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Abstract
Current economic and environmental pressure encourages companies to invest and reform processes in a sustainable way. 
However, the decision on the best sustainable investment in a given industry may not be as straightforward as given by the 
independent economic and environmental indicators. Analyzing such indicators for investment in process alternatives is a 
complex multi-objective decision-making process. Many methods can help solve multi-objective problems, GREENSCOPE 
suggests using the Addictive Utility Method, which may have some shortcomings. In this work, the Analytic Hierarchy 
Process and the Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) are applied to the indicator 
scores obtained with the GREENSCOPE methodology. The Analytical Hierarchy Process is applied with Marginal Rate of 
Substitution, to obtain the priority matrices. MATLAB was used to apply the methods and through an algorithm, to deter-
mine the adequate number of indicators to be used. Three cases were studied, namely a biorefinery plant, and two academic 
case studies on the production of acetaldehyde from ethanol and propylene glycol from glycerol. The two academic cases 
were modeled in Aspen Plus, to obtain process data, and linked to GREENSCOPE using MATLAB. The methodology was 
applied to some proposed alternatives where the sustainability improvement of energy integration and material recycling 
was tested. The new methodology was able to identify the more sustainable case among the alternatives. This methodology 
based on TOPSIS proved to be the best choice, avoiding the weighting of indicators, and providing an expected analytical 
decision among alternatives.
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Introduction

Integrated solutions in Process System Engineering (PSE) 
are nowadays a must in any development, as better energy 
efficiency, lower environmental impact and better social 
integration are goals to be pursued. However, the decision-
making between process innovations and alternatives is 
not trivial (Tang and You 2018), since an improvement 
in one area might mean a penalty in another one (Smith 
and Ruiz-Mercado 2014). Thus, any project development 
is a multi-objective decision-making (MODM) problem 
(Perez-Gallardo et al. 2018), that might benefit from a 
multidisciplinary team to consider all aspects, especially 
when there is variability in a process and control prob-
lems may arise (Li et al. 2020). Some methodologies may 
take a more straightforward approach, that allows smaller 
teams to solve such MODM problems, such as using only a 
selected set of sustainability indicators (Tzeng and Huang 
2011; Smith et al. 2015).

One such approach is Life Cycle Assessment (LCA) 
which was introduced in the 1960s, with the increasing 
awareness of environmental and societal impacts of human 
activities (Guinée et al. 2011). In recent years, LCA has 
become essential in modern process design methodologies 
(Jacquemin et al. 2012). This means that, LCA is now a 
pivotal tool in PSE ensuring the sustainability analysis 
of a given project (Mimoso et al. 2015). Currently, LCA 
follows a strict set of rules, with ISO 14040 (The Inter-
national Standards Organization 2006a) and ISO 14044 
(The International Standards Organization 2006b) being 
the international standards.

An LCA study aims to analyze the entire life cycle of a 
given product, with a Cradle-to-Grave analysis, however, 
the analysis can be limited to any other mid-life point, 
which determines the scope of the analysis (Smith et al. 
2015). It can also be extended to an Eco-LCA, where the 
natural resources are also taken into consideration as well 
as services and goods. If the scope of an analysis is to 
evaluate process changes, a Cradle-to-Grave analysis can 
be simplified to a Gate-to-Gate analysis, where process 
alternatives can be closely looked at. GREENSCOPE 
(Gauging Reaction Effectiveness for the Environmental 
Sustainability of Chemistries with a multi-Objective Pro-
cess Evaluator), was first introduced in 2003 (Gonzalez 
and Smith 2003), and intends to make a sustainability 
analysis of a chemical process, considering not only the 
environmental impact of a process but also economic 
and, to some extent, societal aspects (Ruiz-Mercado et al. 
2012a). The sustainability indicators are organized into 
four metrics: mass efficiency, environment, energy, and 
economy, with a total of 139 sustainability indicators.

The focus of this work is the interpretation of the sustain-
ability indicator scoring obtained by GREENSCOPE (GRNS). 
An evaluation of the scoring was previously proposed using 
the Additive Utility Method (AUM) and the Marginal Rate of 
Substitution (MRS) (Ruiz-Mercado et al. 2013). These meth-
ods are used in this work and applied to a biodiesel plant as a 
case study, evaluated with GRNS and using AUM to decide 
between alternatives. Although, the indicator ponderation was 
still subjective, MRS already produces an interaction matrix 
that allows obtaining an objective ponderation vector. Other 
multi-objective decision-making (MODM) methodologies 
were found to be effective when used for sustainability analysis 
such as, Analytical Hierarchy Process (AHP) (Saaty 1977) and 
Technique for Order of Preference by Similarity to Ideal Solu-
tion (TOPSIS) (Gomes and Martins 2022). All these methods 
help decision-making between process routes and recommend 
the use of weights as a ponderation between indicators. Several 
works have been published in diverse fields of sciences, where 
AHP is used as decision-making tool (Saaty 1979; Vaidya and 
Kumar 2006).

This work introduces a new framework for sustainability 
analysis using GRNS methodology, to systematically compare 
and classify different process alternatives, to facilitate the deci-
sion-making process. The GRNS methodology is applied to 
three different case studies and a number of MODM methods 
are used to identify the best performing process alternatives.

Methodology

This section presents the theory which was used for the deci-
sion-making process between industrial processes. Firstly, the 
global score results are presented, which should translate into 
a rigorous decision on which alternative is more sustainable. 
Secondly, an analysis of the results obtained for each metric, 
defined as a group of indicators, is presented.

GREENSCOPE

GREENSCOPE (GRNS) is a sustainability analysis methodol-
ogy, that sets the boundaries on the outer edges of the process 
being analyzed, a gate-to-gate analysis. This methodology 
uses a total of 139 indicators ( Ii ) distributed in four metrics, 
as shown in Table 1.

The GRNS methodology represents the results obtained for 
each indicator in a normalized percentage scale (Gonzalez and 
Smith 2003). This way the performance of a given indicator 
is easily understandable, the closest to 100 % the better. The 
GRNS vector of scores ( %Gk) is defined by Eq. (1).
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where xi is the indicator value calculated based on pro-
cess data, and xi,worst and xi,best are the worst and best values 
that the indicator could achieve. The denominator of the 
Eq. (1) is also referred as Δi . Worth noting that every indica-
tor has a specific equation, unit, and range. The range might 
be easy to determine for specific indicators, such as relative 
indicators (e.g., reaction yield); however, this might not be 
so straightforward for others. For mass intensity the units 
are kgtotalin.kgdesiredprodct.out−1 , which means it will depend on 
the total mass flown into the system, and the conversion to 
the desired product (Ruiz-Mercado et al. 2012b).

When changes are implemented to a complex system, 
such as a chemical plant, it can have repercussions in diverse 
parameters. For example, if the implemented modifications 
can improve energy consumption, it might come at an envi-
ronmental or economic cost. Therefore, a method for com-
parison between alternatives is needed; one way of doing it 
is by directly analyzing the indicators scores and comparing 
them between versions. Although comparing the evolution 
of one indicator in multiple versions of a process might be 
feasible, comparing multiple indicators is not straightfor-
ward. The GRNS methodology proposes the representation 
of the indicator scores in a spider graph as shown in Fig. 1.

However, the analysis of Fig. 1 results is just qualitative, 
therefore a quantitative method is required to sort the dif-
ferent alternatives.

One way of solving this problem might be calculating 
the difference between indicators for every alternative ( Di , 
Eq. (2)), while aiming to maximize the sum of calculated 
differences, as shown in Table 2, as an illustrative example 
only with six indicators, four alternatives (V1 to V4) and 
one base case (V0).

The normalization built in the GRNS methodology 
(Eq. (1)), means that the scores between indicators are com-
parable, but the comparison between alternatives is nontrivial. 
The sum of the differences between alternatives is too simplis-
tic, as shown in Table 2. Where V1 would be the best perform-
ing alternative, having the highest sum of differences, however, 
V4 has a total of 5 improved indicators from V0. This method 

(1)
%Gk(i) =

|

|

xi − xi,worst||
|

|

xi,best − xi,worst||
=

|

|

xi − xi,worst||
Δi

,

i ∈ {1, 2,… , n}, k ∈ {1, 2,… ,V}

does not consider the possibility that different indicators may 
have different levels of importance. This can be solved by 
introducing a factor, or weight ( �i ), to each indicator score in 
the equation of differences (Eq. (2)), defining D′

ik
 according 

to Eq. (3).

The weight introduced can take into consideration the dif-
ferent importance of each indicator for a given plant. However, 
the determination of such weights introduces another challenge 
into the complex task of identifying the best alternative from 
the sustainability analysis.

Additive utility method

The Additive Utility Method (AUM) is a widely used method-
ology that can be very straightforward, with an additive opera-
tion at its core. Smith applies AUM to the GRNS sustainability 
analysis, using the Marginal Rates of Substitution (MRS) as 
part of the ponderation step (Smith and Ruiz-Mercado 2014). 
Weights ( �i ) can also be added in this method, as represented 
in Eq. (4), where Ui is the GRNS score of an indicator Ii , Utot 
the total utility and V the total number of alternatives consid-
ered for each case study.

(2)Dik = %Gk(i) − %Gk0(i)

(3)D�
ik
= �i ×

(
%Gk(i) − %Gk0(i)

)
,

n∑
i=1

�i = 1,�i ≥ 0, k ∈

Table 1   Different metrics 
in GRNS and the number of 
indicators in each

Metrics No. of 
indicators

Mass Efficiency 26
Environment 66
Energy 14
Economy 33

Fig. 1   An illustrative representation of GRNS indicator scores for dif-
ferent alternatives in a spider graph
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MRS uses the partial derivative of each indicator score in 
order to the remaining indicator scores as entries to a matrix 
( Mij ). This matrix is an interaction matrix, that as a diagonal of 
ones, and the upper triangle is the inverse of the lower triangle, 
Eq. (5) (Smith and Ruiz-Mercado 2014).

With the matrix Mij set, the goal of the evaluation must 
be defined, and an indicator must be chosen as the reference 
indicator. Based on the indicator chosen ( I� ), a column of the 
matrix Mij is selected and used for the ponderation of the util-
ity. Combining Eq. (4) and column β of the Mij matrix, Eq. (6) 
is obtained, which represents the total utility, Utot.

(4)

Utot =

n∑
i=1

Ui × �i,Ui = %Gk(i), k ∈ {1, 2,… ,V},

n∑
i=1

�i = 1,�i ≥ 0

(5)Mij = −
dxj

dxi
=

�i

�Ui

�xi

�j

�Uj

�xj

≈

�i|xi,best−xi,worst|
�j

|xj,best−xj,worst|
,∀i, j ∈ {1, 2,… , n},

n∑
i=1

�i = 1,�i ≥ 0

(6)Utot =

n�
i=1

⎡
⎢⎢⎣

%Gk(i)
��xi,best − xi,worst

��
⋮

%Gk(i)
��xi,best − xi,worst

��

⎤⎥⎥⎦

⎡
⎢⎢⎣

M1�

⋮

Mn�

⎤⎥⎥⎦

Analytic hierarchy process

Analytic Hierarchy Process (AHP) is a well-known Multi-Cri-
teria Decision-Making (MCDM) method, introduced by (Saaty 
1972), who proposed a systematic methodology to compare 
multiple possible choices. The problem is structured in four 
parts: goal, aspects, criteria (or indicators) and possible solu-
tions (alternatives), as seen Fig. 2.

This methodology allows for the consideration of many 
criteria, upon which a decision must be based. The decision 
is made using interaction matrices, (A and Mk ), where each 
criterion is assigned a priority value ( �i ), between 1 and 9 
(Saaty 1977). The priority attribution is made following the 
instructions in Table 3.

The pairwise comparisons, �ij , are obtained using Eq. (7) 
which are collected in matrix A defined by Eq. (8).

Table 2   Illustrative example 
of alternatives (V1–V4) 
comparison based on indicators 
difference ( Dik)

The numbers in bold indicate an improvement over the base case V0

Alternatives V0 (%) V1 (%) Di1 (%) V2 (%) Di2 (%) V3 (%) Di3 (%) V4 (%) Di4 (%)
Indicator

1 87 90 3 87 0 92 5 91 4
2 92 91  − 1 95 3 82  − 10 93 1
3 56 70 14 50  − 6 61 5 55  − 1
4 44 40  − 4 40  − 4 45 1 60 16
5 29 50 21 22  − 7 30 1 42 13
6 12 39 27 3  − 9 13 1 29 17∑

Dik – – 60 –  − 23 – 3 – 50

Fig. 2   Graphical representation 
of AHP methodology, adapted 
from (Tzeng and Huang 2011)
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From matrix A a priority vector ( P′′) of length n is 
obtained by calculating the geometric mean of each row and 
normalizing it, with a sum normalization, Eq. (9).

Again, for every criterion, an interaction matrix is 
obtained, where the entries are assigned a priority ( �i ) for 
each process alternative i over process alternative j , as 
shown on Eq. (10).

As for the matrix A , the geometric mean is calculated 
for these matrices as well as the n normalized priority 
vectors of means, p′′

k
:

(7)�ij =
�i

�j

(8)A =
�
aij
�
, and aij =

⎧
⎪⎨⎪⎩

1, i = j
1

𝛼ij
, i < j

𝛼ij, i > j

,∀i, j ∈ {1, 2,… , n}

(9)P�� =

n

�∏n

j=1

�i

�j

∑n

i=1
n

�∏n

j=1

�i

�j

(10)Mk =
�
mij

�
, and mij =

⎧
⎪⎪⎨⎪⎪⎩

1 , i = j
1

𝜏i∕𝜏j

, i < j

𝜏i

𝜏j
, i > j

, ∀ i, j ∈ {1, 2,… ,V}, k ∈ {1, 2,… , n}

Finally, the priority for each pair criteria-alternative 
is calculated as defined in Eq. (12). Table 4 shows these 
values.

 

Technique for order of preference by similarity 
to ideal solution

One other methodology for decision-making is the Tech-
nique for Order of Preference by Similarity to Ideal 
Solution (TOPSIS), which consists in evaluating given 

(11)

p��
k
=

V

�∏V

j=1

�i

�j

∑V

i=1
V

�∏V

j=1

�i

�j

;∀i, j ∈ {1, 2,… ,V}, k ∈ {1, 2,… , n}

(12)Priority(i) =

n∑
k=1

P��(k) × p��
k
(i),∀i ∈ {1, 2,… ,V}, k ∈ {1, 2,… , n}

Table 3   Scale of relative importance (adapted from Saaty & Kearns, (1985))

Intensity 
of relative 
importance

Definition Explanation

1 Equal importance Two activities contribute equally to the objective
3 Moderate importance of one over another Experience and judgment slightly favor one activity over another
5 Essential or strong importance Experience and judgment strongly favor one activity over 

another
7 Demonstrated importance An activity is strongly favored, and its dominance is demon-

strated in practice
9 Extreme importance The evidence favoring one activity over another is of the highest 

possible order of affirmation
2, 4, 6, 8 Intermediate values between the two adjacent judgments When compromise is needed
Reciprocals 

of above 
non-zero 
numbers

If an activity has one of the above numbers (e.g., 3) compared 
with a second activity, then the second activity has the recip-
rocal value (i.e., 1/3) when compared to the first

alternatives based on its score deviation to the best score 
in each indicator. In this way, the best performing alterna-
tive for each indicator is identified and a compromise is 
created where the deviation from the best indicator score 
is minimized, by a sum of squared differences, as shown 
in Eqs. (13–20) (Gomes and Martins 2022).
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First, a decision matrix F  (with dimension V × n ) 
consisting of the GRNS scores obtained is created. This 
matrix contains the relative values, %Gi , assigned to each 
criterion, Ck and each alternative, Vi.

As the data from matrix F may have different sources, 
it is easier to compare normalized values. This normaliza-
tion can be made using different approaches, depending 
on the objective and data in study, which will be further 
discussed in next section. The normalized matrix R =

[
rij
]
 , 

is obtained with Eq. (14), where a vectorial normalization 
technique is used.

With matrix R it is also possible to assign different levels 
of importance, i.e., weights, �i , (where 

∑
�i = 1 and �i ≥ 0 ) 

to the scores, xij , obtained, as shown in Eq. (15).

The resulting normalized and weighted scores matrix 
G = [vij] is then used in TOPSIS algorithm. For each crite-
rion, the best ( A+ ) and worst ( A− ) performing alternatives 
are identified, as defined by eqs. (16) and (17).

These values are then used to calculate the Euclidean 
distances of each alternative to A+ and A− , S+

i
 and S−

i
 , 

respectively.

(13)F =

C1 C2 ⋯ Cn

V1

V2

⋮

VV

⎡⎢⎢⎢⎣

%G11 x12 ⋯ x1n
x21 x22 ⋯ x2n
⋮ ⋮ ⋱ ⋮

xV1 xV2 ⋯ xVn

⎤⎥⎥⎥⎦

(14)
rij =

xij�∑m

i=1
x2
ij

,∀i, j ∈ {1, 2,… , n}

(15)vij = �i × rij

(16)

A+ =

{(
max

j
vij|i ∈ I

)
,

(
min
j

vij|i ∈ I�
)
;∀j

}
=
{
v+
1
, v+

2
,…

}

(17)

A− =

{(
min
j

vij|i ∈ I

)
,

(
max

j
vij|i ∈ I�

)
;∀j

}
=
{
v−
1
, v−

2
,…

}

As a final step in TOPSIS methodology, the relative 
closeness is calculated using Eq. (20), and used to determine 
the best overall alternative.

Equation (20) represents a trade-off that must be made in 
any decision-making process, where the best overall alterna-
tive may not be the best performing in all the criterion, but 
it is globally the closest to the best performing. Therefore, 
the highest values obtained in the �+ vector, correspond to 
the best performing alternative.

Improving GREENSCOPE interpretation

Some adaptations were made to the methods previously 
described, so that it was possible to use them with the GRNS 
data obtained, as described below.

AUM‑MRSmod

AUM was applied to the GRNS scores as described in addi-
tive utility method section, however, the indicator selection 
step was skipped, and every column of the Mij matrix multi-
plied by the GRNS vector of scores. The resulting vector was 
then summed to obtain a final value for decision-making.

AUM‑AHP

A closer look at the units of Eq. (6) shows that it is not 
dimensionless. Therefore, the total utility evolution, from 

(18)S+
i
=

√√√√ n∑
j=1

(
vij−v

+
j

)2

,∀i ∈ {1, 2,… ,V}

(19)S−
i
=

√√√√ n∑
j=1

(
vij−v

−
j

)2

,∀i ∈ {1, 2,… ,V}

(20)�+
i
=

S−
i

S+
i
+ S−

i

Table 4   AHP results table 
formulation

The highest value in the results column shall be the best performing alternative for the set of criteria 
selected

Criteria C1 C2 … Cn Results

Priority 
(
P

′′
)

Alternative P��(1) P��(2) … P��(n) -

Normalized priority vectors for 
criteria k and alternative i 

(
p
′′

k

) V0 p��1(1) p��2(1) … p��n(1) Priority(1)

V1 p��1(2) p��2(2) … p��n(2) Priority(2)

… … … … … …
VV p��1(V) p��2(V) … p��n(V) Priority(V)
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multiple indicators, throughout multiple changes in one pro-
cess cannot be compared, and the main goal of the GRNS 
analysis is lost. GRNS has been proposed to provide a bet-
ter understanding of the sustainability analysis of a process, 
generating scores between 0 % and 100 %, and with the use 
of AUM, will result in a set of incomparable results. How-
ever, if the indicator selection step were removed or skipped a 
dimensionless result would be obtained and the methodology 
would be improved. This adaptation (AUM-AHP) is tested 
in this paper instead of a straight application of the AUM 
method, as proposed by Smith & Ruiz-Mercado (2014).

When using GRNS, it is possible to consider the denomi-
nator of Eq. (1), ( ||xi,best − xi,worst

|| , from now on represented 
as Δi ) as an evaluation of priority. Even though Δi , does not 
translate in a priority from an indicator over another, it can 
still be used to represent priority when calculating matrix 
A . To this end, Eq. (8) is used with a redefined value of 
aij =

Δi

Δj

.
After the A matrix calculation, AHP method of priority 

is used, applying the geometric mean to each row of the 
matrix, and obtaining the priority vector P′ . To obtain vector 
P′′ a normalization method must be applied to P′ . Table 5 
shows different normalization techniques available (Vafaei 
et al. 2016).

Vector P′′ , obtained in the AHP methodology, was tested 
as a ponderation vector on the AUM methodology, instead of 
a column of matrix Mij . This adaptation of the methodology 
was called AUM-MRSmod.

AHP‑MRS

GRNS returns the score values of each indicator for every 
alternative, using Eq. (1). Therefore, for a given number 
of indicators (n), when applying AHP, there will be n + 1 
comparison matrices (the + 1 accounts for matrix A ). These 
comparison matrices ( Mk ) were obtained with Eq. (21).

(21)

Mk =
[

mij
]

;mij =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

1, i = j
1
mij

, i < j

mij, i > j

,mij =
%Gi(k)
%Gj(k)

,∀i, j ∈ {1, 2,… ,V}, k ∈ {1, 2,… , n}

With matrices Mk defined, it is possible to follow the AHP 
method, create the normalized vectors of means, P′′ and p′′

k
 , 

and combine them into a table, as illustrated in Table 4, to 
reach the final utility values.

AHP‑MRSmod

A variation of the AHP method was also tested, where 
instead of calculating n +1 matrices, only k + 1 matrices 
were calculated, one per alternative, using Eq.  (22) to 
obtain the Mk matrices. Matrix A was also calculated, to 
obtain the vector P′′ this vector and the p′′

k
 vectors are mul-

tiplied and summed, as in the original AHP method. The 
use of this new matrix is a modification of the AHP method 
(AHP-MRSmod).

Application

To carry out a sustainability analysis there must be a refer-
ence upon which the comparison can take place. The com-
parison between the alternatives involving different direc-
tions in process development, heat or mass integration, 
requires a robust methodology for comparison and decision 
making. The five methods (AUM-MRSmod, AUM-AHP, 
AHP-MRS, AHP-MRSmod and TOPSIS) will be studied in 
this work to find out which one is the more robust.

Case studies

To analyze the behavior of the different methodologies, three 
case studies were evaluated, namely a biodiesel refinery and 
two typical academic case studies, acetaldehyde production 
from ethanol and propylene glycol production from glyc-
erol. For each case study, different alternatives were created, 
and the expected sustainability ranking defined as shown in 
Table 6 and explained in the next sections.

The four alternatives for the acetaldehyde and propylene 
glycol case studies were modeled using Aspen Plus and the 
obtained results used as inputs for GRNS.

Biodiesel production

An illustrative biodiesel case study is available within 
GRNS. Since it was a well-documented example, and con-
tained all the required data for the analysis, it was used as 
a case study. Three new alternative cases with an expected 
order of sustainability were created by modifying the 

(22)

Mk =
[

mij
]

;mij =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

1, i = j
1
mij

, i < j

mij, i > j

,mij =
%Gk(i)
%Gk(j)

,∀i, j ∈ {1, 2,… , n}, k ∈ {1, 2,… ,V}

Table 5   Normalization techniques and its formulas, P′′
i
 is the nor-

malized vector (Vafaei et al. 2016)

Normalization technique Formula

Linear Max P�� =
P�

Pmax�

Max–min P�� =
P�−Pmin�

Pmax�−Pmin�

Sum P�� =
P�∑n

i=1
P�

Vectorial P�� =
P�√∑n

i=1
P�2
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original data in GRNS. Alternative V0 suffered no changes 
and was determined to be the base case, for alternatives 
V1 and V2 the price of feed streams and product streams 
respectively were reduced. Alternative V3 suffered a 10 % 
reduction in the energy consumption of all equipment. The 
sustainability ranking of these alternatives was anticipated 
as shown in Table 6, as the lower price of the products is 
expected to be the worst performing alternative overall, so 
it was given an expected ranking of 4. Conversely, the lower 
price of the feed streams is expected to be the best perform-
ing alternative, with an expected ranking of 1. Since the 
energy reduction represents an improvement over the base 
case, this alternative (V3) must have a better expected rank-
ing than the base case (V0), so V3 was given an expected 
ranking of 2 and V0 was given an expected ranking of 3.

Acetaldehyde production

Although the biodiesel case study was well established in 
GRNS, further proof of the DM process was needed. An 
academic case study that has been extensively studied by the 
authors in the past and modeled in Aspen Plus, was imple-
mented in GRNS.

The process consists of feeding pure ethanol into a reac-
tor operating at 280 ºC and 20 bar, where the reaction of 
dehydrogenation of ethanol takes place with a conversion 
of 60 %. The effluent is cooled, the gaseous phase removed, 
and the liquid stream is fed to a distillation column where 
the acetaldehyde is collected at the top and the ethanol is the 
residue. Four process alternatives have been established by 
considering material recirculation and energy integration. 
Alternative V1 considers only energy integration, alternative 
V2 includes recirculation of the residue of the distillation 
column and alternative V3 includes both energy integra-
tion and recirculation of the residue of the distillation col-
umn The four defined alternatives were modeled in Aspen 
Plus, and an expected ranking was determined, as shown in 
Table 6.

Propylene glycol production

Like the acetaldehyde case study, the propylene case study 
is a well-known academic example that has also been mod-
eled in Aspen Plus. This case study takes glycerol, the resi-
due from biodiesel refineries, and converts it into a valuable 
product, propylene glycol, through a hydrogenation reaction. 
This reaction requires large amounts of hydrogen, primarily 
due to the excess hydrogen required. This hydrogen can be 
returned to the reactor but requires two purification units. 
Therefore, alternatives V0 and V1 were modeled without 
hydrogen recirculation, and V2 and V3 with recirculation 
(and therefore with all the associated energy and capital pen-
alties). As in the acetaldehyde case study, only V1 and V3 
were modified to include energy integration.

Results display as rankings

The results obtained by the application of the MODM meth-
ods will have very diverse scales. Therefore, the use of a 
ranking scale will lead to a straightforward decision-making 
process on what is the best alternative. So, for every method 
and case study, the alternatives were ranked in descending 
order of sustainability, from position one to position four.

Sustainability indicators subset determination

In order to evaluate a given plant or an alternative using 
GRNS framework, it is possible to use the 139 sustainability 
indicators. However, some of these indicators may not be 
applicable, so it is necessary to define a set of indicators that 
best describe the system. One way of selecting the indicators 
is to reject the ones that GRNS does not calculate or returns 
error in the calculation. A methodology to determine the 
largest possible number of indicators was created, and the 
flowchart in Fig. 3 presents such methodology.

The vectors of indicator scores (%G) and deltas (Δ), 
obtained with GRNS for each alternative, are evaluated in 
the methodology to remove the indicators that were not cal-
culated, either because there was a lack of information to 

Table 6   Alternatives considered for each case study, and brief description with expected ranks

Alternative Biodiesel plant Expected 
rank

Acetaldehyde plant Expected 
rank

Propylene glycol plant Expected 
rank

V0 Base case 3 Base case 4 Base case 4
V1 Lower price of feed streams

(-10 %)
1 Energy integration (EI) 3 Energy integration (EI) 3

V2 Lower price of product streams
(-10 %)

4 Recirculation (R), no EI 2 R, no EI 2

V3 Lower energy consumption
(-10 %)

2 EI and R 1 R with EI 1
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calculate that indicator, or because it was no appropriate for 
that case study (Fig. 4).

Furthermore, small values of Δ (from Eq. (1)) will lead to 
large values on matrix A (Eq. (8)). To prevent this, a param-
eter a was introduced as a cut-off point and the values of Δ 
lower than a are removed, avoiding the generation of very 
large and meaningless values. This parameter is part of the 
elimination stages added to ensure that the MODM methods 
could be used.

In the cases studied, the minimum number of indicators 
obtained with this selection method was 55, which repre-
sents about 40 % of the total indicators available in GRNS. 
To ensure that a minimum of 20 % of the indicators is used, 
globally and for each individual metric, a minimum of 30 
indicators with the following distribution was defined: mass 
efficiency 6, environment 14, energy 3, economy 7. The 20 % 
minimum is set using the Pareto’s 20/80 rule, which states that 
with 20 % knowledge about a system one can characterize as 
much as 80 % of such system (Brockhoff and Zitzler 2007).

The described methodology was developed and imple-
mented using MATLAB. Firstly, all the GRNS data (%G 
and Δ ) is automatically collected from the Microsoft Excel 
file. The outlined restrictions are then applied and the indi-
cators that fulfill the criteria are stored into a file. Finally, 
the MODM algorithms are used to find the best performing 
alternative.

Metric analysis

As mentioned previously and shown in Table 1, GRNS dis-
tributes the indicators by four metrics. Though each metric 
may be individually assessed, the methods available for this 
are diverse. In this work, two methods were used to evalu-
ate the metrics. The first one splits the ponderation vectors 
previously determined, P′′ and p′′ , depending on the method, 
and splits them according to the considered indicators in 
each metric. The second one applies the MODM methods 
to the indicators in each metric, treating each metric as an 
independent problem. Table 7 presents a brief description 
of the applied methods to each metric.

Results

This section presents the results obtained by applying the 
methodology previously described. Firstly, a subset of the 
GREENSCOPE indicators is obtained by discarding the 

Fig. 3   Methodology to determine the number of indicators to be used 
from the GRNS sustainability analysis

     Stage 0 - 139 GRNS indicators

     Stage 1 - Remove <

     Stage 2 - Remove %G = NaN

     Stage 3 - Remove   = 

     Stage 4 - Remove   = 

     Stage 5 - Equalizing lists from alternatives

Fig. 4   Indicator selection process
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indicators whose values would limit the application of the 
MODM methods. As described in the sustainability indi-
cators subset determination section, the determination of 
parameter a is the first step of the methodology. Secondly 
the more appropriate normalization technique to use in the 
MODM methods is assessed, and finally the global and met-
ric score results are presented.

Determination of parameter a

The parameter a was introduced to avoid infeasible calcula-
tions, as previously stated. Since this parameter can have a 
significant impact on the total number of indicators used, a 
sensitivity analysis was performed to understand its impact 
on the total number of indicators.

The total number of indicators was obtained for a set of 
values of a ( a ∈ { 0.01, 0.1, 0.5, 0.8, 1 } ) and the results 
are shown in Fig. 5. Since parameter a is used to discard 
indicators based on the Δ value from GRNS, its maximum 
value was set to 1, because some indicators from GRNS 
vary between 0 and 1 and therefore have a Δ value of 1 (e.g., 
reaction yield).

As seen in Fig. 5, a large amount of indicators is dis-
carded for values of Δ > 0.1 (cut-off point at a = 0.1 ), par-
ticularly for the biodiesel case study. For the other case stud-
ies, the larger reduction occurred for values of Δ ≤ 0.01.

Effectiveness of the elimination process 

In order to select a proper value of a , a balance between the 
total number of indicators considered in the analysis and 
their impact in the final decision-making process must be 
achieved. To this aim a comparison of the ranks obtained for 
each alternative was performed. Table 8 presents the abso-
lute difference between the obtained rank of alternatives and 
the expected rank (previously presented in Table 6). The 
goal was to find the value of a that minimizes the difference 
between the expected and the obtained ranks in each case 
study for as many MODM methods as possible.

The results obtained for the different alternatives consid-
ered for the acetaldehyde and propylene glycol case studies 
reflect the impact that the total number of indicators can 
have in the final results. For AUM-MRSmod and AUM-
AHP better results were found with a higher value of a , so a 
smaller total number of indicators. This occurs since many 
indicators from GRNS have small values of Δ, which lead to 
high values on matrix A , therefore high ponderation values 
on vector P′′ . In the end, assigning a high ponderation value 
to many indicators, that leads to rankings not correspondent 
to the expected ones.

AHP-MRS was not able to achieve the expected rank-
ings, even for higher values of a . This might come from 
the fact that matrix A was obtained from the MRS matrix, 
instead of the typical interaction matrix with values from 1 
to 9. AHP-MRSmod accurately identified the rankings for 

Table 7   Metric evaluation 
methods considered

Method Description

Fragmentation Vectors of values obtained from the application of the MODMs were split according 
to the considered indicators in each metric

Individual MODM Methods are applied to each metric individually, considered as independent problems

Fig. 5   Sensitivity analysis to the 
parameter a . The total number 
of indicators obtained for the 
three case studies is represented 
for varying values of a 
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the biodiesel case study, but it was not able to do so for the 
other two case studies, which may be due to the way this 
method was implemented.

Only TOPSIS was able to match the expected ranks, inde-
pendently of the value of a. For this reason it was consid-
ered the most adequate method to further analyze the results 
obtained from GRNS. Since the results did not change for 
different values of a , the method will be applied without the 
ponderation vector P′′.

Elimination stages analysis

After defining the value of a , the number of indicators 
eliminated in each stage of the methodology was analyzed. 
This is essential to understand which stage is the most 
influential in the indicator’s determination phases. The 
results of this analysis are found in Fig. 6.

Each elimination stage of the methodology leads to a 
reduction in the total number of indicators, with a differ-
ent impact in each case study, since each one has its own 
specificities. With a equal to 0.05, it is possible to see that 
the first stage has a greater impact for the biodiesel case 
study than for the other two case studies. It is also possible 

Table 8   Sum of deviations ( 
∑

Δexp ) to the expected raking of the alternatives in each method for the set of values of a 

Parameter a No. of indicators AHP-MRS AHP-MRSmod AUM-MRSmod AUM-AHP TOPSIS

Biodiesel
0.01 126 8 0 6 6 0
0.1 124 8 0 2 2 0
0.5 93 8 0 0 0 0
0.8 93 8 0 0 0 0
1 92 8 0 0 0 0
Acetaldehyde
0.01 66 6 8 4 4 0
0.1 65 8 8 2 2 0
0.5 63 8 4 2 2 0
0.8 54 8 8 2 2 0
1 54 8 8 2 2 0
Propylene Glycol
0.01 87 4 2 8 8 0
0.1 87 4 2 8 8 0
0.5 81 8 6 0 0 0
0.8 75 8 6 0 0 0
1 74 8 6 0 0 0

Fig. 6   Total number of indica-
tors for each case study by 
elimination phase (a = 0.50)
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to conclude that after stage 3 the total number of indica-
tors does not change much, which was expected, since the 
first three stages were designed to ensure that matrices A 
and M have no infinite values. Stage 5 was introduced to 
ensure that the total number of indicators used is the same 
for each alternative of the case study. It was found that it 
further eliminates some indicators in all case studies.

Normalization technique analysis

To evaluate which of the normalization methods from 
Table 5 is the more suited to evaluate the GRNS indicator 
scores, the parameter a was fixed at 0.01, and the four dif-
ferent normalization techniques were applied to the MODM 
methods. These normalization techniques are expected to 
affect the results, since vectors P′′ are used in all MODM 
methods as ponderation vector.

To compare the performance of the four normalization 
techniques, Pearson and Spearman correlations were calcu-
lated (Çelen 2014). These correlations compare the results of 
all the different methods being considered, using the values 
obtained in Pearson correlation and the results expressed as 
rankings in Spearmen correlation. The differences between 
the results for the normalization techniques were therefore 
quantified and the results can be found in Table 9.

The sum and vector normalization techniques are the 
best performing ones for the AHP-MRSmod and TOPSIS 
methodologies, as seen in Table 9. AUM-AHP was also 
evaluated, however, no differences were found in the use 
of the various normalization techniques (the value one was 
obtained for all the techniques). The normalization technique 
results were also evaluated using the same method applied 
to parameter a (effectiveness of the elimination process sec-
tion), and the deviations obtained from the expected ranks 
are shown in Table 10.

The vectorial normalization technique has the smallest 
sum of deviations from the expected rank, and was therefore 
used in the methodologies presented in Table 10. Further-
more, it was found that the TOPSIS method can accurately 
identify the different alternatives without a ponderation vec-
tor, so it was used without ponderation.

Global scores

The global scores for the sustainability analysis were 
obtained using the MODM methods, with the aim of choos-
ing which alternative is the more sustainable. When ana-
lyzing the results obtained, the alternative with the highest 
score is the one that should be chosen, independently of the 
methodology used. A methodology would be deemed good 
if it is able to rank the alternatives according to the expected 
ranks. However, if it is able to identify the alternatives with 
and without material recirculation (Table 6) within each case 
study, further investigation of the method could be justified. 

Table 9   Pearson and 
Spearmen results for different 
normalization techniques 
applied to AHP-MRSmod and 
TOPSIS

S—Spearman correlation, P—Pearson correlation
The bold marked values identify the best performing normalization techniques

Normalization 
technique

Biodiesel Acetaldehyde Propylene glycol

S P S P S P

AHP-MRSmod
Max 0.467 1.000 0.333 1.000 0.800 1.000
Max–min 0.467 1.000 0.333 – 0.800 0.999
Sum 0.467 1.000 – 1.000 0.400 1.000
Vector 0.467 1.000 0.333 1.000 0.800 1.000
TOPSIS
Max 1.000 1.000 0.933 1.000 0.933 0.997
Max–min 1.000 1.000 0.800 1.000 0.800 0.999
Sum 1.000 1.000 0.933 1.000 0.933 0.999
Vector 1.000 1.000 0.933 1.000 0.933 0.999

Table 10   Normalization techniques deviations to the expected rank-
ings

Case study DM method Normalization technique

Sum Vector

Biodiesel AUM-AHP 0 0
AHP-MRSmod 0 0
TOPSIS 0 0

Acetaldehyde AUM-AHP 2 2
AHP-MRSmod 8 4
TOPSIS 4 4

Propylene 
Glycol

AUM-AHP 0 0
AHP-MRSmod 6 8
TOPSIS 0 0
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Table 11 presents the scores, the rankings generated and the 
sum of the differences to the expected rankings ( 

∑
Δexp) for 

all the case studies.
As shown in Table 11 the results obtained with the differ-

ent methodologies have different scales, due to the different 
approaches used.

The results obtained for the biodiesel case study are 
based on changes made to the GRNS illustrative example, 
as described in the case studies section. Alternative V1 was 
expected to be the more sustainable, and it is in fact the best 
performing alternative in all methods but AHP-MRS.

The results obtained for the acetaldehyde case study were 
similar to those for biodiesel. AUM-MRSmod, AUM-AHP 
and TOPSIS were able to identify the two groups of alter-
natives (with and without material recirculation), but only 
TOPSIS ranked the four alternatives in the expected order. 
AHP-MRS and AHP-MRSmod do not lead to consistent 
results, with large 

∑
Δexp  values.

The propylene glycol results show that AUM-MRSmod, 
AUM-AHP and TOPSIS accurately identify the alternative 
rankings in the expected order. TOPSIS provides the best 
overall results in the classification of alternatives, and will 
be used in the next section, where a closer look at the metrics 
evaluation will be carried out.

Metric analysis

Since GRNS divides the chosen sustainability indicators 
into four metrics, an analysis for each one was conducted. 
The number and percentage of total indicators used for each 
metric is presented in Table 12. As described in the metric 
analysis section, the metric scores can be obtained with vari-
ous methods. However, since TOPSIS was found to be the 
best performing, only the results obtained with TOPSIS are 
presented (Table 13).

The results presented in Table 13 for the fragmentation 
and reset routes of metric analysis demonstrate that the 
analysis of only one metric cannot replace the overall sus-
tainability analysis, since the ranking only corresponds to 
the expected for the economic metric in the biodiesel and 
propylene glycol case studies, and the energy metric in the 
propylene glycol case study. This means that the four met-
rics considered are indeed essential for the sustainability 

analysis, and that a process that has a very good economic 
score may not have the best environmental score. Only with 
an evaluation that considers all these factors is possible to 
have a clear understanding of the system.

Conclusions

Process design needs constant evaluation in pursuit of the 
required sustainable improvements. This can only be accom-
plished with a clear main goal, such as, to maximize short 
term profits, regardless of environmental impacts. Every 
project designer knows that mid to long term sustainabil-
ity is necessary, and that sustainability is a wide term that 
should take into consideration not just the economic aspect, 
but also environmental and energy efficiency aspects. In this 
work, a sustainability evaluation method, with a gate-to-gate 
approach, GREENSCOPE, was used to evaluate the process 
design phase of a project. To overcome the difficulties of 
analyzing and using  the large amount of data produced by 
GRNS, several MODM methods were used to systematically 
evaluate the sustainability indicator scores obtained from 
GRNS and create a ranking to facilitate the identification of 
the best alternatives.

It was found that the decision-making process can be 
very subjective and there is strong support for different 
approaches. AUM-MRSmod was implemented without the 
indicator selection process, considering all the sustainabil-
ity indicators available. This method was found not to be 
consistent enough for a wider application, failing to cor-
rectly identify the expected order of sustainability for the 
various alternatives of the three case studies of this work. 
The AUM-AHP performed better in the identification of the 
acetaldehyde and propylene glycol case studies with material 
recirculation, indicating that it could be a good method when 
the alternatives are significantly different.

Even though AHP-MRS is a widely used MODM 
method, it failed to accurately rank the four alternatives in 
each case study. This may be inherent to the method, since 
interaction matrices are used based on a 1 to 9 priority scale, 
and the data originated from GRNS was subjected to the 
MRS interaction matrix. The resulting matrix contains very 
large and very small values, and therefore the ponderation 

Table 12   Number and 
percentage of total indicators 
obtained per metric for each 
alternative

Metric Original number of 
indicators

Biodiesel
No. ind. (%)

Acetaldehyde
No. ind. (%)

Propylene Glycol
No. ind. (%)

Mass Efficiency 26 25 (96) 14 (54) 17 (65)
Environment 66 61 (92) 31 (47) 45 (68)
Energy 14 11 (71) 4 (29) 9 (64)
Economy 33 29 (79) 17 (52) 16 (49)
Total 139 126 (66) 66 (47) 87 (63)
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vector disregards many indicators, even after normalization. 
AHP-MRSmod was also tested with a new interaction matrix 
based on the GRNS scoring, but it did not lead to better 
results for all the cases, failing to recognize the improved 
alternative designs with material recirculation for the acet-
aldehyde and propylene glycol case studies.

TOPSIS was found to be the most consistent MODM 
method. It was the only method that accurately ranked the 
four alternatives in all case studies, being able to detect less 
significative changes in the process design, such as energy 
integration in some cases.

It was also found that the methodology developed still 
uses a wide number of sustainability indicators, with as 
many as 92 out of 139, being considered for one case study. 
The restrictions implemented in the selection of indicators 
were introduced with the aim of allowing mathematical fea-
sibility, and therefore a sensitivity analysis to the elimination 
parameters was carried out. This analysis concluded that the 
value of 0.01 for a is the best to allow the largest possible 
number of sustainability indicators to be considered and to 
achieve the correct ranking of the alternatives.

The decision-making process based on GRNS sustain-
ability indicators was the main focus of this work, but this 
process is not straightforward without the use of decision-
making methodologies. The results show that TOPSIS is 
the best MODM method for the evaluation of the differ-
ent process alternatives and provides a clear ranking of the 
alternatives.

The innovative methodology presented in this work is 
intended to facilitate the evaluation of different alterna-
tives of a project and to help in the decision-making pro-
cess. Future work will pursue on further proof of concept 
with direct comparison with other sustainability evaluation 
programs, such as SimaPro.
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Table 13   Ranking results obtained for the metric analysis, using both fragmentation (Frag.) and reset methods (Reset)

Bold: expected rank, Italic: close to the expected rank, Bolditalic: far away from the expected rank

Metric Biodiesel Acetaldehyde Propylene glycol
∑

Δ
exp

V0 V1 V2 V3 V0 V1 V2 V3 V0 V1 V2 V3

Efficiency Frag. 3 3 4 3 4 4 3 3 4 3 1 2 8
Reset 3 3 4 3 4 4 3 3 4 3 1 2 7

Environ-
ment

Frag. 3 4 1 2 4 4 3 3 1 2 3 4 18
Reset 3 4 1 2 4 4 3 3 1 2 3 4 18

Energy Frag. 1 3 4 2 4 2 3 1 4 3 2 1 6
Reset 1 4 3 2 4 2 1 3 4 3 1 2 10

Economy Frag. 4 4 4 4 4 4 4 4 4 4 4 4 18
Reset 3 1 4 2 4 3 1 2 4 3 2 1 2

http://creativecommons.org/licenses/by/4.0/
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