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Technology-based sustainability enhancement is a key approach for industrial sustainability realization. However,
identification of effective technologies for any industrial system could be very challenging. If the available data and
information about the industrial system and technologies are incomplete, imprecise, and uncertain, then technology
identification could be very difficult. In this article, the authors introduce a simple, yet systematic interval-parameter-based
methodology for identifying quickly superior solutions under uncertainty for sustainability performance improvement. The
methodology is general enough for the study of sustainability enhancement problems of any size and scope. A case study on
sustainable development of biodiesel manufacturing demonstrates methodological efficacy. © 2012 American Institute of
Chemical Engineers AIChE J, 58: 1841-1852, 2012
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Introduction

Depletion of natural resources, environmental pressure,
economic globalization, etc., demand seriously industrial
organizations to ensure that their manufacturing be sustain-
able." Today, numerous advanced manufacturing technolo-
gies are available for the improvement of energy/material
efficiency, product development and quality assurance, zero
(waste) discharge, process safety assurance, productivity in-
crement, etc (Sikdar et al., Engineering, 2011). Needless to
say, technology adoption by industrial organizations must be
financially justified. Industries seek continuously systematic
methodologies and tools that can help them identify the
most suitable technologies to achieve their sustainability
goal at the minimum cost.”

Sustainability enhancement is always a very challenging
task, even for a small industrial system, such as a plant or a
product. To identify the strategies for sustainability enhance-
ment, economic, environmental, and social sustainability
assessments are always the first and critical step. In assess-
ment, an unavoidable task is to identify an effective
approach to process a variety of uncertainties that appear in
system characterization, technology description, and beyond.
For example, the combined economic, environmental, and
social performance of technologies can be hardly determined
precisely. It is usually not predictable when environmental
regulations will change and how they will affect technology
development and adoption. The interdependency of industrial
systems and the relevance to sustainability are frequently dif-
ficult to model. The information about material or energy
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consumption, product, waste, or byproduct generation, and
profitability of individual systems are often incomplete and
imprecise. The uncertain situation can be more severe when
predicting future sustainability performance, as market
demand, supply chain structures, environmental policies,
etc., change along the time.

Uncertainties can be generally classified into two catego-
ries: the aleatory and the epistemic uncertainties.” The alea-
tory uncertainty refers to the variations associated with phys-
ical systems and/or the environment; it is objective and irre-
versible. By contrast, the epistemic uncertainty is carried due
to the lack of knowledge and/or information; it is subjective
and reducible. The uncertainties encountered in the study of
industrial sustainability problems, as exemplified above,
could be either aleatory or epistemic.

A variety of mathematical and computational intelligence
methods are available for uncertainty handling, such as those
by resorting to statistical theory, fuzzy mathematics, and ar-
tificial intelligence.* " For instance, probability bounds anal-
ysis (PBA)® is a method extended from probability theory.’
It expresses uncertainty using a probability-box (or p-box)
approach,® where a p-box represents a range of distribution
functions. The method can provide a balance between
expressiveness of imprecision and computational efﬁciency.9
Note that since the availability of distribution functions is a
requirement and modeling of uncertainty propagation is a
real challenge, PBA methods are basically not suitable for
the study of many types of sustainability problems.

Fuzzy logic- and fuzzy programming-based approaches are
attractive in formulating and manipulating epistemic uncer-
tainties, where rigorous logics are used to deal with fuzzy in-
formation that are difficult to compute using conventional
mathematical methods.'® Solution derivation is usually trans-
parent, which makes solution reasoning easy to understand.
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Piluso et al.'' and Liu et al.'? introduced a fuzzy logic-based
decision-making approach for industrial sustainability
enhancement under uncertainty. Note that, however, decision
quality is largely affected by the definition of fuzzy sets and
fuzzy numbers, where subjective judgments are used to a
large extent because of lack of sufficient precise data. Appa-
rently, any poor judgment could be detrimental to decision
quality. Sevionovic presented some general concepts sur-
rounding fuzzy set approaches to process a few types of
uncertainties appeared in water sustainability problems.13
Hersh'* demonstrated a need for conducting sensitivity analy-
sis when investigating the dependence of decisions on uncer-
tain parameters, weights, and models, but the success in prob-
lem solving is yet to be proven. Recently, Conner et al.'’
introduced a fuzzy logic-based method for sustainability
assessment of nations and corporations under interval-
based uncertainties. By their approach, sustainability index
intervals are calculated through fuzzy logic-based operations.
Again, how to define adequately a variety of fuzzy sets is a
challenge.

Information gap theory (IGT)'S is a fairly new method for
expressing uncertainty and making decisions when only the
best guess for a specific quantity is available.'” Note that
information gap is defined as a disparity between what is
known and what needs to be known to make a responsible
decision. It has some engineering applications.'”'® However,
the mathematics of IGT is complicated and, thus, the method
is difficult to use in modeling decision problems."?

Interval-parameter (IP)-based uncertainty handling is an
interesting approach, by which parameter uncertainties are
expressed by interval numbers, each of which has the lower
and upper bounds and there is no data distribution informa-
tion required.20 [P-based approaches have been used to study
successfully many environmental problems.m_24 This type of
approaches should be suitable for various sustainability
assessment and decision-making tasks, where no probability
function is derivable from the accessible data. The
approaches are particularly attractive for the tasks of tech-
nology-based sustainability enhancement, where the known
data are usually limited and uncertain, data ranges of param-
eters are known, but no data distribution information is
available."!

In this article, we introduce a simple, yet systematic IP-
based methodology for sustainable technology assessment
and decision making for sustainability enhancement of indus-
trial systems under uncertainty. By this method, technology
candidates can be thoroughly evaluated using suitable sus-
tainability metrics, and optimal technology sets can be read-
ily identified to meet the industrial organization’s strategic
goals under budget constraints. The developed methodology
is general that can be applied to sustainability enhancement
problems of any size and scope. The remainder of the article
is organized as follows. We introduce first the basic defini-
tion of an interval number and arithmetic operation types.
Then, a set of IP-based sustainability assessment formula-
tions are introduced, and the IP-based approach is extended
to the identification of sustainability enhancement needs.
Next, an IP-based technology identification methodology is
described in detail. The efficacy of the methodology is dem-
onstrated through investigating a sustainable biodiesel manu-
facturing problem. Finally, we will discuss some application
issues and conclude the significance of the introduced
methodology.
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IP-Based Uncertainty Handling

Let X be an interval number with known lower and upper
bounds, for which parameter distribution within the interval
is unknown. This interval number can be defined as

X = [ 4], (1)

where x* and xV are the real numbers and x* < xV. Note that if
x™ equals xV, then, X becomes a deterministic number, which
means no uncertainty involved, and thus can be written as X.
Obviously, the definition in Eq. 1 still applies to a deterministic
number as it is a special case of an interval number.

Let symbol * € [+, —, X, <] be a binary operation on
any interval number. The arithmetic operations of interval
numbers, X and ¥, can be generalized as follows’

X Y = [min{x % y}, max{x x y}], where x* < x <xY,
<yl (2

More specifically, we have

X+7Y ="+ +yY), 3)
X ¥ = [t —yVxV L], @)
X x ¥ = [min{x x y}, max{x x y}], 5)
X + Y = [min{x + y}, max{x = y}]. (6)

Based on the definition of multiplication in Eq. 5, the
following operation holds

VX = [@ \/x_U} )

Note that the resulting interval ensures the lower bound not
greater than the upper bound. Also note that the above
definitions are applicable to the operations involving one or
more deterministic numbers, since a deterministic number is a
special case of an interval number. In the following text, every
interval number is symbolized by a variable symbol with a bar
above, and the operations of interval numbers will follow the
definition in Eq. 2.

Sustainability Assessment

Various metrics systems are available for performing sus-
tainability assessment, such as, the IChemE® and AIChE?*®
sustainability metrics that are widely adopted by the chemi-
cal industries. For an industrial system named P, we assume
that a set of sustainability metrics, namely set S, is selected
by the decision maker. The set of metrics contains three sub-
sets, each of which can have a number of specific indices

S = {E7 V7 L }’ (8)

where

E ={Eli=1.2,..F}, the set of economic sustainability
indices,

V={Vli=12,...,G}, the set of environmental sustain-
ability indices,

L = {Lli=12,...
indices.

Note that all the sustainability indices in this text take nor-
malized values for the convenience of discussion. Therefore
in application, all the data should be normalized first.

JH}, the set of social sustainability
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Table 1. Sustainability Evaluation on the System and the

Technologies
Technologies

Category Index System (P) T, T, Ty
Econ. (E) E, E, (P) E\ (T) Ei(Ty) Ey (Ty)
Ee  E(P) E(T) E(T) .. E(y
Environ. Vl V] (P) Vl (Tl) V] (Tz) Vl (TN)

% e T T e
Vo Ve (P) Vo (T Vg (To) Ve (Ty)
Soc. (L) L, Ly (P) Li(T) L (Ty) Ly (Tn)
Ly Lu(P)  Lu(Ty) Ln(Ty) Ly (Ty)

Using selected sustainability indices, the status quo of
the sustainability of system P can be assessed using the
data collected from the system. For those uncertain data,
the corresponding parameters should be expressed as
intervals with the upper and lower bounds specified. In
this way, the index-specific assessment results, i.e., E;,(P)s,
ViP)s, and LiP)s, are also interval numbers (see the
third column of Table 1). These data can be used to esti-
mate categorized sustainability for the system, i.e., E(P),
V(P), and L(P), which are called the composite sustain-
ability indices and can be evaluated using the following
formulas

= S aiEi(P)

EP) ===~ 9
(P) S ©
Va 26:1 bivi(P)

V(p) === (10)

EiG:l bi

ooy i CiLi(P)

L(P)=="“-"1——+ 11
(P) S an

where a;, b;, and ¢; € [1, 10] are the weighting factors
associated with the corresponding indices, reflecting the
relative importance of an individual index over others in
overall assessment. If all the factors are equally important,
then each factor can be set to 1.

It is understandable that at a higher level of management
hierarchy, decision makers may be interested in their organi-
zation’s overall sustainability rather than very specific index
values. In this case, the overall sustainability level of the
system, denoted by S(P), can be estimated as follows

[(2E(P), BV(P), +L(P))]]

SO =" BT

12)

where o, 8, and 7 each has a value of 1 (default) or greater.
Naturally, S(P) is still normalized.

The weighting factor issue

Equations 9-12 contain a number of weighting factors,
which reflect the relevant importance of different sustainability
aspects. It is widely recognized that the weighting factors
should be determined by decision makers based on their
understanding of an organization’s development goal. The
assessment framework introduced in this work provides oppor-
tunities for them to assign preferred values to weighting fac-

AIChE Journal June 2012 Vol. 58, No. 6

Published on behalf of the AIChE

tors in their applications. They can also assign different values
to those weighting factors and then compare the results.

Goal Setting and Need for Sustainability
Performance Improvement

For any industrial system, sustainability improvement needs
can be determined based on the organization’s strategic goal.

Strategic goal

An industrial organization’s strategic plan can be detailed
by specifying detailed economic, environmental, and social
development goals below:

E*P(P) = the economic sustainability goal for system P,

V*P(P) = the environmental sustainability goal for system
P,

L°P(P) = the social sustainability goal for system P.

By following the same approach used in Eq. 12, the over-
all sustainable development goal can be expressed as

[(aEP (P), BV (P), YL (P) )|
[[Cos B, )l

where o, [, and y should take the same values as those used in
Eq. 12. Obviously, S*P(P) is also a normalized parameter. The
sustainability goals could be achieved in one or multiple
development stages. In this work, we assume that this is a one-
stage improvement effort. For a multiple stage improvement,
the organization should specify its sustainability goals for each
stage.

§*(P) = . 13)

Determination of improvement need

Whether the sustainability performance of system P
should be improved or not is determined first by measuring
the difference between the system’s status quo and the sus-
tainability goals in the following way

AE™(P) = E¥(P) — E(P), 14)
AVI™P(P) = V**(P) — V(P), (15)
AL™ (P) = L*(P) — L(P). (16)

The deviation of the overall sustainability of the system from
the goals is

AS™ (P) = S(P) — S(P). 17)

Note that AE™ (P), AV™ (P), and AL"™™ (P), and thus AS™™
(P) are rarely zero intervals. The industrial organization should
set its satisfaction level about the system performance, and
then decide whether actions should be taken for performance
improvement. Let g, nv, and 1 be the maximum acceptable
deviations of the system’s sustainability performance from the
preset goals. They can be set to, for example, 5% each. If any
of the following inequalities holds, a sustainability improve-
ment effort is needed

AE™L(P) > nE®(P), (18)
AV (P) > 5, VP (P), (19)
AL™(P) > 5, L (P), (20)

where AE™" (P), AV™" (P), and AL™P" (P) are the lower
bounds of the improvement intervals obtained in Eqs. 14-16.
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Technology Evaluation on Sustainability

In this study, sustainability enhancement of system P is
achieved through implementation of suitable technologies.
Assume that N technology candidates are available. They
should be evaluated by the same sustainability indices as
those used for system P. The evaluation results expressed as
interval numbers are entered in Table 1 (from the fourth col-
umn). It is very possible that technology inventors, pro-
viders, and users can provide some technology assessment
information based on their tests and experience. The infor-
mation, however, should be re-evaluated using the selected
sustainability indices for system P through working with the
industrial organization. In the case of missing technical data,
a reliable system simulator can be used to generate reasona-
ble performance data. Note that all the parameters in Table
1 have normalized values.

Based on the index-specific evaluation data for each tech-
nology, the categorized sustainability performance of each
can be derived as follows

F ,_A .
sy =2 @By v
> im1 i
=1
G ._. .
V(D)—W; j=1.2,.,N ()
i=1"1
— ZH C'iEi(T')
L(T) === j=12,...N (23)
2oimi G

where a;, b;, and ¢; € [1, 10] are the same weighting factors as
those used in Egs. 9-11.

The suitability of each technology listed in Table 1 for the
improvement of system P can be readily evaluated in the
following way

(24)

(25)

AL,(T;;P) = Li(T;) — Li(P); i=1,2,....H; j=1,2,....N
(26)
The above index-specific suitability evaluation results can then

be used to calculate the categorized sustainability improve-
ment level for system P as follows

AE(Tj;P)_Z’_lngi(Tj;P); —1,2,..N (7
=14
G . _A ..
AV(T;; P) —Z”;év’b(r”m; j=1,2,...N  (28)
i=1Yi
H r .
AIZ(T,«;P)-W; i=1,2,.,N (29
i=1 Ci

where a;, b;, and ¢; € [1, 10] are the same weighting factors as
those used in Eqgs. 9—11. These results are summarized in
Table 2, where the cost information for using each technology,
i.e., B(Tj;P), is also included.
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and Cost Data

Improvement Levels by
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gl;;aglg:}t)ggg Cost Individual Technologies

for Technology Use T, T, Tn

Econ. sust. AET;; P) AETyP) A E(Ty; P)
improvement

Environ. sust. AV(T;; P) AV(T,; P) A V(Ty; P)
Improvement

Soc. sust. AL(T;; P) AL, P) A L(Ty; P)
improvement

Overall sust. AS(T; P)  AS(Ty P) A S(Ty; P)
improvement

Cost for technology B(T,; P) B(T,; P) B(Ty; P)
use ($)

Identification of Superior Technologies

With the assessment information derived by the method
described in the preceding section, technology identification
can be systematically conducted, which is to generate a com-
plete set of information about the capacities of technology
combinations for sustainability enhancement under a given
budget limit. The solution superiority here is defined as fol-
lows: by the identified technologies, the industrial system’s
sustainability performance can meet the goals satisfactorily
at the cost under the budget limit. Very likely, multiple sets
of technology combinations exist under cost constraint.
Those technology combinations usually show different
capacities in improving different areas of sustainability,
although their overall sustainability performances may be so
close that their superiority levels cannot be differentiated.
Therefore, it is appropriate that all those superior solutions
are provided with detailed information to the decision mak-
ers, who can make their decisions on technology adoption.

To assist the industrial organization in technology selec-
tion, the methodology can generate the following types of
information that are summarized in Table 3.

(a) The technology sets numbered in Column 1 and listed in
Column 2 of the table. Each technology set contains one or
more technologies, such as {75} and {73, Ts, T1o}. The total
number of potential technology sets is 2¥—1, including all
the combinations by N technology candidates.

(b) The capabilities of the technologies for economic, envi-
ronmental, social, and overall sustainability improvement.
This group of information shows not only the categorized
sustainability improvement levels (i.e., AE(T; P), AVA(T; P),
and AL(T; P)) after implementing each technology set (in
Columns 4-6 of the table) but also the extent of the overall
sustainability of the system [S;(T; P)] that can be reached (in
Column 7 of the table). Assuming that the ith technology set
has m technologies included, the improvement level by the
set can be derived as follows

AE(T;P) =Y AE(T}; P), (30)
j=1

AV{(T;P) =Y " AV,(T}; P), (31)
j=1

AL(T;P) = AL(T}; P). (32)
J=1
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Table 3. System Sustainability Improvement by Technology Sets

Achievable Categorized Sustainability

No. Tech. Set Cost for Tech. Set Econ. Environ. Soc. Overall Sust. by Tech. Set
I (1) B, (T:P) E, (T;P) V) (TP) L, (T:P) S, (T3P

N1 (7). T) By.i (T:P) Enai (TiP) Vot (TP) L. (T:P) Sxet (T3P)
2o (T4, T, .., Ty} By (TiP) Ex\ (T:P) Vo T:P) Ly, (T:P) Sy (T:P)

The above categorized sustainability improvement results
can be used to evaluate the overall sustainability, S;(T;P) by
first calculating the categorized sustainability that system P
can achieve after implementing the ith technology set. The
formulations are given as follows

E{(T;P) = AE(Tj;P) + E(P), (33)
j=1

Vi(T;P) =Y AVA(T;; P) + V(P), (34)
j=1

Li(T;P) = > AL/(T}; P) + L(P). (35)
j=1

Then, the overall sustainability after using a specific set of
technologies becomes

<o (BT P),  BVAT;P), yLi(T;P))]|
Sp = i B i ’

where o, 5, and y take the same values as those used in Eq.
12 for consistency. The information derived from Egs. 33-36
should be entered in the fourth to seventh columns of Table 3.
(c) The total cost for using the ith set of m technologies can
also be readily calculated as follows

(36)

m

Bi(T;P) =Y B(T};;P). (37)

J=1

The cost data are listed in the third column of Table 3.

The effectiveness of technology sets in application can be
further evaluated through calculating sustainability improve-
ment percentages in the following way

e
V™ (T, P)(%) = Vil QP_) ), 39)
£ PY(%) = & (T;II;?P_) L) (40)
sz 250 @

Solution identification procedure

The sustainability performance of an industrial organiza-
tion can be improved in many ways. For instance, a corpo-
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ration may plan to introduce a number of new products, to
replace existing energy systems using alternative energy,
to replace some production lines for productivity improve-
ment, to reduce energy consumption and emission, or any
combination of these or others. The approach for technol-
ogy identification described below includes two proce-
dures: (i) the one for a single improvement task (SIT) and
(ii) the one for a multiple improvement task (MIT).
Detailed solution identification procedures are introduced
below.

Procedure for an SIT. Assume that a total of N technol-
ogy candidates are identified, i.e., T = {Ty, To, ..., Tn}. A
five-step procedure is given below for identification of all
technology sets that can be used to achieve the economic,
environmental, and social sustainability goals.

Step 1. Generate a complete list of technology sets
(denoted as list Q) through enumerating the combinations by
N technology candidates. The list contains 2V — 1 distinct
technology sets, each of which has a size of k (1 < k < N)
and in the form of {T,, ...}. These sets are numbered in the
first column and listed in the second column of Table 3. In

list Q, there should be [N

1 ] sets containing one technology

each, [1;/] sets with two technologies each, ..., and

{% ] set including all N technologies.

Step 2. Calculate the total cost required for adopting each
set of technologies according to Eq. 37. The results should
be entered in the third column of Table 3. Note that any
technology set, if the total cost exceeds the budget limit,
B"™(P), should be removed from the table.

Step 3. For each set remained in the table, evaluate AE;
(T; P)s and E; (T; P)s, respectively, using Eqs. 30 and 33,
and then enter the values of E; (T; P)s in the fourth column
of Table 3. Note that any set, if the value of E} (T; P) is
lower than (1 — ng)E*® (P) (where ng could be 0.05, e.g.),
should be eliminated from the table, as it is incapable of
improving the system to the level set by the economic sus-
tainability goal.

Step 4. Calculate AV, (T; P)s and V; (T; P)s using Egs. 31
and 34, respectively, and enter the values of V; (T P)s in
the fifth column of Table 3. If the value of VI.“ (T; P) of the
ith technology set is lower than (I — ny)VP (P) (where 5y
is 0.05, e.g.), the set should be deleted from the table, due to
its incompetence of achieving the environmental sustainabil-
ity goal.

Step 5. Calculate AL; (T; P)s and L; (T; P)s using Egs. 32
and 35, respectively, and enter the values of L; (T; P)s in the
sixth column of Table 3. Then, keep only those sets in the
table whose LiL (T; P)s are equal to or greater than (1 — ny)
(e.g., 0.95) of LP(P).
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Table 4. Sustainability Improvement by Combined Technology Sets

Achievable Categorized Sustainability

No. Tech. Set Cost Econ. Environ. Soc. Overall Sustainability
1 {or, 021, - opa} BY (T:P) EY (T:P) VI (T:P) LY (T:P) S (T:P)
2 {on, 021, 05 op2} By (TP) Ey (TP) vy (T:P) Ly (T:P) 83 (T:P)
Gior (w16, 026, s OuG,} BY,, (T:P) E¢,, (T:P) Vo (T:P) L (T3P S&o (T:P)

Step 6. Evaluate Si(T; P) using Eq. 36 and enter the
results in the seventh column of Table 3.

Note that the technology sets still remained in Table 3 af-
ter Step 5 are those that can be used to achieve the organiza-
tion’s sustainability goals under the preset budget limit.

Procedure for an MIT. 1In the case of achieving multiple
objectives, the total budget limit, Bi™ (P), should be set first.
Assuming that M objectives are defined, a solution search
procedure is proposed below.

Step 1. For each objective, run the above SIT procedure
to identify the optimal technology set(s) that are contained
in Table 3. For the kth objective, for instance, the resulting
table is named Q; = {wg1, Wgo,...,00nc,}, Where wy; is the
ith technology set, and the total number of technology sets is
G,. Note that for a task of M objectives, a total of M tables
are generated, namely Qg, Q,, ..., and Q.

Step 2. Generate a complete list of the grouped technology
sets (denoted as list Q) through enumerating all the combi-
nations of the identified technology sets among the M tables;
the total number of such combinations is Gy = Hf]:, Gy.
These combined technology sets are numbered in the first
column and listed in the second column of Table 4.

Step 3. Calculate the total cost for adopting each grouped
technology set according to Eq. 37. The results should be
entered in the third column of Table 4. Note that any tech-
nology set, if the total cost exceeds B{g{‘ (P), should be
removed from the table immediately.

Step 4. For each grouped technology sets remained in Ta-
ble 4, evaluate AEY (T; P)s and EY (T; P)s using Egs. 30
and 33, respectively, and then enter the values of EY (T; P)s
in the fourth column of Table 4.

Step 5. Calculate AVY (T; P)s and V¥ (T; P)s using Egs.
31 and 34, respectively, and enter the values of Vﬁ-"’ (T; P)s
in the fifth column of Table 4.

Step 6. The same type of actions is taken for deriving
ALY (T; P)s and LY (T; P)s using Egs. 32 and 35, respec-
tively, and then enter the values of LY (T; P)s in the sixth
column of Table 4.

Step 7. Calculate the overall sustainability, Eﬁ-"’ (T; P), and
enter the results in the seventh column of Table 4.

All the grouped technology sets remained in Table 4 satisfy
the strategic goals under the budget limits. In general, the
technology sets demonstrate different categorized sustainabil-
ity improvements. The table can be sorted in descending order
according to the individual categorized sustainability perform-
ance or the overall performance at the decision makers’
choice. The sustainability improvement percentages calculated
using Eqs. 38-41 can provide additional valuable information
for comparison of technology sets. With these, the industrial
organization should be able to select the most preferred tech-
nology set for application. In reality, the technologies avail-
able for an industrial organization to choose are normally lim-
ited. This makes the computational solution search well man-
ageable, even for a multiple objective problem.
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Performance comparison by sustainability cube

The system’s sustainability performance using different
technology sets that is quantified in Table 3 (for a single
objective) or Table 4 (for multiple objectives) can be shown
using a sustainability cube, which was introduced by Piluso
et al.'' As shown in Figure 1, the three coordinates of the
cube are labeled by the composite indices of economic, envi-
ronmental, and social sustainability, which are all normal-
ized. The corner at (0, 0, 0) represents no sustainability at
all that is rare, while the opposite corner at (1, 1, 1) indi-
cates complete sustainability that is ideal. In the figure, the
dot labeled as S(P) describes the status quo of an industrial
system, while the small solid square labeled as S*°(P) plots
the sustainability goal defined by the industrial organization.
The small cycle labeled as S;(T;P) shows the sustainability
achieved after adopting the ith technology set. Each sustain-
ability status is quantified by three composite index values
shown in the figure. This plot can help the industrial deci-
sion makers compare graphically the solutions in categorized
and/or overall sustainability.

Case Study

The introduced methodology has been successfully used to
study a number of complex industrial sustainability problems.
In this section, a sustainability development problem about
biodiesel manufacturing is selected to illustrate the efficacy of
the introduced methodology. In this case, a biodiesel plant
with the production capacity of 8000 tons/year plans to iden-
tify suitable technologies for waste reduction, energy recov-
ery, and product quality improvement for its alkali-catalyzed
biodiesel manufacturing process (Figure 2). The plant decides
to solicit proposals from its engineering departments, which
should contain recommended technologies with detailed sus-
tainability assessment under budget limit.

I~
- (1.1.1)
™~ \\

‘\\\‘\\.ssp(p)
S(P)T

Composite econ. jndex

4
“

%,

(&3
I I,

Q:
Rl

Figure 1. Sustainability cube representation.
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Figure 2. Flow sheet of an alkali-catalyzed biodiesel manufacturing process.

Technologies and classification

As a response, the engineering departments have identified
10 technologies from different sources,?’ > which can be di-
vided into the following two groups:

Group 1: Source waste reduction technologies. The four
identified technologies are (1) T ; — separation of methanol
in the waste stream from the glycerol purification column
and its recycle to the transesterificaiton reactor, (2) T, —
recycle of the unconverted oil as part of the feedstock after
pretreatment, (3) T, 3 — recycle of waste stream of the glyc-
erol purification column to the liquid—liquid extraction col-
umn as a washing solvent to replace fresh waster, and (4)
T, 4 — recovery of solid waste from the catalyst removal sep-
arator as a type of fertilizer.

Group 2: Energy efficiency and product performance
improvement technologies. They are (1) T,;—redesign of
product purification sequence, (2) T,, — pretreatment of
waste cooking oil as a new feedstock, (3) T3 — adoption of
new catalyst for the transesterification reactor to improve its
conversion rate, (4) 7,4 — energy recovery from the glycerol
purification process, (5) T,5 — energy recovery from the
transesterification reaction process, and (6) T, — energy re-
covery from the biodiesel purification system.

Sustainability indicator selection

To facilitate the illustration of methodology application,
a small set of sustainability indicators are selected from
the IChemE Sustainability Metrics system.25 The eco-
nomic indices include (1) value added (E;) and (2) gross
margin per direct employe (F,). Note that price variation
and market fluctuation affecting the calculation of the two
indices are expressed by interval numbers. The environ-
mental sustainability category contains three indices (1)
total raw materials used per pound of product produced
(V1), (2) hazardous solid waste per unit value added (V5),
and (3) fraction of raw materials recycled (V3). Uncertain-
ties exist due to production fluctuation and feedstock qual-
ity variation. In the social sustainability category, the
selected indices are (1) lost time accident frequency (L;)
and (2) number of complaints per unit value added (L,).
The available data for evaluation are insufficient and
imprecise.
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Sustainability assessment

Using the selected sustainability indices, the assessment
results of the status quo of system P and the two groups of
technologies are listed in Table 5, where most of the results
are expressed as intervals due to data uncertainty. Then, the
categorized sustainability assessment of the process and the
two groups of technologies are derived using Egs. 9—-11 and
21-23; the results are shown in Table 6. For instance, the
plant sustainability is quantified as [0.500, 0.510] for E(P),
[0.393, 0.400] for V(P), and [0.344, 0.350] for L(P) as listed
in the fourth column of Table 6. Note that the weighting fac-
tors for different indices listed in the third column of Table
6 are provided by the plant. The overall sustainability of the
plant, S(P), evaluated by Eq. 12 is [0.417, 0.425], where pa-
rameters o, f, and y took the default value of 1, meaning all
are equally important.

Strategic goal setting

After reviewing the assessment results in Tables 5 and 6,
the plant management set the plant’s goal for the categorized
sustainability to 0.580 for E*P(P), 0.455 for V*P(P), and
0.392 for L*P(P). The values of 5g, 1y, and 5 are set to
0.05, representing a minimum requirement of 95% goal
achievement.

The difference between the sustainability goals and the
system performance can be calculated using Egs. 14-16,
which are [0.070, 0.080], [0.055, 0.062], and [0.042, 0.048],
for AE™P (P), AV'™ (P), and AL"™P (P), respectively. Using
the preset values for 7g, iy, and 5y, the values of ygE*® (P),
vV (P), and n L (P) are, respectively, 0.029, 0.023, and
0.020. According to Egs. 18-20, a technology-based sustain-
ability improvement is needed.

Technology recommendation

The introduced sustainability improvement procedure is
executed under two budget constraints set by the plant (1)
B"™(P) of $300 K for a single objective task and (2) Bi™
(P) of $450 K for a two-objective task.

Proposal 1: Technology recommendation for source waste
reduction. The single objective focused procedure is exe-
cuted to identify the most appropriate technology set(s) from
Group 1 that includes technologies T ;—T 4.

DOI 10.1002/aic 1847
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Table 7. Sustainability Improvement by Source Waste Reduction Technologies

Cost for System’s Achievable Categorized Sustainability Overall
Tech. Set Sustainability
No Tech. Set B; (T;P) E; (T;P) V; (T;P) L; (T;P) S, (T;P)
1 {T).1} $100 K [0.560, 0.575] [0.418, 0.420] Deleted (environ. concern)
2 {T,n} $150 K [0.550, 0.565] Deleted (econ. concern)
3 {T)3} $50 K [0.520, 0.530] Deleted (econ. concern)
4 (T4} $80 K [0.545, 0.560] Deleted (econ. concern)
5 (T4, Ty} $250 K [0.590, 0.650] [0.438, 0.465] [0.390, 0.420] [0.480, 0.521]
6 (T4, T3} $150 K [0.560, 0.615] [0.413, 0.445] Deleted (environ. concern)
7 (T2, T3} $200 K [0.550, 0.605] Deleted (econ. concern)
8 {Ty1. T4} $180 K [0.585, 0.645] [0.420, 0.450] Deleted (environ. concern)
9 {T12, Ty} $230 K [0.575, 0.635] [0.430, 0.460] Deleted (environ. concern)
10 (T3, T4} $130 K [0.545, 0.600] Deleted (econ. concern)
11 {T1.1, T2, T3} $300 K [0.600, 0.680] [0.440, 0.483] [0.382, 0.419] [0.482, 0.539]
12 {T11, T12, T14} $330 K Deleted (cost concern)
13 {T1.1, T3, T4} $230 K [0.595, 0.675] [0.423, 0.468] Deleted (environ. concern)
14 (T2, T3, T4} $280 K [0.585, 0.665] [0.433, 0.478] [0.373, 0.408] [0.472, 0.528]
15 {T11, Ti2o T3y Tha) $380 K Deleted (cost concern)

Step 1. A total of 15 technology sets (2* — 1) are gener-
ated, which are listed in the second column of Table 7.

Step 2. The cost for using each technology set is calcu-
lated using Eq. 37 and listed in the third column of the same
table. Note that technology sets Nos. 12 and 15 should be
removed since the total cost for using each exceeds the
budget limit of $300 K.

Step 3. For the remaining 13 technology sets, AE; (T; P)s
and E; (T; P)s are in turn evaluated using Egs. 30 and 33,
respectively; the values of E; (T; P)s are listed in the fourth
column of Table 7. As the values of EY (T; P), E5 (T; P),
EY (T; P), E% (T; P), and EY (T; P) are all less than 0.551
[i.e., (1—0.05)E*P(P)], the corresponding five technology sets
must be deleted from the list. This makes the list containing
only eight technology sets.

Step 4. The calculated values of V; (T; P)s are listed in
the fifth column of Table 7. It is shown that VX (T; P), V&
(T; P), Vg (T; P), Vi (T; P), and Vi (T; P) are all less than
0.432 [i.e., (1—0.05)V*P(P)]. Therefore, the corresponding
five sets are not acceptable. This gives only technology sets
Nos. 5, 11, and 14 still remained on the candidate list.

Step 5. For the remaining three technology sets, the values
of L; (T; P)s are listed in the sixth column of Table 7. The
values of LY (T; P), L}, (T; P), and LY, (T; P) are all greater
than or equal to 0.373 [i.e., (1—0.05)L°P(P)]. Therefore, these
three source waste reduction technology sets, i.e., {7,
o}, {T1y, T, Ti3), and Ty, T3, T14}, are recom-
mended for adoption to improve the process sustainability to
the level preset by the plant under the budget limit.

Step 6. The overall sustainability value, S; (T} P), for each
of the three identified technology sets is listed in the seventh

column of Table 7, which could be valuable for the plant
management.

Proposal 2: Technology recommendation for energy
efficiency and product quality improvement. In this case,
six technologies in Group 2, namely 75 ,-T,6, should be
evaluated. The single objective focused procedure needs to
be executed again. Among 63 technology sets (2° — 1), 30
sets each costs more than $300 K, and thus should be
removed from the list. After examining the values of E; (T
P)s, 10 more technology sets are deleted. A comparison of
the values of V; (T; P)s with the environmental goal leads to
an elimination of additional nine technology sets. Among the
remaining 14 technology sets, five sets are disqualified after
checking the values of L; (T; P)s. Finally, nine sets are left
on the list (Table 8); they all can be recommended to
enhance the plant’s sustainability under the budget limit.

Proposal 3: Technology recommendation for source waste
reduction as well as energy efficiency and product quality
improvement. In this case, all the improvement areas are
targeted. The task is to identify the best possible technology
combinations for the plant so that the management can
decide if they want to invest more to achieve all or not. In
this case, the plant sets the budget limit, B{:,T (P), to $450 K.

To search for technology combination, the MIT procedure
described in the preceding section is executed. For the two-
objective task, running Step 1 gives rise to two lists of rec-
ommended technology sets. They are Q; = {w;;, w2,
w3}, where wy = (T, Tiz}, w2 = {Ti1s Tiz Ti3)s
and wy3 = {T12, T13, T1a}(see Table 7), and w, = {wy;,
W22, ..., 29}, Where the nine technology sets (w,;s) are
listed in the second column of Table 8. The list, Oy, i

Table 8. Sustainability Improvement by Energy Efficiency and Product Quality Enhancement Technologies

Cost for Tech.

System’s Achievable Categorized Sustainability

Overall Sustainability

No Tech. Set Set B{(T:P) E; (T:P) V. (T:P) L (T:P) S (T:P)

1 {Tas, Tae) $140 K [0.555, 0.605] [0.438, 0.475] [0.391, 0.431] [0.466, 0.509]
2 (T2, Tou» Tos) $270 K [0.615, 0.670] [0.450, 0.505] [0.408, 0.450] [0.499, 0.550]
3 (T2 Tou, Tos) $290 K [0.585, 0.650] [0.433, 0.485] [0.451, 0.499] [0.494, 0.550]
4 (T3, Taun Trs) $250 K [0.595, 0.650] [0.440, 0.490] [0.419, 0.459] [0.491, 0.539]
5 {Tas. Toss Tag) $270 K [0.570, 0.635] [0.465, 0.515] [0.381, 0.423] [0.478, 0.531]
6 {Ts1. Tas. Tas) $260 K [0.600, 0.665] [0.460, 0.515] [0.374, 0.424] [0.487, 0.544]
7 (T2 Trs, Tao) $280 K [0.570, 0.645] [0.443, 0.495] [0.416, 0.473] [0.481, 0.543]
8 {Tr3. Tas. Tag) $240 K [0.580, 0.645] [0.450, 0.500] [0.384, 0.433] [0.478, 0.533]
9 {Tou Tos, Tag) $230 K [0.585, 0.650] [0.463, 0.515] [0.431, 0.480] [0.497, 0.553]
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Table 9. Sustainability Improvement by Combined Technology Sets for Two Objectives

System’s Achievable Categorized Sustainability Overall
Cost for Tech. Sustainability
No. Tech. Set Set BY (T;P) EM (T;P) VM (T;P) M (T;P) SM(TP)
1 (T11, T12}T2s, To6) $390 K [0.645, 0.745] [0.483, 0.540] [0.434, 0.501] [0.528, 0.605]
2 {T11 T12}AT20s Taas Tas) $520 K Deleted (cost concern)
3 {T11, T2} AT20, Tou, To 5} $540 K Deleted (cost concern)
4 (T4, T12}ATa 3, Tau, Tas) $500 K Deleted (cost concern)
5 {T1.1, T1 2} A T23, Toa, To) $520 K Deleted (cost concern)
6 (T, Ti2}ATo 0, Tas, Tas) $510 K Deleted (cost concern)
7 {T11, T2} AT20, Tos, T} $530 K Deleted (cost concern)
8 (T4, T12}ATa3, Tau, Tas) $490 K Deleted (cost concern)
9 {T11, T1 2} A Tou, Tos, Toe) $480 K Deleted (cost concern)
10 {Ty 1 Ty Tys)ATo s, Toc) $440 K [0.655, 0.775] [0.485, 0.558] [0.426, 0.500] [0.531, 0.622]
11 {T,1, Tro T1 3} AT20, Taas Ta s} $570 K Deleted (cost concern)
12 (T4, Ty T1 3} AT20, Toas Tas) $590 K Deleted (cost concern)
13 (T11, T2, Ty 3} {123, Tra, To 5} $550 K Deleted (cost concern)
14 (T, Tio Ty 33, T23, Tass Togh $570 K Deleted (cost concern)
15 (T11, T T3 ATo 0, Tos, Tog) $560 K Deleted (cost concern)
16 {T11, Ti2 T1 33 T20, Tas, Tag) $580 K Deleted (cost concern)
17 (T11, T2, Ty 3} {123, Tas, T} $540 K Deleted (cost concern)
18 (T Tio T 33 T24 Tas, Tagh $530 K Deleted (cost concern)
19 (T2, Ty 3, Ty a} A T25, Ta} $420 K [0.640, 0.760] [0.478, 0.553] [0.421, 0.489] [0.521, 0.611]
20 {T12, T13 Ty a} A T2y, Togs Tas) $550 K Deleted (cost concern)
21 (T12, T3, Ty 4} {120, Tra, To 5} $670 K Deleted (cost concern)
22 (T2, T13, Ty at{T23, Tass Tos) $530 K Deleted (cost concern)
23 (T12, T3, Tia} T3, To s, To} $550 K Deleted (cost concern)
24 {T12, T13 Ty a} A T2, Tas, Tag) $540 K Deleted (cost concern)
25 (T12, T3, Ty 4} {120, Tas, To6} $560 K Deleted (cost concern)
26 (T2, T1 3, Ty ab{T23, Tass Tos) $520 K Deleted (cost concern)
27 {T12, T13, T1.a} A T2a, Tas, Tog) $510 K Deleted (cost concern)

generated in Step 2, which contains 27 combinations (see
the second column of Table 9). After calculating the cost for
using each combined technology set, only three out of 27
require the cost less than $450 K (see the third column of
Table 9). Using Egs. 33-35, the values of EY (T; P), V¥ (T,
P), and Zﬁ"’ (T; P) for the combined technology sets, Nos. 1,
10, and 19, are derived, which are entered in the fourth,
fifth, and sixth columns of Table 9. The overall sustainability
levels for the three are listed in the seventh column of the
same table.

Solution comparison

Different from Proposals 1 and 2, for which the sustain-
ability goals are preset by the plant, Proposal 3 is developed
with no prespecified sustainability goals, because the plant
wants to review the detailed sustainability improvement lev-
els for a given budget. The three identified combined tech-
nology sets shown in Table 9 are compared using Egs. 38—
41; the sustainability improvement analysis together with the
costs for technology adoption are summarized in Table 10.
To further help the plant management in technology selec-
tion, their sustainability performance data are plotted in Fig-
ure 3, which depicts the system’s status quo [S(P)], its goal

els by the combined technology sets [S]f (T; P),S]fo (T; P),
and S}g (T; P)].

Discussion

The solution identification approach used in the introduced
methodology is essentially an exhaustive search approach.
Therefore, the solution(s) identified should be guaranteed
optimal. We all know that such an approach is not preferred
when a solution search space is huge. However, this is not
an issue for solution identification for sustainability improve-
ment through adopting limited technologies. Note that for
most industrial problems, the identified technologies are
always for specific purposes; thus, they can be divided into a
small number of purpose-based groups (practically no more
than 10). In each group, the number of technology candi-
dates is usually not large (rarely more than 10). Therefore,
the number of solution candidates in each group is in the
range of 1000 or so, and the total number of solution candi-
dates for all groups will be simply an addition of those in all
groups. Moreover, when evaluating solution candidates using
the procedure for single or multiple objective tasks, those
candidates with the costs beyond the given budget will be
immediately removed from the candidate list. Only the

[0.955°°(P)], and the minimum achievable sustainability lev- remaining candidates will be required for economic
Table 10. Sustainability Improvement Percentage Comparison
System Sustainability Improvement (%)
No. Tech. Set Cost BY (T;P) E™ (T:P) VimP (T;P) L™ (T:P) S (T:P)
1 {T1.1, T1 2} Ta s, To6} $390 K [26.5, 49.0] [20.8, 37.4] [24.0, 45.6] [24.2, 45.1]
10 {Ti1 Tios Tis}ATos, Togl $440 K [28.4, 55.0] [21.3, 42.0] [21.7, 45.3] [24.9, 49.2]
19 (T12, T3, Ty 4} {125, To} $420 K [25.5, 52.0] [19.5, 40.7] [20.3, 42.2] [22.6, 46.5]
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Figure 3. Sustainability performance of system, com-
bined technologies, and strategic goals.

sustainability satisfaction checking. Again, only those candi-
dates capable of making the process to meet the economic
sustainability requirement will be kept. This further shortens
the candidate list, which will be used to examine their capa-
bility of meeting the requirements of environmental and then
social sustainability. Note that the computations involved in
each step of checking are only algebraic calculations. There-
fore, it is certain that for any industrial applications involv-
ing a few technology groups, each of which has 10-15 tech-
nology candidates, the computational time using a usual per-
sonal computer should be no more than a few seconds.

It is possible that for an industrial problem, an execution of
the solution search procedure does not generate any feasible
solution. This is mostly because the sustainability goals set by
the industrial organization are not achievable by the technol-
ogy candidates. In this case, the industrial organization should
reset its goals more realistically. The other possible reason for
no solution is the budget limit that is too low; this will elimi-
nate some effective technology sets before being evaluated for
sustainability improvement. In this case, the organization
should consider a possibility of raising the budget limit.

Note that for an industrial organization seeking sustain-
ability improvement of their systems, a commitment on capi-
tal investment is always required. The proposed methodol-
ogy can then be used to provide recommendations on tech-
nology adoption. Each recommendation will include a
detailed analysis on the categorized and overall sustainability
improvement levels. In this work, only a few widely used
indicators are selected from the IChemE Sustainability Met-
rics System for the illustration purpose. In real application,
an industrial organization should carefully select sustainabil-
ity indicators. For instance, in the economic sustainability
category, it may include indicators related to the return on
investment, the net profit after tax, etc. In the social sustain-
ability category, the indicators related to job creation and the
amount of tax paid could also be included.

Concluding Remarks

Numerous technologies have been developed for improv-
ing energy and material use efficiency; reducing source
waste; ensuring process safety and health in production sys-
tems. These technologies, before adoption, should be eval-
uated carefully by sustainability metrics in order to ensure
that system sustainability performance be improved cost-
effectively. Note that the available data and information about
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the industrial system and technologies are frequently incom-
plete, imprecise, and uncertain. This can make technology
identification very difficult. In this article, we have introduced
a simple, yet systematic IP-based methodology for identifying
quickly superior solutions to improve industrial system’s sus-
tainability performance. The IP-based information processing
and decision-making method are capable of processing consis-
tently and effectively a variety of uncertain information. The
logically designed solution identification procedure can make
the combinatorial problem to be solved efficiently through
reducing the solution space stage wisely using different crite-
ria set by the industrial organization. The derived solutions
are sufficiently detailed which can greatly facilitate the indus-
trial organization to make decisions on technology selection.
This general methodology should be applicable to the study
on sustainability enhancement problems of any size and
scope.
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