Chao from Texas Tech
University.

We would like to thank all the reviewers, authors, support from the National University of Singapore and SIMTech, and all the participants for
making LCE2013 a real success. We understand that some participants travel no less than some 15 hours to come to Singapore, and it could
also be their very first visit. We wish them a most pleasant stay, and enjoy the food, culture, and the latest attractions in Singapore, in addition
to fruitful discussion at the Conference.

Andrew Y.C. Nee, NUS
Bin Song, SIMTech
Soh-Khim Ong, NUS
2013
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ERRtract

One of the very first steps in conducting life cycle assessmi (LCA) is system boundaries identification. A binary linear
programming (LP) model is proposed to identify boundary between significant and insignificant processes in a LCA study.
The proposed model is designed based on Relative Mass-Energy-Economic (RMEE) methodology. There are two types of

objective function that can be solved by the proposed model, (1) to minimize number of proces:

nsidered in LCA or

(2) to maximize cut-off criteria values. A numerical example and sensitivity analysis are provided to verify the applicability

of the proposed model.

Keywords:
LCA; System Boundary; Linear Programming

INTRODUCTION

LCA is a tool used to assess envi naﬂantal impact of a product. The
assessment is conducted over life cycle of the product, from
material extraction to end-of-ife treatment. Figure 1 presents a
general product life cycle [1].

Atmospheric
& ‘Waterborne
Raw - .
Matariak > | Manufacturing | Wastes
¢ - Solid
ENErgy  —jml | Use/Reuse /Maintenance | Wastes
o-products
[ Co-prod
| Recycle/Waste Management |
. Other
Releases

Swstem Boundarv

Figure 1: General Product Life Cycle [1].

As shown by Figure 1, box labeled as “system boundary” is a
general system boundary of a LCA study. According to Tillman et al.
[2] and Guinee et al. [3] there are 5 types of system boundary in
LCA:

a) (ppundary between technical system and environment,

b) geographical area,

c) time harizon,

d) production of capital goods,

e) boundary between life cycle system of studied product and

nected life-cycle systems of other products, and

f) boundary between significagiand insignificant processes.

This paper concentrates on dary between significant and
insignificant processes. Defining boundary between significant and
insignificant processes is not easy because when goals and scope
are defined the significant and insignificant data are unknown [4].

2 EXISTING APPROACHES

Many LCA studies select system boundary qualitatively without a
scientific basis. However, several methods have been proposed to
guide practitioners in identifying LCA system boundary. For
example, the use of percentage of mass to define system boundary
can be found in Hunt et al. [5]. Criteria to stop are mass ratios. If
ratio of mass used is 0.01, it means that if ratio of mass of an input
to total mass of a process is less than 0.01 then this input is not
considered in the system boundary. This approach is reasoﬂe_
However it does not quantify the significant of an input to the whole
life cycle of a product.

Since data availability is also one of the difficulties in conducting
LCA, the use of data availability in determining system boundary
can be found in Mann et al. [6]. The weakness of this approach is
that it has no scientific basis.

ISO standard [7] also provides guideline to identify LCA system
boundary. It uses environmental significance as the criteria to select
system boundary and requires impact assessment to be done
before the system boundary is defined. This makes this
methodology ineffective in practice.

Other approaches can be found in Raynolds et al. [8] and known as
Relative Mass-Energy-Economic (RMEE) method. The following
criteria are used by this method to cut system boundary [8].

Mpasio = 3o (1)
Eratio = 7 — (2
Enatto = e (3)
Saaeo = 700 “

If Myario = Zpwee then process i is inside system boundary, else
outside system boundary.
If Egario = Zuyee then process i js inside system boundary, else
outside system boundary.

If $pacio = Zpmee then process i is inside system boundary, else
outside system boundary.
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1
Zemer 15 boundary cut-off ratio (0 < Zgpee < 1). M, E., §; are !ass,
energy and economic value of input i . Myan Evaran $roeq are total
mass, energy and economic value of the functional unit. Figure 2
shows RMEE procedure [8].

| Define Functional Unit |

Calculate the Total Mass, Energy.
Econamic Valses of the Functional Unit
(Mraeal, Ercial, Srom)

Define a system boundary cut-off ratic
(Zaamer)

F—

Select the next closest Unit Process fo the

Functional Unil. Quantity the mass, energy

and economic value of each input (i} to the
unit process (M, E, S)

Calculate the Relative Mass. Energy,
Econamic value of each input:
Maats « MM e
Eptaso = E/E i,

Brate = SBrom

Yes

Campare for each input, Mg,
Eraio. Sqare 10 Zanes For each input,
Mizso, Esta, Siano ™ Lanew 7

The unit process providing this input
is outside the system boundary

Figure 2: RMEE procedure [8].

No

RMEE method is quantitative, repeatable and streamlined. However
this method does not incorporate data accessibility as one of the
criteria to identify system boundary. Furthermore, RMEE also does
not facilitate sensitivity analysis. If the cut-off ratio changes then the
RMEE procedure has to be done all over again. Another question
about RMEE is that how the value of the cut-off ratio is determined.

This paper formulates RMEE method as a binary LP model. In the
proposed LP, the difficulties to collect inventory data are considered.
Data collection cost is used to quantify those difficulties. In order to
answer the question how cut-off ratio is defined, available budget to
conduct LCA study is used as a constraint to determine how good

Level 1 1
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F. Afrinaldi, H.-C. Zhang, and J. Carrell

cut-off ratio we can obtain. Moreover, since it is a mathematical
programming approach then sensitivity analysis can be conducted
easily.

3 BINARY LP MODEL TO IDENTIFY LCA SYSTEM

BOUNDARY

31 Variables and Parameters

Let w,x,y,z be variables representing material extraction,

manufacturing, use, and end-of-life phase respectively.

Suppose that w,x,y,z contain i, =1,2,..; j, =1,2,..; k, = 1,2, ...;
and [, = 1,2, ... number of processes respectively and are denoted
asw;, x;, Vi, and z, . Similarly, suppose that w; ,x; , v, and z; have
ib=12.:=12..; k=12 ..and I,=1,2,.. number of
processes respectively and are denoted as w; ,, X ;.. Vi i, @80Nd 2 ;.
Again, suppose that w;..% ;.Y and z, contain i;=
1,2,..:j5=12.,ky=12,... and [, = 1,2, ... number of processes
respectively and are denoted as w; ;.. %, i, i Vie ok 80 21050,

Of course the number of variables can grow indefinitely, for
simplification, let's say that they grow up to i,=12.;j, =
1L2,..;kn=12..a8nd I, = 1,2,... sothat the last processes are
denoted as Wiy iy gy Xy o fge i Vi degles ey and ,Zflgzgz___fﬂ_-rhe grow of
those variables can be represented as a tree, shown by Figure 3.

All variables are binary (can only have a value of 0 or 1). If the value
of a variable is 0 then the process represented by that variable is not
inside system boundary, otherwise, if its value is 1 then the process
represented by that variable is inside system boundary. Therefore, it
can be expressed as,
wfx’ xh’yh’zh; wfx fz’thz’ y*x bzt zfxfz; wfxfzfz’xjxfzjz’ykxkzkz’zh llsi

Wi i it Xy fa ot Vierkeakes et Zhials 1 € 10,1} Furthermore, w,x,y
and z are | to 1 because they are the main life cycle stages
and have to be included in the system.

Suppose that mass inputs for materal extraction, manufacturing,
use and waste treatment are o, o, «¥ and a; energy inputs for
material extraction, manufacturing, use and waste treatment are
BY. 5% Y and A%, the economic values of processes in material
extraction, manufacturing, use and waste treatment are y",y*, a¥
and y# ; and inventory data collection costs are §%,&%,5Y and §%.

Therefore, for example, parameters for w; are af},f,y/and &

1
w w w w
and parameters for w; g, are o B, .y, andéal . Al

parameters must be defined per functional unit of the studied
system.

w

/\

Wiy

e

/ﬂ\ 7~ 7
wi, 11 wi 12 wir Tiy w@?/m‘ﬂ\

wiizlz Wir2ly Wide T w2 Wiyizly

Figure 3: Variables or process tree for material extraction (w).
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It is also defined that M., E, C. are the cutoff criteria for material
input, energy input and economic value, where 0 < M, < 1,0 < E. <
1 and0<(C. <1 IfM.=0.95, it means that the ratio of sum of
mass in the system boundary to total mass flowing in the system is
95%. The same meaning is also applicable for £, and .. The closer
those values to 1 the better the cut-off criteria. Finally B is total
budget available to conduct a LCA study.

In the following section, objective functions and constraints are
defined. For the purpose of simplification and because of limited
space, variables included in the model are only up to level 3 (with 3
subscripts).

3.2  Objective Functions

There are two types of objective functions that can be selected, to
minimize the number of processes considered in the LCA or to
maximize cut-off criteria wvalues. Equation (5) is the objective
function formula for number of processes minimization and equation
(6) is the objective function formula for cut-off criteria maximization.

T, m:
MinZ = X%, wi, + I0L E02 wy o + L0k Xy Bota Wi, +
E(1-1 G, + EJL—IEJZ 1, T Ejl-lzjz_1zj3=1xh.fz.f3 +

0
Ekl—1)'1,+ Ekl 1Ek2 Vit Ekl 1Ek2 2 Lt =1 Viyhaks T

Pz
Etl- £ + Etl 140,=1 1201, + Etl-IEtZ-IE@:lzhfzf: (5)
MaxZ = = (M +E. + C.) G
Where,
M= (2[1_1‘7‘:1 wy, + ot Etl- Efz—IEf:=lalefzfnglfzfg) ™

O ptal

E .= &_m[ (Eu-lﬁqw:l ot BTG 1Ef:=1zf:=15ﬁtztgztltzt3) (8)

C. = (E[l_ﬂ’rl“’[ﬂ' + B 1}:?22:1215’::1Yﬁt2t32t1t2t3) 9)

¥Total

@ peats Brorai@Nd Yroeq are total mass input, energy input and
economic value in the studied system.
3.3 Constraints

If the selected objective function is equation (5) then the constraints
are the following.

E;:LWQ = Mw (10)
E[z Wi = Mwg, Vi, (11)
o Wy, < Mw,V iy (12)

iz=1

E:‘ﬂle = Mx (13)

Xy, = Mg, Y (14)
E?;lxmm = Mx;;,, Ve (15)
Tz Y, <My (16)
Tie1 Yk, SMyi, Vig (17)
E?g:ﬂ’mzk: = MY, ki (18)
iz, <Mz (19)
Yz, <Mz, Vi, (20)
Tz, < Mz, Vi, (21)
m (E[, LEE Wy +Etl 1 tz 12{; O 1 2, t;) =M, (22)
Froma (Eu Biwy, + - +Etl 1 tz 1Et= 1.Stzlfztzztltzt3] = (23)
e (EhL W e D T B Ve Pt ) 2 C (24)
Tty 88wy o TP B B B, 2, = (25)
Wi Wi Wi s Fi 00X ke Y Vi, a0 Y s 20 2 0 2y 101, €000 13 (26)

Inequalities (10) until (21) are linking constraints which mean that
values of some variables depend on value of a certain variable. For
example, suppose that process w,,and w,,are selected then
process w, has to be selected because process w,, and w, are
inside processw,. The number M represents an upper bound of any
sum of the variables in the model. In other words M is at least as large
as any sum of the variables we can feasibly get Inequalities (22), (23)
and (24) are constraints for cut-off criteria. Inequality (25) is budget
constraint and (26) is binary constraint. If the selected objective
function is equation (6) then the constraints are formulas (10), (11),
(12), (13), (14), (15), (16), (17), (18), (19), (20), (21) and (26).

4 NUMERICAL EXAMPLE

Suppose that we want to do LCA study for the system represented
by Figure 4. Mass, energy, and cost to collect inventory data is
given by Table 1. Mass and energy values given are per functional
unit. Information regarding economic values of a process is not
given therefore it is not considered. Our objective is to identify
system boundary and maximize overall cut-off criteria. Budget
available to conduct LCA study is 400. Note that this example is not
a real case study. The purpose of the example is just to
demonstrate and verify the model.
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Matanal Extraction
(vl

=l Waste Treatmant (z)

Figure 4: System for the numerical example.

Life
oyele Process Process Process
stage (Level 1) Mass Energy | Cost | (Level 2) Mass | Energy Cost | (Level3) Mass | Energy | Cost
w Wy 2 9f I | wy 1] 27 19 | wiys 10 2 13
Wirs i 28 15
Wiz 4 50 3
Wi 7 79 1w I 93 1]
Wiz 2 9r 9
Wiz I 45 13
W 3 e 12| wy & 7 2| wayy ! 20 I3
Wapz & 38 4
Wiz & 88 17
W b 98 16 | waxy I I8 12
Wz 3 77 12
Wiz 1] 65 [
W 9 4
x X7 8 27 10| xis 2 19 4 i1 3 96
X 9 49 20
Xip 7 33 !
¥io 6 99 14| x5 5 36 5
X 1} 77 2
X1 9 59 4
) ! 20 0| xx 7 83 8| xon 6 70 10
o) i 94 8
X153 3 15 7
X2z 5 58 & | xox 0 15 8
X2m 10 75 9
X123 7 76 9
X3 5 64 19

Table 1: Data.
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Life
cyele Process Process Process
stage (Level 1) Mass Energy | Cost | (Level 2) Mass | Energy Cost | (Level3) Mass | Energy | Cost
¥ i 2 2 20 | vur 9 5 13 | v 4 i3 135
Vi ! 48 17
Vi 2 15 13
z z; 3 13 2|z 2 [y 20 | ziir 2 52 7
Zi12 9 83 20
Zii3 5 70 4
Zp 5 53 17 | 2z i 26 18
2522 ! 78 [
Zp23 v 7o !

Table 1: Data (continued).

The binary linear programming model is the following.
1
MaxZ = - (M, +E,)

where,

2wy 4 3ws 4+ 9wy +8Bxy 4+ a0 4 Saa 4 2y 4 3z 4 Buyy 4o 4

_ 2xyy + oA gy F b 22, F ok 10wy, + 4 925,

B 243494841 4+5+2+34+6+ -+
2494t 24k 10449

91wy + T9wa + 5wy + 27x0 + 20k 4+ 64xa + Zyy + 132+ 27wy

g oo o193t Sy b et 692y + 4 920y + 4 7925
€ 91 +7945+27 +20+ 64+ 2 + 13 + 27
Fo 244Dt 24410449

Subject to,

Wy + W+ oWy < Mw

X+ X+ x; <= Mx

Y11= My

Z, = Mz

Wiy + Wy < Mw,

Wz + Wa < Mw,

Xy + Xy = Mx,

Xzp + Xz € M,

Yu = My,

Zn t+ z; SMz

Wi+ Wi+ Wi = Mwy
Wiag + Wizp + Wias € Mwy,
Wary + Wi + Waiz < Mwy,
Waz1 + Wezz + Wazs < Mwa,
Xyap + Xipz + X S My,
X1z1 + Xizz + X123 = Mxgz
Xz11 + Xzpp + Xz = Mg,
Xom + Xam + Xz = My,
Yur + Yiz + Yis S My,
Zyy + Ziiz + Zns S Mz,

Zyzy + Zigp + Zipy =Mz,

( wy + 12w, + 4wy + 10x; + Ox; + 5x + 20y + 22 + 19wy,

=
oot Mgy + oo+ 13y + o4 22y + o+ 15wy, oo b 1zm) S400

Wi, Wo, Wi, X1, X2, 00, Y120 W1 X ¥ 2 o Wi, o 2 € {0, 1)

The solutions of this simple problem are the following.
W=x=y= 1 because they are the main life CYC|E StEgES_
Wy =wy;=wy =1,

X =x;=1x;=0,

n=1z=1,

Wi = Wiz = Wy = Wy =1

Xy = Xy = Xy = Xp =1

yii=1

2 = 2 =1,

Wig = Wiz = Wiz =1,

Wiz = Wizp = Lwggs =0,

wa = 0wy = wyps =1,

Wiz = 0,Waap = Wazz = 1,

X = X = Xz =1,

Xyz = Xymp = Xpax = 1,

X311 = Xz;z = Xp;z =1,

Xaz1 = 00Xz = Xpp3 =1,

Yinn = LYz = Yus =0,

Zyn = Z1pz = Z;nz = 1,

Zyn = 0,Z12: = Zizz =1

1 1
Z= 5 (M +E) = 5 (093 +091) =092,

Total budget spent is 400 and the selected boundary is shown by
Figure 5.

Suppose that we vary the budget from 375 to 575. The change in
objective function value with respect to budget change is given by
Figure 6 that shows when the budget reaches 535 it is possible to
consider all processes in the system.
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Figure 5: Selected system boundary.
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5 CONCLUSION

A binary linear programming approach to select system boundary of
a LCA study is proposed. The proposed method is based on RMEE
methodology presented in Raynolds et al. [8]. The main differences
between the proposed methodology and RMEE are (1) RMEE is a
repetitive approach; our approach is an optimization approach, (2) in
our approach cutoff ratios are determined based on data
accessibility (cost to collect inventory data); in RMEE the cut-off ratio
is given, and (3) since our approach is a mathematical programming
model therefore sensitivity analysis is easy to be done.

In the future, it is expected that computer software will be developed
based on this methodology 4$¥@l that practitioners can easily
determine their LCA boundary based on their available budget,
mass flow, energy flow and economic values of the processes.
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