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Abstract With the increasing public consciousness on environmental issues, chemical products and process de-
signs require simultaneous satisfaction and compromise of environmental and economical requirements. To fulfill
the two conflicting while complementary objectives, a systematic approach for life cycle design of a chemical
product is proposed in this article. Multiattribute decision-making is adopted in a trade-off consideration of both
technical economical evaluation and environmental impacts assessment using the analytic hierarchy process (AHP)
approach. On the basis of an evaluation of the relative importance of the criteria multicriteria decision making is
performed. In this study, an AHP model is used to derive single a criteria score by analyzing the environmental im-
pact and life cycle cost of a product, respectively. And a fluctuant weight analysis is put forth to calculate the inte-
grated index of the product to enable products to be ranked or selected intuitionally and conveniently. The proposed
AHP model has been applied to a case study, a comparative study on chamber cleaning with NF; and C,F. The re-

sults show that the proposed AHP model is capable of providing a rational and relevant evaluation.

Keywords

1 INTRODUCTION

Traditional approaches for chemical product de-
velopment pay attention to the methodology of in-
creasing financial benefit. With the improvement of
living standards and the enhancement of environ-
mental awareness, the impact of environment should
be taken into consideration at the initial stage of the
product design. In order to meet the conception of
sustainable development, there is a potential pressure
for contemporary chemical entrepreneurs or engineer-
ing researchers to adopt whole life cycle thinking to
product design[1,2]. Consequently, the new challenges
that arise for chemical engineering researchers are: to
devise methodologies to shorten the product-process
development cycle to meet the market demands and to
develop the products that are friendly to the mankind
and the environment.

In this article, the procedures and results that lead
to the evaluation of the performance of cleanings for
chemical vapor deposition chamber are discussed in
detail. Initially, the main ideas and process of imple-
mentation of life cycle assessment (LCA) in the
chemical product design are briefly described in Sec-
tion 2, and then the conception of life cycle cost (LCC)
is introduced in Section 3, which is used as a criterion
for assessing the product. An analytic hierarchy proc-
ess (AHP) model for integrating the assessment of the
economical and environmental performance is pre-
sented in detail in Section 4. Described in Section 5 is
the case study used to illustrate the availability of this
model, and finally a conclusion is drawn.

2 LIFE CYCLE ASSESSMENT OF CHEMICAL
PRODUCT DESIGN

In view of the environmental impact, reduction of
pollution by implementing cleaner technologies or

Received 2005-12-21, accepted 2006-06-23.

life cycle assessment, life cycle cost, analytic hierarchy process, chemical product

processes has received attention in the chemical in-
dustries, and the end-of-the-pipe technologies, such as
filtering or cleaning solutions, aimed at reducing the
amount of harmful emission and substances released
from manufacturing facilities, have been applied
widely. It has been observed that although efforts have
been made to optimize the wastes discharge in one
unit, this has increased the total environmental burden
and impacts[3]. Therefore, it is very important and
necessary to consider the environmental burden and
adverse impact caused by any change or modification
in the process and allied facilities in a holistic way. As
a systematic analysis technology, LCA has been iden-
tified as a powerful tool to estimate the environmental
impacts associated with the whole life cycle of prod-
ucts. The LCA methodology is still under develop-
ment. At present, the methodological framework
comprises four phases, as shown in Fig.1: (1) goal and
scope definition; (2) inventory analysis; (3) impact
assessment, and (4) interpretation[4].

| goal and scope definition |<—>

| inventory analysis |<—>

interpretation

| impact assessment |<—>

Figure 1 Life cycle assessment framework[4]

In the last decade, the use of LCA as a tool for
assessing the environmental impacts of products and
processes has gained wide acceptance, and in the
chemical industry LCA has been applied comprehen-
sively in the process of modification, selection, and
optimization of products design. Kniel et al.[5] pre-
sented the LCA case study of a nitric acid process
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considering the environmental and economic con-
straints. By further studies, Hernandez et al.[6] pro-
posed a mathematical model to minimize the envi-
ronmental impacts that are subsequently used for
deciding the optimal degree of pollution abatement.
Azapagic[7] appreciably advocated in favor of the
LCA based design and decision-making and have dis-
cussed the LCA application in the evaluation of the
process performance for various Boron products. Spath
and Mann have demonstrated the successful application
of the LCA in evaluating different stages of natural gas
combined with the cycle power generation system. This
report clearly emphasized the strength of the LCA in
identifying and screening environmental burdens at
various life stages of the plant, which enabled devel-
opment of targeted remedial goals[8]. In China also,
many attempts also have been made in the application
of LCA, but the efforts mainly focused on life cycle
inventory analysis and the erection of assessment indi-
ces to evaluate the environmental performance of
products, processes or services[9—12], whereas there
was little research on the means of using LCA to opti-
mize product processes or product designs.

3 LIFE CYCLE COST OF CHEMICAL PROD-
UCT DESIGN

LCA has the ability to focus on information with
regard to the environmental releases, burdens, or im-
pacts of the system under study. However, besides
satisfying the important requirements of environ-
mental performance, cost, or economic aspects that
are usually included in any company's decision mak-
ing activities, should also be considered at the early
stage of product development to judge whether it is
economically feasible to improve or develop a product
system. Lundie argued that no design project should
proceed to the final stages before costs are considered,
and cost estimates should be made throughout the
early stages of the design project, even when complete
specifications are not available[13]. Kniel et al.[5]
attempted accommodating both economic and envi-
ronmental considerations in the design and operation
of a process. Qian et al.[14] put forth LCC to provide
useful information for rational chemical product de-
signs. In this perspective, it will be pointed out that
estimating the cost of a product system is much more
complex than estimating the cost of a new piece of
equipment because many variables and intangibles are
involved in it. However, cost consideration is necessary
in deciding whether the development of new product
system is worth pursuing and whether further capital
should be invested in the product improvement project.

Throughout the whole life cycle of the product,
there are many decision requirements for deci-
sion-making that are both technical and non-technical
in nature. In most cases, especially in the earlier stages,
these decisions have life-cycle implications and defi-
nitely affect LCC, which refers to all costs associated
with the system or products as applied to a defined life
cycle[15—17]. The framework of LCC is shown in
Fig.2. It is the total cost that a firm incurs, from the
time of raw material extraction to the disposal of any
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Figure 2 Framework for life cycle costing of a chemical
product design[2]

wastes or by-products and beyond, as long as liabilities
or other costs can remain. It is determined by identify-
ing their cost in each phase of the life cycle, applying
the appropriate estimate approach, and ultimately ac-
cumulating the costs for the entire span of the life cycle.

Many researchers argue that the main option for
expanding the domain of LCA seems to be in the
combined analysis of environmental effects and costs.
Several attempts have been made to try and combine
the results of environmental evaluations with eco-
nomic consideration. However, there appears to be no
established methodology in the literature for integrat-
ing environmental and economic assessments. In this
article, AHP with fluctuant weight analysis is adopted
for an integrated assessment of the environmental and
economical performance of chemical products to
screen the environmental friendly alternatives.

4 AN AHP MODEL FOR INTEGRATED ASSE-
SSMENT OF ECONOMIC AND ENVIRONMEN-
TAL PERFORMANCE

4.1 The structure of the AHP model

The AHP is a powerful and flexible multicriteria,
decision-making method for complex problems, and it
has been used in many governmental and industrial
applications[18,19]. These applications include mul-
ticriteria decision-making problems in the areas of
environmental protection, scheduling, project evalua-
tion, and strategic planning[20]. The AHP combines
both qualitative and quantitative aspects of complex
problems by means of a hierarchical structure. The
AHP is used to break down a complex and unstruc-
tured problem into its component parts, and at the
same time uses the facts and judgments of key indi-
viduals to relate and prioritize the components, and
synthesizes the results[21,22].

In the construction of the AHP model, the selec-
tion of criteria is very essential for the reliability and
rationality of the assessment results. Many environ-
mental indices are available in the literature to evaluate
the environmental performances of products[23,24]. On
the basis of the theoretic framework of LCA, some
impact categories, which has received considerable
attention, such as global warming potential (GWP),
ozone depletion potential (ODP), photochemical ox-
iden creation potential (POCP), acidification potential
(AP), cancer hazard potential (CHP), non-cancer haz-
ard potential (nCHP), and ecotoxicity potential (ETP),
are used in this article.

The structure of the AHP model for the integrated
assessment of environmental and economic performances
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of chemical products for the scenarios alternatives is
shown in Fig.3. In the AHP model, the top level of the
hierarchy specifies the goal, and intermediate levels
specify criteria and subcriteria, which reflect suc-
cessive categorizations of environmental performance
and economic performance. The lowest level corre-
sponds to the inputs associated with chemical product
alternatives. Based on the different levels, criteria and
subcriteria are prioritized.

In the formulated AHP model, the alternatives
under evaluation are denoted as 4;( i=1, 2,***, n). The
criteria used for the comparative analysis are LCC and
environmental impact (EI). The subcriteria are de-
noted as S;and E; (j=1, 2,°*, m) from left to right,
where m is the number of subcriteria. The value of the
contribution of alternative 4; on subcriteria E; is de-
noted as u;.

4.2 Determining the priority of each subcriteria

Constructing the comparison matrix: Each of the
criteria has m number of subcriteria. To determine the
priority of the subcriteria, a pair-wise comparison ma-
trix, B, needs to be constructed according to their in-
dividual relative importance, as showing in Table 1.
For the relative model of comparison, entries b;; are
determined by the relative importance of subcriteria i
and j (the numerical values are shown in Table 2) and
bij: 1/ bji-

Table 1 The structure of the judgment matrix

B, B, B,
B, bi B by;
B, by Bn by
B b bp by

Determination of the weight of each subcriterion:
After the comparison matrix has been determined, the
vector of weight, W, for B, is computed. The initial
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Table 2 Comparison scale used to complete the weighting
matrices

Numerical values Verbal scale

1 both criteria equally important

3 left is slightly more important than top

5 left is moderately more important than top

7 left is much more important than top

9 left is extremely more important than top
2,4,6,8 intermediate values

step to obtain W, is to change matrix B into matrix C,
that is, every entry in B is standardized by normaliz-
ing every column one after the other. Then all the
elements in each row in C are summed up, resulting in
a column vector. This column vector is normalized to
obtain the vector of weight, W,=(wy;, wa,**", wﬂ)T.
Finally, the consistency index (CI), which indicates
the deviation from consistency, is calculated to judge
the rationality of weight. It should be pointed out that
if the CI doesn’t meet consistency requirement, the
comparison matrix B needs to be constructed again.
Cl is determined using Eq.(1)
Cl= ﬂmax -J

j-1
is the principle eigenvalue of B.

(D

where A

max

4.3 Evaluating alternatives

Determination of MA,. For m number of subcri-
teria, there are m number of matrices, MA, (I=1,
2, +++, m), each being a comparison matrix of the al-
ternatives with respect to each other’s contribution.
The matrix is determined as follows:

MA=(ay) (i, j=1,2)
In this comparison matrix, entries a; are determined
by u;;. For example, given subcriteria, £,, and two al-

ternatives, A; and A,, the value of the contribution of
alternatives to F, are u); and uy,, respectively. The

life cycle assessment

‘ environmental impact (EI)

CHP
nCHP
ETP
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!
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Figure 3 The hierarchical structure of the chemical product life cycle design
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Table 3 Environmental impacts potential for the two chamber cleanings

El E2 E3 E4 E5 E6 E7
NF; 243150 52 2984 0 8263 1472188 2383
C,Fs 79157577 7349 6103 0 21803 548490 47483

numerical value of a;is given by Eq.(2).
u; ..
a; =—= G Jj=12) (2)
Uj,
So the matrix MA, is determined as follows:

MA2={a” a12}={”12/”12 ”12/”22}

ay; Ay Uy / Uy Up / Uy

Determination of WA, Once the comparison ma-
trix is determined, the vector of weight, WA, for MA,,
is computed. The initial step to obtain WA, is to sum
up all the elements in each row in MA,, resulting in a
column vector. This column vector is normalized to
obtain the vector of weight, WA= (wy;, wa,***, wnl)T.

4.4 Determine the score of single criteria

The performance of the product in the aspect of
different criteria can be evaluated by comparing their
score. For this purpose, the initial step is to construct a
matrix M with WA,. Then the vector of weight W, is
multiplied by M, resulting in the score of single crite-
ria for alternatives For alternative products, hereto,
designers can choose a promising alternative with re-
spect to an ascertain criteria based on its score. In
contrast to conventional AHP, however, here fluctuant
weight analysis technology is adopted to calculate the
score of single criteria. The weights are not constant but
fluctuant and are based on the decision-maker’s prefer-
ence or knowledge, so the decision-maker can select
more competitive alternatives in a perspective view.

5 CASE STUDY

In the manufacture of integrated circuits, multiple
thin film depositions are carried out by processes that
employ plasma enhanced chemical vapor deposition
(PECVD). Periodic cleaning of the internal surfaces of
the deposition reactors is necessary to maintain pro-
duction yield. Chamber cleaning is usually carried out
by utilizing fluorine chemistry to convert solid resi-
dues into volatile gaseous by-products that can be
pumped out of the CVD reactor using vacuum pumps.
Perfluorocarbon (PFC), such as C,F¢, and NF; are of-
ten employed as the source of reactive fluorine in
PECVD chamber cleaning. The alternative cleaning
gases have their respectively merits. For a comprehen-
sive understanding and to illustrate the applicability of
the formulated AHP C,F4 and NF; are used as case ob-
jects. The selection of etch gases for the chamber
cleaning processes depends on the result of AHP.

5.1 Life cycle inventory

Having defined the goal and scope, life cycle in-
ventory is performed from raw material extraction to
production, usage, and abandonment. However, in the
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process of using NF; and C,F¢ for CVD chamber
cleaning, some harmful materials and nonreaction raw
materials are released in the form of gas. To facilitate
LCA study, some simplifications are made: (1) the
treatment of wastes in the abandonment stage is inte-
grated into usage stage; (2) LCC in abandonment
stage is also omitted; (3) the benchmark function is
the production of 1000kg~h7l NF;and C,F¢. Life cycle
inventory data mostly refer to Ref.[25] and are partly
assembled from the industrial and governmental sta-
tistic data. After carefully gathering and analyzing
data, the environmental impact potential of the wastes
emitting from the two product life cycles are summa-
rized in Table 3, whereas Table 4 represents the LCC
in each stage.

Table 4 LCC for the two chamber cleanings (dollar)

S S, S5 Sy
NF; 12000 6800 4800 —
C,Fq 8000 3500 2900 —

5.2 Life cycle assessment

The selection process of a CVD chamber clean-
ing is achieved through evaluating its economical and
environmental performances. The economic and en-
vironmental hierarchies are constructed as shown in
Fig.3, and the number of alternatives is two in this
case. The comparison matrix for LCC and EI are con-
structed according to the method described in section
4.2, and their relative weight (RW) against the indi-
vidual weight as well as the relative weight score of
each subcriteria, are calculated as shown in Tables 5
and 6. Their relative CI are also calculated to ensure
the consistency of the comparison matrix. The column,
RW, in Tables 5 and 6 show the vector of weight, W,
for LCC and W, for EI, respectively. From the Table 5,
it can be judged that the cost relative to raw material
acquirement and product manufacture accounts for the
maximum proportion of the cost of LCC ( 75% of the
total cost), and therefore reducing this cost to a large
extent can decrease LCC remarkably. In the same way,
CHP and nCHP of materials released from the product
life cycle are worth being paid more attention to, as
they are the main subcriteria in evaluating the environ-
mental performance of a product, as shown in Table 6.

Table 5 Relational score and relative weight for LCC
against individual score and weight

LCC M S, S5 Sy RW
M 1 1 3 3 0.375
S, 1 1 3 3 0.375
83 1/3 1/3 1 1 0.125
M 1/3 1/3 1 1 0.125
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Table 6 Relational score and relative weight for El against individual score and weight

EIl E; E, E; Ey Es Es E; RW
E, 1 1 1 3 1/3 1/3 1/2 0.086
E, 1 1 1 3 1/3 1/3 172 0.086
E; 1 1 1 3 1/3 1/3 172 0.086
Ey 1/3 1/3 1/3 1 1/6 1/6 1/4 0.043
Es 3 3 3 6 1 3 2 0.269
Es 3 3 3 6 1 1 2 0.269
E; 2 2 2 4 172 172 1 0.160

On the basis of the results from the inventory
analysis, relative score and relative weight of CVD
chamber cleanings with respect to LCC and EI were
computed, respectively, and their details are shown in
Tables 7 and 8. The column, RW, in Tables 7 and 8
express the vector of relative weight of C,F¢ and NF3,
WA, with respect to LCC and EI. As far as the finan-
cial issue is concerned, the RW of NF; at three stages
of the life cycle (raw material extraction, production,
and usage) is greater than that of C,Fs. In contrast,

Table 7 Relative score and relative weight of CVD cham-
ber cleaning with respect to LCC

Stage NF; C,F¢ RW
N NF; 1 1.5 0.60
C,Fs 0.667 1 0.40
NF; 1 2.057 0.67
52 C,Fs 0.486 1 0.34
N NF; 1 1.533 0.64
C,Fs 0.652 1 0.36
NF; 1 1 0.50

Sy
C,Fs 1 1 0.50

Table 8 Relative score and relative weight of CVD cham-
ber cleaning with respect to El

Category NF; C,F¢ RW
5 NF, 1 0.031 0.030
C,Fs 3225 1 0.970

. NF; 1 0.007 0.007
C.Fs 1428 1 0.993

5 NF, 1 0.489 0.328
C,Fs  2.045 1 0.672

NF, 1 1 0.50

Es C,Fq 1 1 0.50
k. NF; 1 0.378 0.275
C.Fs  2.646 1 0.725

i NF, 1 2.684 0.729
C,Fs 0373 1 0271

NF, 1 0.050 0.048

& C,Fs 1993 1 0.952

with regard to environmental performance, the RW of
C,F¢ at the environmental category (GWP, ODP, and
POCP) is greater than that of NF; because there is
discharge of a great deal of material during the life
cycle of C,F¢, such as C,CL,F4 and C,CIl3F;3, which
have a great impact on GWP, ODP, and POCP. In ad-
dition, F», which have a high numerical value of nCHP,
is emitted during the production and usage of NFj,
which causes the RW at nCHP to be high. Therefore,
to protect human health, it is imperative to implement
some protective measures during the production and
usage of NF;.

From the above analysis, it may be confusing to
note that product alternatives have excellent perform-
ance in one subcriterion, but not so good in other cri-
teria. Therefore, to obtain an overall and objective
evaluation, the calculation of the score of single crite-
rion, LCC and EI, for alternatives is carried out. The
score of single criterion (see Table 9) is obtained by
multiplying W; by M (the detailed procedure of com-
putation is shown in Section 4.4). By calculating the
emission impact on the environment in various cate-
gories and analyzing the LCC in each phase, it is not
difficult to conclude that C,F¢ is worse in terms of
environmental performance than NF3, but not in terms
of economical performance.

Table 9 The score of single criterion for alternatives

LCC EI
NF; 0.619 0.328
C,Fs 0.381 0.672

5.3 Result and discussion

The hierarchy results show that, based on envi-
ronmental criteria, NF3, as a CVD chamber cleaner, is
a more environment friendly product when compared
with C,Fs. However, in terms of economical perform-
ance, C,F¢ is more competitive because of its low
LCC. In fact, the knowledge of the importance of
economy, society, and environment in product devel-
opment is not an achieved consensus in the chemical
industry. So a scientific assessment needs some
trade-offs in the aspect of economy and environment
based on the designers’ preference. Being a general
decisive tool, a fluctuant weight analysis is put forth
to calculate the integrated index of the product. Once

Chin. J. Ch. E. 15(1) 81 (2007)
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the weight of economy is defined, it is found that
lower the integrated index, the more excellent the
product is. Integrated index is determined by using the
following equation.

Integrated index= S, Xy, + 8, Xy, (B + B, =1)

3)
where f; and f, indicate the weight factor in eco-
nomical and environmental terms, respectively,

bounding from 0 to 1, and they can be used to reflect
the preference tendency of a decision-maker. ; and
w, denote the score of the single criterion, LCC and EI,
for alternatives, respectively.

By changing the numerical value of £, the rela-
tively integrated index of each product is obtained as
shown in Fig.4. So it can intuitively be deduced from
Fig.4 that when the weight factor of economy, £, is
less than 0.6, the production of NF; is more feasible
than that of C,Hs.

0.7

g
=N

integrated index
=)
W

0.4
03 L | | | |
0 02 04 06 08 1.0 12
Ay
Figure 4 Integrated indexes of two products

under different criteria
| NF3, O C2F6

6 CONCLUSIONS

Product alternatives can be compared using the
formulated AHP model with a fluctuant weight analy-
sis, based on the result of LCA and LCC. The results
obtained can serve as some initial guidelines for judg-
ing the feasibility of using a certain product. In addi-
tion, these alternatives are compared on a common
basis (the same set of criteria) with respect to their
environmental and economic merits. This solves the
frequent, but difficult question of how to interpret and
compare the results of separate LCA analyses that
have been performed on these alternatives. What is
more fascinating is the fact that the relative compari-
son as well as the absolute comparison modes can be
used in the proposed AHP mode. The formulated AHP
model with fluctuant weight analysis for product
evaluation has a general character because it can be
applied for the comparison of any type of or any
number of products.

NOMENCLATURE
E, green warm potential
E, ozone depletion potential
E; photochemical oxiden creation potential
E, acidification potential
Es cancer hazard potential
Es noncancer hazard potential
E; ecotoxicity potential
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S
S

3
S4

raw material stage
production stage
usage stage
abandonment stage
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