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ABSTRACT: Eco-efficiency is generally defined as the ratio of an (
economic and an environmental variable. This interpretation is also
cited in connection to its most popular implementation, known as the
“BASF eco-efficiency portfolio analysis”. There is, however, some-
thing strange about this. A ratio is easily visualized as a slope, but
BASF’s method is working with a distance, which can be formulated
as a weighted sum, not as a ratio. Upon closer analysis, it further
shows that the two variables receive equal weight. These findings are
contradicting the ISO 14045 standard and the perception in
mainstream literature. We discuss the relevance of this shift of
viewpoint. We also discuss some of the extensions, namely, the socio-
efficiency analysis and the SEEbalance. We finally investigate the
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recent changes that were introduced in the eco-efliciency method, including an eco-efliciency index, and conclude that these changes
have been reported in an incomplete way, or in documents that are difficult to trace. Effectively, this means that the most popular
way to calculate and visualize eco-efficiency is unverifiable, impeding its status as a science-based method for sustainable industry

support. We end by sketching the path forward.
KEYWORDS: eco-efficiency, eco-efficiency portfolio, BASF, ratio indicator, weighted sum, sustainable industry

B INTRODUCTION

The term eco-efficiency (EE) was introduced as a business
strategy for “increasing value added while decreasing pollution

indicator as a “measure relating environmental performance of a

product system to its product system value”. In an (informative)

and resource use”." Soon after, a more quantitative interpreta-
tion was added, in terms of the ratio of the value added and the
environmental damage.” The World Business Council for
Sustainable Development® likewise proposed the product
value divided by environmental influence for defining EE.

appendix, the text changes to “dividing the product system value

indicator by the environmental impact indicator”.

These examples point to general confusion, which was

resolved by distinguishing four variations:"'®

h i h hly el i value , -

Su_c 1c£e_als1 were more thoroughly elaborated in subsequent (environmental productivity)
articles. impact

Meanwhile, an opposite approach was taken by the United ,
Nations,'” defining an EE indicator as “the ratio between an tmpact (environmental intensity)
environmental and a financial variable”. This form is also used by EE = value
several subsequent authors.'”'* In a similar style, Saling et al." "] Avalue
use the term “E/C ratio”, environment divided by costs. Aimpact (cost per unit of improvement)

In the same article, however, Saling et al.'® also mention the P
other form, “the ratio of economic creation to ecological Aimpact ) 1 focti
destruction”. A similar reversal of the definition can be found in Aval (environmental cost-effectiveness)

i ) value (1)

Schaltegger, ° who first defines EE as “the ratio between value
added and environmental impact added” and who continues the =
same sentence with “the ratio between an ecological and an Received:  February 22, 2022 §ym§,t§|[[;§}3,!‘g
economic performance indicator”. One sentence later, the Revised:  June 2, 2022 ‘

author returns to “the ratio between the economic costs and the
ecological benefits”, after which a formula specifies “created
ecological benefits/economic costs”. The ISO 14045 standard
for EE'” makes a similar twist. It first defines EE in terms of an
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However useful all four indicators may be, embracing all of them
as EE has the danger of introducing a confusion of metrics and
objectives. For one, it would not suffice to report EE as a
number, but it would always require a specification of which
variation is used. Worse, it would not even be clear what the
desired direction of progress would be. Such a conflation is, for
instance, present in Schmidheiny,'” who defines EE as the
impact per unit of value, and then proudly announces that
companies are raising it, whereas a decrease would be something
to aim for.

Part of the confusion can be explained by reflecting on the
idea of efficiency denoting “the relation between output and
input”,'® which Meier’® concisely writes as

benefit _ outputs

efficiency =

burden inputs

)

If we take a manufacturer’s point of view and consider economic
value as the output and environmental capital as the input, we
indeed can think of EE in terms of economic value divided by
environmental impact. This then represents the desire to make
more value with less impact, in-line with the Factor Four
movement.”" If we, however, start from the idea of improving
environmental performance, the change of environmental
impacts is the output and the cost is the input. Therefore, it
can make sense to use a different definition if we wish to keep the
convenient rule that a higher EE is preferable. Taking into
account that logic, the first and fourth variations of eq 1 are in
agreement with the eco-efficiency concept, whereas the second
and third variation are more in agreement with eco-inefficiency.
Note that this logic is not at all universal; there are authors who
define EE in such a way that a lower value is better.””

Next, consider a third point of view: the customer, who can be
either a consumer or a business client. Most of us like to have
products that are both economical and environmentally friendly.
This means that not the ratio of value over impact and neither
the ratio of impact over value are leading, but rather that we aim
to minimize the sum of value”* and impact, probably including a
weighting of the two.”> Hence, we try to minimize

value + weight X impact

©)

where weight is the weighting factor for environment vis-a-vis
economy. [In this presentation, we have chosen to rephrase a

weighted sum a X value + b X impact as value + % X impact

. . . . . b\.
because it requires one weighting factor (welght = ;) instead of
two (a and b).] This can be converted in a quantity that we
desire to maximize in different ways. Two such ways are

—(value + weight X impact)

1
value + weight X impact

EE

(4)

Here, we have maintained the left-hand side to represent EE,
although the quantity is not a ratio between an output and an
input. Instead of the sum of the value and the impact, other
mathematical forms are possible as well. Joachimiak-Lechman et
al,,”* for instance, propose a product of the two dimensions:

1

value X impact

EE

©)

Saling et al,"> with whom we are already familiar when they
defined EE as a ratio, also consider such a form when they write
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that “alternatives having the same product of economic and
ecological assessment are deemed equally eco-efficient”. Their
next sentence, “alternatives with the lowest factor in the defined
comparable system are the most eco-efficient ones”, then
suggests a form similar to that of Joachimiak-Lechman et al.”*
Neglecting weighting for a moment, the above customer-
oriented schemes could, in the spirit of Meier,”® be written as

—(economic burden + environmental burden)

1
economic burden + environmental burden
1

economic burden X environmental burden

efficiency =

(6)
Perhaps, we should interpret Vercalsteren et al.*” also in that way
when they write that “the most eco-efficient option has
simultaneously the lowest cost and the lowest environmental
score”. Piccinno et al.,*° despite the fact that they did not define
EE in a precise way, probably have the same in mind when they
reject “over-proportional” and “under-proportional” options,
favoring “proportional” ones.

Coming back to weights, the ratio forms of EE forms do not
include a weighting of environment vis-a-vis economy. The joint
consideration of environmental impact and economic value
usually requires a trade-off and, therefore, needs to include a
subjective priority setting, typically as a weighting. When a
portfolio of product alternatives is assessed in terms of an
environmental and economic score, a profit seeker may give
more weight to the economic indicator than an environ-
mentalist, and the two persons may come up with a different final
ranking, even though they agree on the underlying facts. The
definition of EE as a ratio of the two scores does not include a
weighting or other subjective element, but results in an objective
ranking of the alternatives in the portfolio. Although an objective
approach is certainly attractive, the paradox of the disappeared
subjectivity deserves to be studied.”” This is all the more
puzzling because the ISO 10445 standard'” claims that “the eco-
efficiency method includes a weighting of environmental
impacts and costs”. The standard also discusses situations in
which “more weight will be put on the environmental
performance of the studied alternatives”. This suggests that a
ratio-based EE indicator would assume the form

value

EE= ————"—
weight X impact (7)
But it is immediately clear that even though a weighting factor
would affect the EE value, the resulting ranking of products will
be unaffected by the weighting factor. [Likewise, the claim® that
such a ratio “emphasizes the trade-off between economic and
environmental aspects of production, giving equal emphasis to
both”, is wrong. A ratio-based EE indicator comprises no trade-
off and no weighting.27:| The absence of weighting in the
product form is understandable with the same logic, as

1
" value X weight X impact

EE

(8)

will not affect the ranking or decision either.

The output-divided-by-input scheme®” is carried further by
taking thermodynamic efficiency as a vantage point and
requiring that EE not only is a ratio between output and input
but also is dimensionless, as well as bounded between 0 and 1.2

https://doi.org/10.1021/acssuschemeng.2c01073
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As an example, industrial processes due to second-law
inefliciency operate according to

Ein =E + Eloss

out

©)

where E is, for instance, energy. This then serves to define the
thermodynamic efficiency of the process as

E loss

ff. . Eout 1
emcency = —— = -
E

in (10)
Clearly, indicators of the type value/impact or impact/value are,
in general, not dimensionless (typical units are, for example,
$/kg CO, or kg CO,/$), and they are not restricted by the
values 0 and 1. Huysman et al.”” distinguish in this way “level 1”
and “level 2” efficiencies.”” It should be mentioned that some
authors®' normalize the numerator and denominator, effectively
using forms like “normalized value” divided by “normalized
impact” or variations thereof. Such indicators are dimensionless,
but not necessarily bounded between 0 and 1.

Altogether, it appears that there is a wide choice of options:
value/impact, impact/value, value X impact, value + impact.
Each of these may apply to different decision situations.'*** We
summarize the different interpretations in Table 1. In addition,

in

Table 1. Summary of Quantitative Eco-efficiency
Interpretations”

references

2—10, 15—17, and 20

interpretation
value
impact

impact

12—17, 19, and 22

value

value + impact or 23,25, and 26

value + impact

1 15 and 24-26

value X impact or ————
value X impact

“Some of the references include weights or normalizations.

there are approaches in which EE is not a number, but a strategy
for the “simultaneous study of economic and environmental
impacts”,® or where eco-efficiency is used as a synonym for
environmental friendliness.””*> We also mention a recent
review,’® which discerned various qualitative and quantitative
approaches. We finally mention a bibliometric analysis,”” which
in its title and abstract promises to study eco-efliciency, but
which has a so much wider scope that it actually overlooks many
important contributions to eco-efficiency while emphasizing
other subjects. (For instance, it mentions papers by Tone,
Rebitzer, and Textor as the top-three cited papers, but none of
these contain the word “eco-efficiency”.)

Many of the articles mentioned reside in the theoretical
domain of science. There is, however, one approach that stands
out prominently as the dominating approach to EE, not only in
the theoretical literature but also in the practice of industrial
consultancy. We are referring to the EE portfolio, pioneered by
Saling et al." It is “a 20-year success story”,”* and “more than
600 studies in the fields of agriculture, chemical industry,
construction, energy and fuels, food and feed, and household
and personal care” have been carried out.”” Because the main
originators refer to it as the “the BASF eco-efficiency
analysis”,”*** we will do likewise in the present article. One of
the hallmarks of the approach is the use of a graph (sometimes
colored with a green-red or green-yellow-red diagonal gradient),
separating products with high EE from products with low EE.
This is referred to as the portfolio plot™ or the eco-efficiency
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portfolio.”” As an example, we refer to Figure 1, as well to many

publications in which the EE portfolio is applied.22’25’26’41_44

0.8

Environmental Impact

0.8

Cost

Figure 1. Eco-efficiency portfolio plot, as suggested by Kicherer et al.,*'
adding colors and dashed lines.*’ The solid circles denote the
“preliminary” portfolio positions (PP, PPg,) for @ = 1 and a = 2;
the dashed circles denote the “improved” positions (PP¢; ,, PP ). For
consistency with Kicherer et al.,*" the labels & (for product 1) and /3 (for
product 2) have been added as well. Note that the original source uses
the labels @” and ' to indicate the “improved” coordinates of products
1 and 2.

Because of its popularity, the question of the interpretation of
EE in the BASF approach is of more than academic interest. In
another publication® the method has been analyzed in terms of
its compliance with the “independence from irrelevant
alternatives” principle. It was shown that adding or removing
irrelevant alternatives (products that are inferior from both an
economic and environmental point of view) may lead to rank
reversals of the relevant alternatives. In this article, we will study
the method from another angle, namely, the choice of EE
principle and the presence or absence of weighting. Although
one might argue that a method that has been around for 25 years
and that has served many decisions and customers is not in need
of a critical analysis, we still feel that there is such a need. As we
will see below, the description of the method suffers from
incompleteness, inconsistencies, and a lack of traceable sources,
even though a recent article by Grosse-Sommer et al.* claims
that it is “a robust basis to support sustainability assessments”.

In the next section, “Description of BASF’s Eco-efliciency
Analysis”, we will objectively describe the main features of the
BASF EE portfolio. In the third section, “Critical Analysis of
BASF’s Eco-efficiency Analysis”, we critically analyze the
description in terms of sense and sensibility. In the fourth
section, “Eco-efficiency as a Weighted Sum”, we zoom in on the
weighting issue. In the fifth section, “Recent Developments”, we
analyze some recent developments. Finally, we report the
conclusions of our analysis. Most of the mathematical proofs are
in the appendices that are available as Supporting Information.

https://doi.org/10.1021/acssuschemeng.2c01073
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Bl DESCRIPTION OF BASF'S ECO-EFFICIENCY
ANALYSIS

The BASF EE analysis consists of a number of steps,
including the following: (1) Per product, the calculation of a
number of environmental impacts (global warming, energy
consumption, toxicity, etc.); (2) per product, the calculation of
life cycle cost; (3) per product, the normalization and weighting
of environmental impacts based on, among others, societal
weighting factors, resulting in a one-number environmental
impact; (4) per product, the combination of the cost and the
environmental impact in a portfolio plot; (5) the ranking of all
products in the portfolio plot.

In this article, we will focus on the last two steps: the EE
portfolio and the ranking of products. We will assume that a one-
number cost value and a one-number environmental impact
score have been calculated for each product, in the spirit of
earlier work."”*" Our analysis will then start with the
description, based on Kicherer et al,”’ which is by far the
most detailed exposition of these last two steps that is known to
us. We will slightly adapt notation to make the analysis more
systematic and add a few symbols; see Table 2 for an overview.

15,40

Table 2. Summary of Notations

symbol meaning
a€{1,2,., productindex
i}
NF¢ or “normalized” cost (of product a)
NFC,a
El or EI, “normalized” environmental impact (of product a)
PPc or PP., “preliminary” cost (of product a)
PPg or PPy,  “preliminary” environmental impact (of product a)
PC' or PC,a’ “improved” cost (of product a)
PE’ or PE,a’ “improved” environmental impact (of product a)
Ry environment to cost relation (of product a)
dord, distance (using “preliminary” coordinates) to the diagonal line
(of product a)
d' ord, distance (using “improved” coordinates) to the diagonal line
(of product a)
EE* or EE}  eco-efficiency (using “normalized” coordinates) (of product )
EE or EE, eco-efficiency (using “preliminary” coordinates) (of product a)
EE’ or EE,, eco-efficiency (using “improved” coordinates) (of product a)
wk environment to cost weighting in “normalized” units
w environment to cost weighting in “preliminary” units
w environment to cost weighting in “improved” units
x average value taken over all values of a variable x

The details of these transformations are provided in Appendix 1
of the Supporting Information.

Figure 1 shows, for two example products, the “preliminary”
positions as well as the “improved” positions. The figure is a
replication of Kicherer et al.’s (ref 31) Figure 2, enriched with
the colors and dashed lines as suggested by others.*”***°

Kicherer et al.”" informs us that “the most favorable products
are located in the upper right corner, whereas the least favorable
will be lower on the left side”. For example, they conclude that
“both products have a similar eco-efficiency” because their
“distance from the diagonal line” is equal. Other authors®”*’
make comparable statements.

The axis labels of Figure 1 speak of “Cost” and “Environ-
mental Impact” (because the original Figure 2 of Kicherer et al.*!

0.8

Environmental Impact

12

Cost

Figure 2. Same EE portfolio plot as in Figure 1, but now with the colors
and lines redrawn to reflect the definition of EE as environmental
impact divided by cost. The lines correspond, from top to bottom, to
slope values 0f0.7, 0.8, 0.9, 1.0 (the solid line), 1.1, 1.2, 1.3, and 1.4. The
lines are not parallel; they converge in (0, 0). The angle (¢) of the lines
decreases with increasing slope, according to ¢ = arctan(1/EE’), where
EE’ is the ratio-based eco-efficiency. Mind that the impact axis is
vertical, whereas a slope as value/impact would assume a horizontal
impact axis.

Let the portfolio consist of j products, labeled asa = 1, 2, ..., j,
and let the economic value (or cost) of “product a” be given by
NFc, and its environmental impact by EI,. [The original text
writes about “product @” and later mentions a second product, 5.
But it also uses “1, 2, 3,...” to indicate products. Here, we choose
to resolve this by using « as an index, which can assume the
values 1, 2, 3, ...] Each product a therefore defines a point
(NF¢,, EI,). These coordinates are transformed into “prelimi-
nary” positions ((PPc, PPg,), which are transformed in a
second step into “improved” positions in (PP ,, PPy ). [We
will consistently write “preliminary” and “improved” in
quotation marks because that is the terminology used by
Kicherer et al.*' For lack of a better term, the original variables
will be referred to as “normalized”. In a next section, we will
question the issue of what actually needs to be “improved” here.]

8757

does so0), so it is not a priori clear if the drawing contains the
“normalized” metrics (NF¢ and EI), the “preliminary” metrics
(PP¢ and PPg), or the “improved” metrics (PP and PP}). On
the basis of the authors’ conclusion that the two products have
an equal preference, we conclude that the graph is primarily
intended to indicate the “improved” positions, PP and PP%,
although it, probably for illustrative purposes, also contains the
“preliminary” positions, PP and PPg. The “normalized”
positions are not visualized by these authors.

B CRITICAL ANALYSIS OF BASF’S ECO-EFFICIENCY
ANALYSIS

In this section, we will critically examine the procedure, with a
focus on the EE concept used.

A first observation is that although the procedure seems to rely
on the “distance from the diagonal line”, no formula for this

https://doi.org/10.1021/acssuschemeng.2c01073
ACS Sustainable Chem. Eng. 2022, 10, 8754—8762
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distance is provided and no values of the actual distances in the
example are given. In Appendix 2 of the Supporting Information,
we give a more precise interpretation of this distance.

A second observation is that, despite the reference to EE as
“the ratio of environmental impact per monetary unit earned”,
Kicherer et al.>" do not provide an explicit calculation of EE. The
determination of the optimal products seems to have been made
by graphical inspection: the closer a point is to the right upper
corner, the higher its eco-efficiency. This has grown into the
usual practice, as demonstrated by Zhang et al,** who report
that “there are two methods to express eco-efficiency: via a
numeric value and a two-dimensional diagram, and the last one
is the most frequently used method”. Indeed, these authors give
a formula for EE, but they do not use it to calculate EE values.

A third issue is that our speculation on the definition of the EE
value in Appendix 2 can be confronted with Kicherer et al.’s (ref
31) phrase that EE is the “ratio of environmental impact per
monetary unit earned”. This statement is again not fully clear
because both environmental and monetary variables show up in
three forms: “normalized”, “preliminary”, and “improved”. Here,
we will assume that the “improved” coordinates are intended to
define EE. That form has a simple geometric interpretation in
Figure 1: It indicates the slope of the line passing through the
point defined by product a and the point (0, 0). A product at (1,
1) would have a slope, and therefore an EE value of 1, and so
would a product at (2, 2). A product in the left upper corner has
a smaller slope, and therefore a higher EE value, and a product in
the right lower corner has a larger slope, and therefore a smaller
EE value. Consequently, this definition of EE would change
Figure 1 into Figure 2. Clearly, product 2 has a lower ratio-based
eco-efficiency than product 1.

This observation raises a serious issue. The statement that EE
is the ratio of environmental impact to cost and the statement
that the upper right corner corresponds to the highest EE are
incompatible. Either EE is highest in the upper right corner, in
which case it is not impact divided by cost, or it is impact divided
by cost, in which case it is highest in the upper left corner. The
choice between the two principles of EE determines if products
1 and 2 have the same eco-efficiency value or if product 2
surpasses product 1.

Next, we analyze the statements that EE is a ratio in more
detail. As discussed, to Kicherer et al.*' it is “the ratio of
environmental impact per monetary unit earned”, which is

PP;S, «

EE, =
PP ’C «

a

(11)

But to Saling et al,,'® which we consider to be their precursor, it
is “the ratio of economic creation to ecological destruction”,
which is in our notation

PP,
PP,

EE

a

(12)

As mentioned in the Introduction, the choice between what is
the numerator and what is the denominator of the EE ratio
depends on the purpose of the analysis. Obtaining the most

. . . . PP,
valuable product with the least impact requires maximizing PP," .

Ea
But achieving the highest environmental improvement with the

PP},
PP,
Saling et al.'® and Kicherer et al.,*" it is worthwhile to investigate

this more in-depth. Saling et al’® explicitly mention the

least cost requires maximizing Given the opposing views of
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customer as pivotal: “The concrete (final) customer benefit is
at the heart of the analysis” and the analysis is focused on the
“calculation of total cost from (final) customer viewpoint”. As
discussed in the Introduction, the customer point of view would
call for a minimization of cost and a minimization of
environmental impact, and a ratio between the two will not do
the job. A sum, possibly with weights, is an appropriate method
in such decision situations. Kicherer et al.’" are less consistent
about their target. On the one hand, they also mention cost, not
sales or value. On the other hand, they speak about “the ratio of
environmental impact per monetary unit earned”, suggesting
they take a producer perspective.

In this respect, a later contribution by Saling*” is of interest. Its
Figure 4.2 shows a portfolio plot with the “reduction of
environmental impact” horizontally and the “improvement of
product functions vertically”. Remarkably, it argues that “the
lower [the reduction of environmental impact] is, the better the
product is due to its environmental impacts”. We can dismiss
this as a typo, taking “environmental impact” for the horizontal
variable, leaving out the word “reduction”. But even more
remarkable is that the figure contains a symbol X that indicates
the angle of the line connecting (0, 0) and the point defined by
the product. The text then adds that “tan X expresses the eco-
efficiency”. This clearly points to a ratio-based definition (see
Figure 2), and it contradicts the sum-based definition in terms of
the “perpendicular distance above the diagonal line in the
direction of the upper right-hand quadrant”, which is featured at
another page of the same source.

B ECO-EFFICIENCY AS A WEIGHTED SUM

We observed that the EE portfolio method uses the distance to
the diagonal line to measure EE. The distance to the diagonal
line, as derived in Appendix 2 of the Supporting Information, is
equal to

’ 1 / /
EE, =2 - Eﬁ(PPQa + PPy ) (13)

Apart from a constant (+/2) and a factor (%ﬁ), the EE

indicator is basically the sum of the (“improved”) cost and the
(“improved”) environmental impact. In other words, BASF’s
eco-efficiency principle is based on a sum of cost and
environmental impact, even though the method is described
to be ratio-based. As mentioned in the Introduction, a sum
indicator may be more appropriate than a ratio-based method,
depending on the goal of the analysis. The reader should
therefore not a priori consider our result as a sign of disapproval.
But the fact remains remarkable that a method that claims to be
ratio-based turns out to be sum-based. As far as we know, the
observation that BASF’s eco-efliciency is sum-based rather than
ratio-based has not been made before. Instead, many articles cite
the ratio definition and then uncritically use the sum-based
portfolio plot. We speculate that the discrepancy has remained
unnoticed because the portfolio method relies on a graphical
interpretation, without the actual calculation of EE values. If EE
values had been calculated, the analysts would probably have
noted the inconsistency.

Once the implicit EE indicator has been recognized as a sum,
the follow-up question is how cost and environmental are
weighted, if at all. The term PP¢ , + PPy ,, deduced from the
diagonal lines with slope —1, shows that the cost and

environmental impact receive equal weight when expressed in
“improved” coordinates. It is interesting to find out what that
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implies for the “normalized” coordinates. The analysis of
Appendix 3 in the Supporting Information shows that the
implicit weighting in the sum-based EE portfolio amounts to an
environment-to-economy weighting, in “normalized” units,
which is exactly 1. In other words, it uses just NFc, + EI,,
without any weighting. This is a remarkable conclusion, which
deserves a closer study.

According to Kicherer et al,’' the variable NF , expresses
(life cycle) cost of product a divided by the GDP per capita of
the country. As such, its dimension is persons (“Inh”). In a
similar style, EI, is the environmental impact of product a, also
expressed relative to the country’s total, per capita, so also in
persons. An equal weighting of NF., and EI, amounts to
calculating a total score as NF¢, + EI, for each product . This
equal weighting means that a relative deviation from the per
capita environmental impact is equivalent to an equally sized
relative deviation from the per capita cost. Being 5% better on
economy than the country’s average is exactly the same as being
5% better than the country’s average on environment.

A natural question is if this equal weight is on purpose, or if it
is a mere artifact of a mathematical procedure. The descriptions
by the originators are ambiguous about a weighting between
economy and environment. Saling et al."> write about “the
assumption that ecology and economics have the same
imfortance in a sustainability assessment”, and Shonnard et
al.™” use a similar phrasing (“ecology and economy are equally
important”). This suggests that the weights are equal on
purpose. However, these two texts also state that the method
contains “weighting factors that are related to the relative
importance of economic versus environmental effects in a
particular study”, that there is “a final weighting step...that takes
into account whether the environmental or cost impacts are
more influential”, and that a “determination of relative
importance of ecology versus economy” is one of the steps in
EE analysis. Saling"” also notes that “the eco-efficiency method
includes a weighting of environmental impacts and costs”. He
refers to Kicherer et al.’’ for the description of this “final
weighting step..which takes into consideration whether the
environmental or cost impacts was more influential”. Remark-
ably, Kicherer et al.,>" which is by far the most explicit text about
the portfolio method, does not discuss such a weighting.
Summing up, several of these texts state that there is a weighting
of economy and environment and some texts refer to this as an
equal weighting. That would be compatible with the term
PP, + PPy, and/or NFc, + EI, but it would be

incompatible with the claim that eco-efficiency is a ratio of the
two terms, and as such the issue of weighting is enigmatic.

As mentioned, Kicherer et al.”" do not calculate eco-efficiency
ratios of the products in the portfolio. However, they do
calculate a ratio: an “environment to cost relation for a complete
project”, indicated by Ry c. It is indeed a ratio of environmental
impact/cost, but not for individual products in the portfolio;
instead, it applies to the average product in the portfolio:

El

R =
BCTNE

(14)

In the example, Ry = 0.48, which is also a dimensionless
number, because both the cost and the environmental impact
are expressed in the same unit (“Inh”). Despite its interpretation
in terms of “costs are more important than the environmental
impact by about a factor 27, its role is not very clear. Its main
function is to change the “preliminary” positions into
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“improved” positions, but why the “preliminary” positions
apparently need to be “improved” into “corrected figures” is not
clear. Also, the argument of being “based on the geometric
theorem of Pythagoras and on the cathetus theorem” is not clear.
[The “geometric theorem of Pythagoras” is the well-known
relation a® + b* = ¢* between the hypotenuse (c) and the two
other sides (a and b) of a right triangle, which are sometimes
referred to as the two catheti. The “cathetus theorem” is less
known. It states that the two right triangles with sides a, h, g and
b, h, p, which are formed by creating a line of length h from the
right angle perpendicular to the hypotenuse, splitting ¢ into p
and g, satisfy the relations cp = b* and ¢q = a*.*® The description
by Kicherer et al.*’ mentions that these two theorems form the
basis of the step from “preliminary” to “improved” positions, but
no further explanation or proofis given.] The text states that this
would provide “a balance between environmental impacts and
costs”, but the actual idea behind this balance is not explained or
motivated. In the last, concluding section of the work, a scenario
analysis is performed to analyze “the influence of Ry on the
result in the portfolio presentation”. This is an intriguing
formulation as it suggests that R is set by the analyst. That
impression is false: Ry ¢ is the result of the portfolio values, so the
sentence basically says that we seek to analyze the influence of
the portfolio values on the portfolio presentation.

The final part of Kicherer et al.”' contains two example
projects that are supposed to shed more light on the role of Ry .
In one project “the environmental impact is more important
(Rgc = 2)”, whereas in the other project “the costs are much
more relevant there than is the environmental impact (Rgc =
0.5)”. Apparently, Ry is an indicator of the importance of
environment vis-a-vis cost. The question of whether the cost is
more important than the environmental impact or vice versa
seems to be answered by the composition of the project, not by
external preferences on how important the environment is
intrinsically. And because the project portfolio may comprise
irrelevant alternatives, the earlier critique45 is of interest, also
with respect to this environment-to-cost relation R . Kicherer
et al.>" announce in their abstract “a statistical evaluation of the
Rgc factor based on the results of different eco-efficiency
analyses”, and their introduction adds that they have “used this
method for over 300 projects, thus allowing a statistic evaluation
of the practical relevance of normalized environmental impacts
to costs”. The main text, however, does not offer such statistics.

It is interesting that not only the weighting of the
“normalized” values (NF, vis-a-vis EI,) is equal but also the
weighting of the “improved” values (PP, vis-a-vis PP ,) is
equal. This would suggest that if we take the data in
“normalized” units and add up the two variables, a consistent
EE ranking would emerge. Indeed, if we compute NF , + EI, for
the example data, we find exactly the same values for products 1
and 2, affirming their equal scores in “improved” coordinates.
We prove this point more formally in Appendix 3 in the
Supporting Information. It is therefore a big question why the
whole exercise is undertaken at all: calculating “preliminary”
positions, next calculating “improved” positions, and finally
calculating distances from the diagonal line, if we can base
exactly the same decision on just a simple addition of the
“normalized” numbers.

Likewise, it remains a mystery that Kicherer et al.”' emphasize
the “environment to cost relation” Rg ¢, but that this variable
plays no role in the ranking or products. It influences the
“preliminary” positions, but it drops out of the final metric,
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which is based on the distance of the “improved” points to the
diagonal line.

B RECENT DEVELOPMENTS

Our analysis of the portfolio analysis was mainly based on
Kicherer et al,”' with supporting information. " These
sources are 15—20 years old, and it is therefore of interest to
study to what extent more information or updates have become
available. We analyzed the following sources:

. . . . 39,46
e two articles in peer-reviewed journals,

e abook’ and a book chapter?’,

e two documents on the Internet
51,52

49,50
~% and

e two websites.

These sources give a mixed impression. Grosse-Sommer et al.*”
mention that the method “was fundamentally overhauled in
2014”, adding a reference to a hyperlink that does not work, but
which is perhaps similar to a document by BASE.*” [It cannot be
the same document. The hyperlink given by Grosse-Sommer et
al.*” was “accessed 21 March 2015”, whereas the document™ is
dated January 2016.] This report contains several new elements:

e “the eco-efficiency is inversely proportional to the
distance from the alternative to the origin (0, 0)”;

o “the eco-efficiency plot always includes the point (0, 0)”;

e the mentioning of an “eco-efficiency index [which] shows

these distances for all alternatives”;

“alternatives...located closer to the lower left corner” are

not “an indication of low eco-efliciency”;

the presence of eco-efficiency portfolio plots with axes

expressed in “person years”.

These new elements are not explained or referenced; instead,
only references to the older articles'™*" are provided.
Particularly interesting to us is the “eco-efficiency index” that
is even visualized in Figure 6 of the BASF reports,*”" but is not
defined in an operational sense. We can only speculate that this
eco-efficiency index is equal to d'.

B CONCLUSION

The eco-efficiency analysis and 4portfolio plot, proposed by a
team of authors from BASF,">*"** have been analyzed in detail,
and a number of unexpected conclusions could be drawn: (1)
Although the authors explicitly define EE as the ratio between an
economic and environmental variable (or the other way
around), they effectively use a weighted sum of the economic
and environmental variables to operationalize EE. (2) The
weighting factor in this weighted sum is not defined by experts or
other external information like policy targets, but it is 1. (3) No
EE values for individual products are calculated or reported. (4)
The actual determination of the ranking of products, in a
complicated multistep procedure (from “normalized” to
“preliminary”, from “preliminary” to “improved”, and from
“improved” to distance) can entirely be replaced by an
unweighted sum of the “normalized” variable cost and
environmental impact. (5) The “environment to cost relation”
(Rgc), although calculated for the project and receiving
emphasis in their discussion, plays no role in the analysis nor
in its results.

These conclusions raise serious concerns on the validity of the
approach. These concerns are strengthened by the lack of
scientific justification. The “preliminary” coordinates are
“corrected” into “improved” coordinates, but what actually
needs to be “corrected” or “improved” is not explained. An
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appeal is made to two mathematical theorems (the Pythagorean
Theorem and the cathetus theorem), but why and how these
theorems are used is not described. Altogether, the scientific
validity of the approach is doubtful.

On the one hand, there is ample evidence of a mainstream
acceptance: (1) The method has been described in peer-
reviewed journals.ls’?’l’40 (2) These descriptions have been cited
several hundreds of times by other peer-reviewed articles, with
only very few critical notes.”””** (3) Hundreds of articles have
appeared in peer-reviewed journals in which independent
authors have applied the :zpproach. (4) The method was
“validated”*" and “approved”*” by authoritative bodies, such as
the Rhineland Technical Surveillance Association (TUV
Rheinland) and the U.S. National Sanitation Foundation
(NSF, Protocol P352). (5) The method has been used by
BASF as well as other companies to assess hundreds of
products.” (6) The method is based’’ on the ISO 14045
standard."”

On the other hand, our analysis leaves little room for another
conclusion. Unless, of course, there is a gross misunderstanding.
We have identified quite a few unclear, unjustified, and
inconsistent parts in the text by Kicherer et al,”" and it may
still be the case that the method is valid, but only partially
reported, with a number of typos and/or ambiguous phrasings.
We would obviously welcome a more complete and more
coherent description of the approach. [In an attempt to better
understand the procedure, we followed Saling’s (ref 38)
suggestion to check the “Eco-Efficiency Analysis Manager
Online” website.”” This website is password-protected, and
there is no option to create an account. The author has
contacted the email address on this website (on 19 January
2022), but no answer was received. ]

Eco-efficiency and the portfolio analysis have been extended
to the social domain. Proposals have been made’>** to
introduce a socio-efliciency portfolio for cost and social impact,
next to the eco-efficiency portfolio for cost and environmental
impact. No details or formulas are given, so it is not possible to
assess the degree to which the socio-efficiency analysis suffers
from similar problems as the eco-efficiency analysis. But the
socio-efficiency portfolio in Figure 15 of Kolsch et al.** bears a
large similarity to the eco-efficiency portfolio, so we expect that
the details work out in the same way. The merging of the two
portfolio plots in a SEEbalance through a three-dimensional
SEEcube is, however, more open to speculation. The distance to
a line in a square is to be replaced by the “distance from the
central plane”; now points with an equal distance “have the same
socio-eco-efficiency”. This suggests, once more, a sum-based
indicator, for instance,

SEE = cost + environmental impact + social impact
(15)

This suggestion seems to be confirmed by the statement that
“the results of the ecological and societal fingerprint are
multiplied with their weighting factors to obtain a total
impact”,”* even though there is no explicit mentioning of a
sum. A single ratio-based indicator would not be possible in
three-dimensional space. Equation 15 is clearly in need of a more
detailed analysis, especially because the social indicator is not
presented in a detailed mathematical form in any of the papers of
which we are aware.

As afinal note, it is worthwhile to come back to the question of
whether a ratio-based indicator or a sum-based indicator is the
most appropriate. As argued in the Introduction, this depends
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on the perspective: For whom is the analysis done? A
manufacturer wants valuable products and little impact, and as
such a ratio-based indicator seems useful. A customer, by
contrast, wants to minimize cost and impact and that requires a
sum-based indicator. The fact that a manufacturer (BASF)
would put “customer benefit...at the heart of the analysis” is an
interesting reversal of roles in that respect. As stated in the
Introduction, a ratio-based indicator can do without weighting,
whereas a sum-based indicator needs one. We refer to Huguet
Ferran et al.”’ for a comparative discussion, including the option
of keeping the two variables separate in a Pareto style.

Our critical analysis of the BASF eco-efficiency method may
in follow-up work be used in a more constructive way to design
an improved method that is in agreement with a priori stated
principles and that is also robust for the introduction or deletion
of irrelevant alternatives. In the end, the sum-based approach by
Kicherer et al.’' may be, to some extent, appropriate, in the end,
for the customer. The big caveat is the weighting, which should
be explicit and made by relevant parties. Right now, it is based on
the portfolio composition.

B ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
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Appendix 1 presents the transformation of the NF values
into PP(-values and the similar procedure for transforming
El into PPy; Appendix 2 discusses the concept of the
distance to the diagonal lines; Appendix 3 contains the
derivation of the implicit weight between the “normal-
ized” variables NF. and EI (PDF)

B AUTHOR INFORMATION

Corresponding Author
Reinout Heijungs — Department of Operations Analytics, Vrije
Universiteit Amsterdam, Amsterdam 1081 HV, The
Netherlands; Institute of Environmental Sciences, Leiden
University, Leiden 2300 RA, The Netherlands; © orcid.org/
0000-0002-0724-5962; Email: r.heijungs@vu.nl

Complete contact information is available at:
https://pubs.acs.org/10.1021/acssuschemeng.2c01073

Notes
The author declares no competing financial interest.

B REFERENCES

(1) Schmidheiny, S.; Zorraquin, F. Financing change. The financial
community, eco-efficiency, and sustainable development; The MIT Press:
1996; p 211.

(2) Glauser, M.; Miiller, P. Eco-efficiency. A prerequisite for future
success. Chimia 1997, 51, 201—-206.

(3) WBSCD. Measuring eco-efficiency. A guide to reporting company
performance; World Business Council for Sustainable Development:
2000.

(4) Helminen, R.-R. Developing tangible measures for eco-efficiency.
The case of the Finnish and Swedish pulp and paper industry. Business
Strategy and the Environment 2000, 9, 196—210.

(5) Seppilia, J.; Melanen, M.; Mienpii, L; Koskela, S.; Tenhunen, J.;
Hiltunen, M.-R. How can the eco-efficiency of a region be measured
and monitored? Journal of Industrial Ecology 2008, 9, 117—130.

(6) Kuosmanen, T.; Kortelainen, M. Measuring eco-efficiency of
production with data envelopment analysis. Journal of Industrial Ecology
2005, 9, 59—72.

8761

(7) Maxime, D.; Marcotte, M.; Arcand, Y. Development of eco-
efficiency indicators for the Canadian food and beverage industry.
Journal of Cleaner Production 2006, 14, 636—648.

(8) Bakshi, B.; Gutowski, T.; Sekulic, D. Claiming sustainability.
Requirements and challenges. ACS Sustainable Chem. Eng. 2018, 6,
3632—-3639.

(9) Hessel, V,; Escriba-Gelonch, M.; Bricout, J.; Tran, N. N,
Anastasopoulou, A.; Ferlin, F.; Valentini, F.; Lanari, D.; Vaccaro, L.
Quantitative sustainability assessment of flow chemistry. From simple
metrics to holistic assessment. ACS Sustainable Chem. Eng. 2021, 9,
9508—9540.

(10) Xie, X.; Luo, M.; Hu, S. Green assessment method for industrial
technology. A case study of the saline lake industry. ACS Sustainable
Chem. Eng. 2022, 10, 1544—1553.

(11) WBSCD. Eco-efficiency learning module; World Business Council
for Sustainable Development: 2006.

(12) UNCTAD. A manual for the preparers and users of eco-efficiency
indicators. Version 1.1; United Nations: 2004; p 114.

(13) Géssling, S.; Peeters, P.; Ceron, J.-P.; Dubois, G.; Patterson, T.;
Richardson, R. The eco-efficiency of tourism. Ecological Economics
2005, 54, 417—434.

(14) Hellweg, S; Doka, G.; Finnveden, G.; Hungerbiihler, K.
Assessing the eco-efficiency of end-of-pipe technologies with the
environmental cost efficiency indicator. Journal of Industrial Ecology
2005, 9, 189—203.

(15) Saling, P.; Kicherer, A; Dittrich-Kramer, B.; Wittlinger, R;;
Zombik, W.; Schmidt, L; Schrott, W.; Schmidt, S. Eco-efficiency
analysis by BASF. The method. International Journal of Life Cycle
Assessment 2002, 7, 203—218.

(16) Schaltegger, S. Economics of life cycle assessment. Inefficiency of
the present approach. Business Strategy and the Environment 1997, 6, 1—
8.

(17) 1SO. Environmental management. Eco-efficiency assessment of
product systems. Principles, requirements and guidelines; International
Organization for Standardization: 2012.

(18) Huppes, G.; Ishikawa, M. Quantified eco-efficiency. An introduction
with applications; Springer: 2007; p 330.

(19) Schmidheiny, S. Changing course. A global perspective on
development and the environment; The MIT Press: 1992; p 448.

(20) Meier, M. Eco-efficiency evaluation of waste gas purification systems
in the chemical industry; Eco-Informa Press: 1997; p 271.

(21) von Weizsicker, E.; Lovins, A.; Lovins, L. Factor four. Doubling
wealth, halving resource use. A new report to the Club of Rome; Routledge:
1997; p 352.

(22) Pelton, R; Li, M.; Smith, T.; Lyon, T. P. Optimizing eco-
efficiency across the procurement portfolio. Environ. Sci. Technol. 2016,
50, 5908—5918.

(23) Suh, S.; Lee, K.; Ha, S. Eco-efficiency for pollution prevention in
small to medium-sized enterprises. A case from South Korea. Journal of
Industrial Ecology 2008, 9, 223—240.

(24) Joachimiak-Lechman, K; Selech, J.; Kasprzak, J. Eco-efficiency
analysis of an innovative packaging production: case study. Clean
Technologies and Environmental Policy 2019, 21, 339—350.

(25) Vercalsteren, A.; Spirinckx, C.; Geerken, T. Life cycle assessment
and eco-efficiency analysis of drinking cups used at public events.
International Journal of Life Cycle Assessment 2010, 15, 221-230.

(26) Piccinno, F.; Hischier, R.; Seeger, S.; Som, C. Eco-efficient
process improvement at the early development stage. Identifying
environmental and economic process hotspots for synergetic improve-
ment potential. Environ. Sci. Technol. 2018, 52, 5959—5967.

(27) Huguet Ferran, P.; Heijungs, R.; Vogtlinder, J. Critical analysis of
methods for integrating economic and environmental indicators.
Ecological Economics 2018, 146, 549—559.

(28) Heijungs, R. In Quantified eco-efficiency. An introduction with
applications; Huppes, G., Ishikawa, M., Eds.; Springer, 2007; Chapter
“From thermodynamic efficiency to eco-efficiency”, pp 79—103.

(29) Huysman, S.; Sala, S.; Mancini, L.; Ardente, F.; Alvarenga, R.; De
Meester, S.; Mathieux, F.; Dewulf, J. Toward a systematized framework

https://doi.org/10.1021/acssuschemeng.2c01073
ACS Sustainable Chem. Eng. 2022, 10, 8754—8762


https://pubs.acs.org/doi/10.1021/acssuschemeng.2c01073?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.2c01073/suppl_file/sc2c01073_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Reinout+Heijungs"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0724-5962
https://orcid.org/0000-0002-0724-5962
mailto:r.heijungs@vu.nl
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c01073?ref=pdf
https://doi.org/10.2533/chimia.1997.201
https://doi.org/10.2533/chimia.1997.201
https://doi.org/10.1002/(SICI)1099-0836(200005/06)9:3<196::AID-BSE240>3.0.CO;2-O
https://doi.org/10.1002/(SICI)1099-0836(200005/06)9:3<196::AID-BSE240>3.0.CO;2-O
https://doi.org/10.1162/108819805775247972
https://doi.org/10.1162/108819805775247972
https://doi.org/10.1162/108819805775247846
https://doi.org/10.1162/108819805775247846
https://doi.org/10.1016/j.jclepro.2005.07.015
https://doi.org/10.1016/j.jclepro.2005.07.015
https://doi.org/10.1021/acssuschemeng.7b03953?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.7b03953?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c02501?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c02501?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c06976?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c06976?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ecolecon.2004.10.006
https://doi.org/10.1162/108819805775247864
https://doi.org/10.1162/108819805775247864
https://doi.org/10.1007/BF02978875
https://doi.org/10.1007/BF02978875
https://doi.org/10.1002/(SICI)1099-0836(199702)6:1<1::AID-BSE84>3.0.CO;2-D
https://doi.org/10.1002/(SICI)1099-0836(199702)6:1<1::AID-BSE84>3.0.CO;2-D
https://doi.org/10.1021/acs.est.5b06289?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b06289?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1162/108819805775247918
https://doi.org/10.1162/108819805775247918
https://doi.org/10.1007/s10098-018-1639-7
https://doi.org/10.1007/s10098-018-1639-7
https://doi.org/10.1007/s11367-009-0143-z
https://doi.org/10.1007/s11367-009-0143-z
https://doi.org/10.1021/acs.est.8b01197?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b01197?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b01197?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b01197?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ecolecon.2017.11.030
https://doi.org/10.1016/j.ecolecon.2017.11.030
https://doi.org/10.1016/j.resconrec.2014.10.014
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.2c01073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

Research Article

pubs.acs.org/journal/ascecg

for resource efficiency indicators. Resources, Conservation and Recycling
2015, 95, 68—76.

(30) Burritt, R.; Saka, C. Environmental management accounting
applications and eco-efficiency. Case studies from Japan. Journal of
Cleaner Production 2006, 14, 1262—1278.

(31) Kicherer, A.; Schaltegger, S.; Tschochohei, H.; Ferreira Pozo, B.
Combining life cycle assessment and life cycle costs via normalization.
International Journal of Life Cycle Assessment 2007, 12, 537—543.

(32) Huppes, G.; Ishikawa, M. Eco-efficiency and its terminology.
Journal of Industrial Ecology 2005, 9, 43—46.

(33) Philippot, M.; Alvarez, G.; Ayerbe, E.; Van Mierlo, J.; Messagie,
M. Eco-efficiency of a lithium-ion battery for electric vehicles. Influence
of manufacturing country and commodity prices on GHG emissions
and costs. Batteries 2019, S, 23.

(34) Li, C; Wu, M,; Yao, W. Eco-efficient cementitious system
consisting of belite-ye’elimite-ferrite cement, limestone filler, and silica
fume. ACS Sustainable Chem. Eng. 2019, 7, 7941—7950.

(35) Glogic, E.; Futsch, R;; Thenot, V.; Iglesias, A.; Joyard-Pitiot, B.;
Depres, G.; Rougier, A.; Sonnemann, G. Development of eco-efficient
smart electronics for anticounterfeiting and shock detection based on
printable inks. ACS Sustainable Chem. Eng. 2021, 9, 11691—11704.

(36) Caiado, R.; de Freitas Dias, R.; Mattos, L.; Quelhas, O.; Leal
Filho, W. Towards sustainable development through the perspective of
eco-efficiency - A systematic literature review. Journal of Cleaner
Production 2017, 165, 890—904.

(37) John, L; Kwofie, E. M.; Ngadi, M. Two decades of eco-efficiency
research: a bibliometric analysis. Environmental Sustainability 2020, 3,
155—168.

(38) Saling, P. The BASF eco-efficiency analysis. A 20-year success story;
BASF: 2016; p 193.

(39) Grosse-Sommer, A.; Griinenwald, T.; Paczkowski, N.; van
Gelder, R.; Saling, P. Applied sustainability in industry. The BASF eco-
eEfficiency toolbox. Journal of Cleaner Production 2020, 258, 120792.

(40) Shonnard, D.; Kicherer, A.; Saling, P. Industrial applications
using BASF eco-efficiency analysis. Perspectives on green engineering
principles. Environ. Sci. Technol. 2003, 37, 5340—5348.

(41) Cha, K; Lim, S,; Hur, T. Eco-efficiency approach for global
warming in the context of Kyoto mechanism. Ecological Economics
2008, 67, 274—280.

(42) Lee, J.-Y.; Cha, K-H.; Lim, T.-W.; Hur, T. Eco-efficiency of H,
and fuel cell buses. Int. J. Hydrogen Energy 2011, 36, 1754—1765.

(43) Arceo, A.; Rosano, M.; Biswas, W. Eco-efficiency analysis for
remote area power supply selection in Western Australia. Clean
Technologies and Environmental Policy 2018, 20, 463—475.

(44) Zhang, C; Hu, M,; Dong, L; Gebremariam, A.; Miranda-
Xicotencatl, B.; Di Maio, F.; Tukker, A. Eco-efficiency assessment of
technological innovations in high-grade concrete recycling. Resources,
Conservation & Recycling 2019, 149, 649—663.

(45) Dyckhoff, H.; Quandel, A.; Waletzke, K. Is the BASF analysis
dependent on irrelevant alternatives? International Journal of Life Cycle
Assessment 20185, 20, 1557—1567.

(46) Uhlman, B.; Saling, P. Measuring and communicating
sustainability through eco-efficiency analysis. Chemical Engineering
Progress 2010, 106 (12), 17—26.

(47) Saling, P. In Special types of life cycle assessment; Finkbeiner, M.,
Ed; Springer: 2016; Chapter “Eco-efficiency assessment”, pp 115—178.

(48) Fine, B,; Gaglione, A.; Moldenhauer, A.; Rosenberger, G.;
Spellman, D. Algebra and number theory. A selection of highlights; De
Gruyter: 2017; p 319.

(49) BASF. Submission for NSF Protocol P352. Validation and
verification of eco-efficiency analyses, Part A. BASF’s eco-efficiency analysis
methodology, January 2016; BASF: 2016; p 24.

(50) BASF. Submission for NSF Protocol P352. Validation and
verification of eco-efficiency analyses, Part A. BASF’s AgBalance™
methodology, September 2016; BASF: 2016; p 48.

(51) Eco-efficiency analysis. https://www.basf.com/global/en/who-
we-are/sustainability/we-drive-sustainable-solutions/quantifying-
sustainability/eco-efficiency-analysis.html (accessed 22-01-21).

8762

(52) Eco-efficiency analysis manager online. https://www.eeaman.
com/ (accessed 22-01-21).

(53) Schmidt, I; Meurer, M.; Saling, P.; Kicherer, A.; Reuter, W.;
Gensch, C.-O. SEEbalance®: Managing sustainability of products and
processes with the socio-eco-efficiency analysis by BASFE. Greener
Management International 2004, 45, 79—94.

(54) Kélsch, D.; Saling, P.; Kicherer, A.; Grosse-Sommer, A.; Schmidt,
1. How to measure social impacts? A socio-eco-efficiency analysis by the
SEEBALANCE® method. International Journal of Sustainable Develop-
ment 2008, 11, 1-23.

[0 Recommended by ACS

Life-Cycle Greenhouse Gas Emissions of Sustainable
Aviation Fuel through a Net-Zero Carbon Biofuel Plant
Design

Eunji Yoo, Michael Wang, et al.
JUNE 29, 2022

ACS SUSTAINABLE CHEMISTRY & ENGINEERING READ =

New Techniques for Assessing Critical Raw Material Aspects
in Energy and Other Technologies

Nick Martin, Laura Talens-Peir6, et al.
NOVEMBER 24, 2022

ENVIRONMENTAL SCIENCE & TECHNOLOGY READ &

Economic and Environmental Barriers of CO,-Based
Fischer-Tropsch Electro-Diesel

Juan D. Medrano-Garcia, Gonzalo Guillén-Gosalbez, et al.
AUGUST 25, 2022

ACS SUSTAINABLE CHEMISTRY & ENGINEERING READ &

Life Cycle Greenhouse Gas Emissions and Water and Fossil-
Fuel Consumptions for Polyethylene Furanoate and Its
Coproducts from Wheat Straw

Taemin Kim, Pahola Thathiana Benavides, et al.
FEBRUARY 15, 2022

ACS SUSTAINABLE CHEMISTRY & ENGINEERING READ

Get More Suggestions >

https://doi.org/10.1021/acssuschemeng.2c01073
ACS Sustainable Chem. Eng. 2022, 10, 8754—8762


https://doi.org/10.1016/j.resconrec.2014.10.014
https://doi.org/10.1016/j.jclepro.2005.08.012
https://doi.org/10.1016/j.jclepro.2005.08.012
https://doi.org/10.1065/lca2007.01.305
https://doi.org/10.1162/108819805775247891
https://doi.org/10.3390/batteries5010023
https://doi.org/10.3390/batteries5010023
https://doi.org/10.3390/batteries5010023
https://doi.org/10.1021/acssuschemeng.9b00702?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b00702?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b00702?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c02348?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c02348?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c02348?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jclepro.2017.07.166
https://doi.org/10.1016/j.jclepro.2017.07.166
https://doi.org/10.1007/s42398-020-00105-1
https://doi.org/10.1007/s42398-020-00105-1
https://doi.org/10.1016/j.jclepro.2020.120792
https://doi.org/10.1016/j.jclepro.2020.120792
https://doi.org/10.1021/es034462z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es034462z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es034462z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ecolecon.2007.09.016
https://doi.org/10.1016/j.ecolecon.2007.09.016
https://doi.org/10.1016/j.ijhydene.2010.10.074
https://doi.org/10.1016/j.ijhydene.2010.10.074
https://doi.org/10.1007/s10098-017-1438-6
https://doi.org/10.1007/s10098-017-1438-6
https://doi.org/10.1016/j.resconrec.2019.06.023
https://doi.org/10.1016/j.resconrec.2019.06.023
https://doi.org/10.1007/s11367-015-0957-9
https://doi.org/10.1007/s11367-015-0957-9
https://www.basf.com/global/en/who-we-are/sustainability/we-drive-sustainable-solutions/quantifying-sustainability/eco-efficiency-analysis.html
https://www.basf.com/global/en/who-we-are/sustainability/we-drive-sustainable-solutions/quantifying-sustainability/eco-efficiency-analysis.html
https://www.basf.com/global/en/who-we-are/sustainability/we-drive-sustainable-solutions/quantifying-sustainability/eco-efficiency-analysis.html
https://www.eeaman.com/
https://www.eeaman.com/
https://doi.org/10.1504/IJSD.2008.020380
https://doi.org/10.1504/IJSD.2008.020380
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.2c01073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00977?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00977?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00977?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00977?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00977?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00977?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00977?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00977?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00977?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00977?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00977?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00977?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00977?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00977?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00977?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00977?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00977?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00977?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00977?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00977?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00977?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00977?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00977?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00977?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00977?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00977?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00977?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00977?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00977?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00977?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00977?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00977?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00977?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acs.est.2c05308?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acs.est.2c05308?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acs.est.2c05308?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acs.est.2c05308?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acs.est.2c05308?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acs.est.2c05308?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acs.est.2c05308?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acs.est.2c05308?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acs.est.2c05308?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acs.est.2c05308?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acs.est.2c05308?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acs.est.2c05308?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acs.est.2c05308?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acs.est.2c05308?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acs.est.2c05308?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acs.est.2c05308?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acs.est.2c05308?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acs.est.2c05308?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acs.est.2c05308?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acs.est.2c05308?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acs.est.2c05308?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acs.est.2c05308?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acs.est.2c05308?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acs.est.2c05308?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acs.est.2c05308?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acs.est.2c05308?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c01983?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c01983?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c01983?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c01983?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c01983?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c01983?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c01983?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c01983?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c01983?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c01983?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c01983?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c01983?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c01983?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c01983?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c01983?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c01983?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c01983?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c01983?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c01983?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c01983?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c01983?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c01983?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c01983?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
http://pubs.acs.org/doi/10.1021/acssuschemeng.1c08429?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673185506&referrer_DOI=10.1021%2Facssuschemeng.2c01073
https://preferences.acs.org/ai_alert?follow=1

