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Abstract
Life Cycle Assessment (LCA) has proven useful in comparing the environmental impact of
alternatives, life-cycle phases or parts in a product. To date, benchmarking a new product with
previous environmental information entails a degree of subjectivity. This paper presents LCPfamilies, a concept to develop reference ranges for environmental impact of a new product. A
new product can be catalogued as environmentally better or worse than a percentage of its
competitors, depending on what position it occupies in its LCP-family. Three case studies of
packaging products are carried out to show the applicability and usefulness of the concepts
presented.
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Introduction
More and more attention is paid to environmental aspects in product development. Numerous
tools are already available which can assist engineering designers in tracking the
environmental contribution of their products throughout their life cycle [1-8]. To assess the
environmental impact of products, one of the most widespread approaches is that of LCA [912], although some barriers withhold it from being common practice in industry [13].
However popular, it is a tool that bases its results mainly in comparison [14]: performance
tends to be assessed by comparing with similar products, and strategies can be developed by
comparing components, processes or life cycle stages. Results are therefore practical when
they are used in relative terms (greater or lower impact than a previous product, stage with the
highest impact, etc.). Product comparison is only possible when products are functionally
similar, or referring to ISO 14040, when they have “the same function(s), quantified by the
same functional unit(s)” [13,15]. For a new product adding a considerable functionality to
previous models, the only way to have a value to compare with is to extrapolate from previous
yet different products. This task is both challenging and a source of uncertainty, which has to
be assessed when analyzing the results.
As stated in [4], one of the aspects to be considered in any kind of tool for environmental
assessment is its type of comparison, whether it is a comparison between alternatives, within a
studied system or against a reference. However, the latter is rare since the definition of a
reference is complex and many parameters might be involved [15]. Variations in functionality
obstruct direct comparison of the final environmental assessment of products. Thus, the
development of a reference becomes relevant [13].
The purpose of this paper is the development of a methodology to come up with reference
ranges for a new product being developed. These reference ranges are defined in this paper as
those in which products can be assessed as to their better or worse environmental performance
in comparison to competing products, independently to their technology.
A critical constraint of this work is to develop a systematic procedure for comparison.
Estimations of reference values can be made by environmental experts if they have
environmental assessment information of similar products. However, it is not common for
designers to be capable of this endeavor [13]. The results presented in this paper are part of a
big-scaled project to systematize the environmental assessment of newly developed products
directly from the CAD interface, as proposed in [16], following previous efforts such as
[17,18].
A set of products is necessary to serve as references for those ranges. A systematic way to
group similar products (although not commonly used for environmental comparison) is that of
product families. Advantages of establishing product families have long been defended in

literature [19,20]. Further approaches have been developed to use product families to
rationalize product development for mass customization [21-23]. Modularization concepts
and approaches for identifying modules have been developed to further optimize product
development [24,25]. However, in order to conveniently facilitate environmental
comparisons, the concept of product families needs to be revisited to include ecodesign
strategies [26].
A new form of grouping products is presented and developed: that of product families for
LCA comparison (or LCA-comparison product families, LCP-families). This concept spawns
from the idea of product family – of grouping products with common traits together – but
adapts to the purpose doing this from environmental point of view.
This is not the first effort in benchmarking LCA results of products. On consumer level,
Nissinen et al. [27] use the concept of anchoring to develop usable benchmark information.
Höjer et al. categorize potential LCA scenarios based on historical data [28]. Similarly, the
LCP-family shall constitute a benchmark that can be developed already in early product
development stages just after the product specification, allowing to set targets for
environmental impact values to be assessed in the later stages when LCA data is available
[29]. It will be then possible to assess whether this product is performing better than most
products in the market, over average but like some other products in the market, under
average but in the range of other products or worse than most products in the market.
With this assessment, the engineering designer can take decisions to meet the environmental
impact targets. Furthermore, they can retrieve information about those products that have a
lower environmental impact and may use this information for the improvement of their own
design. For the development of a new product, the retrieved improvement strategies can be
part of the specification of the next generation of products to assist in the design process.
Additionally to comparative assessment, lists of improvement strategies can be appended to
them based on their LCA results [30,31].
Figure 1 shows that it is not only important to assess whether the product has a higher or
lower impact, but also how much. LCP-families will have to consider this assessment.

Figure 1: Developing reference ranges to allow comparison of LCA-results

The next sections present the concept of LCP-family, its parameterization and its
characteristics. In section 5 reference ranges are derived from them for target setting. New
products can be therefore assessed, as is shown in the cases studies presented in section 6.
Finally, section 7 sums up the main conclusions of this paper and outlines further research in
this area.
LCP-families
To systematically develop a range in which the environmental impact of a product is
considered to be acceptable, those products to serve as reference should fulfill a set of
requirements:




Their life cycle assessment should share common traits.
A limited set of parameters should be able to represent their life cycle.
Those parameters should allow scaling of the LCA results to a point in which
decisions can be made and targets can be set. In order to ensure representativeness of
this scaling, the variability of LCA results within those products should be assessable.

In general, a family is defined as a set of different products that have a common set of traits.
A product family would be a family that has common functions, parts or properties. Product
families have been developed in industry, mostly based on heuristics [32] by joining together
those products that have these traits in common. The functional approach has been further
developed in many cases into systematic methods [19,32,33], normally of great complexity. It
can be seen that the group of products which is able to fulfill the requirements above goes
beyond the merely functional or physical commonality in conventional product families.
To group products from an environmental point of view, a different sort of family with
different properties is needed. To be able to distinguish it from conventional product families,
they will be named “product families for LCA comparison”, or LCA-Comparison Product
families, (LCP-families), since they constitute a group of products that share traits that are
appropriate for the comparison of their LCA results [34]. An LCP-family can be understood
as a set of products whose life cycle assessment shares a common behavior, and can therefore
be compared in a practical way. Behavior in functional terms is defined in LCA by means of
the functional unit (FU). ISO 14044 defines FU as the quantified performance of a product
system for use as a reference unit [14]. Its correct definition [35] can be used as a base to form
the LCP-family.
An LCP-family should be able to fulfill the following:




Scalability: LCA results should be scalable when referred to a set of parameters, like
those that define the FU. However, further development, as will be presented later, is
needed to prepare it for scaling purposes. Results inferred from this scaling process
should be representative of the final product at a general level, although they should
not be considered as a rigorous estimation. They will only be intended to be used for
comparative purposes (see Figure 1.)
Pragmatism: Carrying out an LCA is a complex process, and potential improvements
of this process will most probably be set aside if they incur in greater workload. This
is particularly true within the design process. Therefore, LCP-families must be defined
as those that are useful for the LCA practitioner or the designer.

By LCP-families it is possible to judge whether a new product has a high or low
environmental impact. This is achieved by calculating a reference range for the environmental
impacts, as will be shown later in this paper.
Functional units in LCP-families
The definition of FU implies that products with a higher quantified performance cannot be
compared with those with a low one, as they will be presumed to be found in a higher range
of environmental impact. From an ethical standpoint, higher performance is normally allowed

higher impacts, and the correlation generally exists (e.g., as in a 42’ television screen
compared to one of 21’). The definition of the FU can be taken to compare LCA results of
products through LCP-families.
However, the formulation of FU in practice tends to be too simplified, insufficient for LCPfamily purposes. In many cases, only the main functionality is stated, and critical parameters
are not mentioned. This would be the case of defining the FU of a car as kilometers driven. In
this case any car would be equally comparable (indifferent of horsepower or quality), as well
as any other vehicle such as a bicycle or skates. Obviously these products satisfy completely
different and complementary demands.
Additionally, FU’s can be expressed in different ways, e.g. a bottle’s FU could be defined as
“containing a certain amount of liquid” or “transporting a certain amount of beverage”. Both
definitions would be suitable for an LCA, regardless of their different expression and
functional implications. To be able to use FU’s in LCP-families, the formulation of FU needs
to be systematized, hence standardized in some sense. Common parameters of the FU’s
should be defined. Physical magnitudes can be used as such, although the same magnitude
can have different implications.
One initial step for this is to develop an understanding of the FU in a parameterized way. The
FU needs to be defined as a delimited set of parameters, called FU parameters (FUp’s). Many
of them will be physical magnitudes, although most probably not all of them. Some
parameters might represent other traits of the product such as secondary functions, aesthetics
or intangible added value, making the products non comparable. Therefore, it is important to
make the division into two sorts of FUp’s, as shown in Table 1.
Table 1: Types of FUp's
Type of FUp

Description

Physical unit

They are modeled in the form
of a physical magnitude that
represents the main functions
of the product, and thus have
values to scale with.

Contained volume,
lifted weight,
transmitted power,
etc.

They constitute a constraint to
design, or an additional
function or performance
specification that the product
must fulfill. Their nature can
be dichotomic (true/false), or
of any other which explains
the phenomenon.

Protection from
corroding
environment, ease of
access, transparency,
type of energy source
used, etc…

Functional
constraint

Examples

Unit
[m3],
[kg],
[W],

Representation

FUpp

…

[y/n]
[1-9]

FUpc

Functional constraints are very general in nature, and should be treated differently depending
on whether they classify or describe the product. Those classifying variables will be called
FUpc1, and will be:




Additional magnitudes. They have physical units, but represent a different sort of
magnitude to that of the main function or functions. They imply restrictions in the
technology or physical implementations that the product can have. Any sort of
physical magnitude, if not part of the FUpp’s, can be an example of this.
Scalable subjective constraints. They can take a value out of a subjective scale, such as
1 to 9 [36]. Examples of this are hygienic or ergonomic constraints, or the level of
bonding of the product with the user.

Describing variables will be represented by FUpc2, and will be:



Classifications or selections from a set of options, with a limited subset of answers.
Examples of this are types of energy used or produced.
Requirements as dichotomies. They set a constraint for something that has to be
accomplished in the design, and are modeled as a Boolean variable (true/false).
Examples of this are requirements for transparency or corrosion resistance.

The structure of FU is then as follows:
{ FU } = { FUppi, FUpc1j, FUpc2k }

(1)

with i,j,k as the number of FUp’s necessary to meet all physical FUp’s and constraints.
Properties of LCP-families
Due to the nature of LCA and FU, LCP-families will have a very particular set of properties.
Their forming, as well as the relations between their members, are studied in this section.
Dynamicity of LCP-families
Conventional product families classify and provide order in delimited and relatively invariant
sets of products [19,23,25]. Contrarily, LCP-families are strongly dependant on the problem
at hand, i.e., they are dynamic. This is illustrated in Figure 2. LCP-families are selected from
the products with the most similar FU’s. As the amount of products in the pool of available
LCA data grows, the level of specificity that can be attained increases likewise.

Figure 2: Development and evolution of LCP-families [21]
For example, if the environmental impacts of a chair are known, and a lamp is added for
reading, the total impact is expected to be higher than that of a chair. The increase will
probably be as high as the impact of a lamp. If no such product has been investigated
previously, no information on environmental impacts of the chair-lamp combination is
available. The appropriate LCP-family can be derived by taking accurate chairs and accurate
lamps as family members of the LCP-family (see Figure 2).
For a next chair-lamp concept, the previous chair-lamp will already be part of the LCPfamily. When enough chairs-lamps are available, the “chairs only” and “lamps only” should
not be considered as part of the family. The LCP-family is a growing, dynamic family which
always contains the best suitable family members for environmental comparison as illustrated
in Figure 2. This is why no LCP-family categories can be defined, as the LCP-family is
always newly constituted depending on the product which is investigated.
Properties of LCP-family members
For a new product, its relation to the potential LCP-family members (as well as that between
any two products) can be one of those described in Table 2. Each product can be defined by
its set of FUp’s. For a new product A, its set of FUp’s will be called {FUpi}A. Several
scenarios can be defined for it in combination with other previously assessed products, B or
C.

Table 2: Types of relations between products
Similar

FUpp’s are the same, but they have different values for the different products.
Example: various bottles of the same condition varying in their volumetric content.

Equivalent

Some of the FUpp’s are the same (not necessarily with the same values), and some
others are not. There is at least one FUpp in common, and there is at least one
difference in FUpp’s. Example: chairs with and without mobility (wheels, for
example). These products will be or not part of the same LCP-family depending on the
problem.

Different

There are no common FUpp’s. Example: a diesel motor and a wooden table. There is
no potential for comparison.

a.) {FUpi}A ≡ {FUpj}B
This means that both products are similar, and therefore its FUp’s are the same. LCA results
for product B are related to its FUp’s and their quantities (liters, Newtons…), as well as those
from product A (same FUp’s but probably with different quantities). By analyzing product B,
it is possible to define a scaling pattern to convert its LCA results to the same FUp quantities
of A, and therefore to infer conclusions from it.
b.) {FUpi}A ∩ {FUpj}B ≡ 0
A relatively simple case is A∩B ≡ 0. In this case, there are no common FUp’s, and the
products are then defined as different and will not be included in the same LCP-family.
c.) {FUpi}B ∪ {FUpi}C ≡ {FUpi}A
Any different scenario is of the equivalent type. The simplest case would be if FUp’s for
product A are formed by a compound of other products. For better understand ability products
B and C will be used, although the discussion can be extended to whichever number. In this
case product A shares traits with products B and C, and that parameters that define the FU of
A are either included in the FU of B or of C. In The LCP-family for A is constituted from
products represented by B and C, and the procedure should be followed as in the case of
similarity.
d.) {FUpi}A ∈ {FUpi}B
In this case, every FUp in A is represented in B, even if some of the ones in B are not
represented in A. Those FUp’s that are not shared will have to be cancelled in order to do the
scaling, i.e. their effect should be minimized, so that they do not influence the results. A

combination of the previous strategies can be used to solve a more general problem
represented by {FUpi}A ∈ {FUpi}B ∪ {FUpi}C.
e.) Other
Another possibility is that of {FUpi}A ∈ {FUpi}B ∪ {FUpi}C, which is a sub-case of {FUpi}A
∈ {FUpi}B with additional mathematical complexity. More difficulties might arise in case
{FUpi}A ∉ {FUpi}B. B might be scalable through part of the FUp’s in A, but not through all
of them. Additional FUp’s in A could have a considerable effect on the environmental impact,
therefore making scaling very difficult or sometimes impossible. It is a similar case if
{FUpi}A ∉ {FUpi}B ∪ {FUpi}C.

Scalability
The purpose of scaling is to infer a reference range of LCA results from the environmental
impacts of the LCP-family members. The simplest scaling is that of similar products. As an
example, the case of one single FUpp can be taken, and then extrapolated to more FUpp’s. The
purpose is to find out the relation between the LCA results for the different products in the
LCP-family and their FUpp’s, and then to calculate a reference range for the FUpp quantity of
the new product. In this scenario, the average environmental impact can be calculated out of
the LCP-family as a function of its FUpp’s. A range can then be derived for it, where a high
percentage of LCP-family members are located. Since many problems in LCA behave almost
linearly (e.g. double weight of a same material will lead to double impact), linear scaling will
be assumed and further investigated.
With several FUpp’s, the only increase is in the mathematical complexity, as can be seen in
Figure 3. Methods, such as least square minimization, can be applied to whatever number of
FUpp’s.

Figure 3: Scaling of similar products. Left: Relation between LCA results and FUp, Right:
Relation between LCA results and two FUp’s, with the additional mathematical complexity
Conclusions might also be drawn for equivalent products. A first step is to find out which of
the available products will be representative of the new product. For that, a commonality
index (C) is calculated according to the number of common FUp’s between the new product
and any product for which information is available (nFUp,Common). This value is divided by the
total number of FUp’s in the new product (nFUp,New). The commonality index C is thus defined
as:

(2)

In the first step, the group of products with the highest value of C is selected as reference to
build a model of how the environmental impact should behave in relation with the FUp’s. To
ensure representativeness, it is important that all FUp’s in the new product are included in the
model. If this is not the case, additional searches will be carried out looking for those common
FUp’s missing, leading to the inclusion of some additional products into the model.
The next step is to check whether the amount of selected products is enough to develop a
consistent model that can be minimally assessed. For scaling purposes, the minimum number
of products to be compared with and the number of FUpp’s are related. A linear model is
possible if the number of products is at least Amount of FUpp + 1. For the case of only one
FUpp this scenario would be equal to drawing a linear graph through two points (see Figure 5,
left). From an assessment point of view, such a model would not be reliable, since no
reference range can be defined to judge whether the product is doing same, better or worse
from an environmental point of view (see Figure 5., middle). Additionally, there is no extra
information to check the consistency.

Figure 4: Evolution of the linear model depending on the amount of products assessed.
To draw consistent conclusions, the number of available products needs to be at least Amount
of FUpp + 2. In this case, not only a line can be drawn through the averages, but also ranges
can be established for the products (see Figure 5, right). If there are as many products as
Amount of FUpp + 3, the model will potentially be consistent as will be shown later in the
case study.
Embedding the approach and the calculations of C discussed above into a computer based
algorithm will help to build the LCP-family automatically out of the new product’s FUp’s.
Figure 6 shows this algorithm.

Figure 5: Algorithm to derive LCP-families

Deriving ranges
The average value for environmental impact of the LCP-family (µ) is derived by trying to
minimize the deviation (linear regression model and least square formulation for the
problem). Nevertheless, due to the differences in life cycle inventories, the environmental
impact of the products will differ from this average. Once the model for the average is built,
the deviation for each product can be calculated.
To derive the ranges, the products within the LCP-family will be considered as a sample of a
bigger population. Therefore, statistics like standard deviation (σ) can be used to assess how
much dispersion the population has. Nevertheless, it must be treated in a particular way, since
the mean of the environmental impact depends on the quantities of the FUpp’s (µ(|FUppi|)).
The standard deviation shall be defined as proportional to this mean (σ=σµ·µ, where σµ is the
proportion factor), since the higher the assessed environmental impact, the higher the
potential variation. To calculate σ as a percentage of µ, the following formula (for one FUpp)
will be used:

(3)

This way, the deviation in percentage is assessed. Different ranges can be defined, depending
on if they intend to include more or less percentage of the products. Twice the value of sigma
is an advisable figure, since most of the products (over 95%) will be included in the range.
This range would go between µ - 2·σ and µ + 2·σ. New products with a lower impact than µ 2·σ are environmentally outperforming most of the LCP-family. Products with a higher
impact than µ + 2·σ have an excessively high environmental impact for their FU. The range
for the impact, I, when applying σµ, will thus be:

(4)

Additionally, products within the range of the LCP-family can be divided in those over and
those under average. That way, it is also possible to evaluate the performance products within
this range. Thanks to the ranges presented in Table 3, it is possible to inform the designer or
the LCA-practitioner about how well the product is environmentally performing in
comparison to the other products in the LCP-family. This gives a relative value, which is
more easily interpretable than absolute figures.

Table 3. Areas to assess the performance of a new product.
Green area

Good performance

Yellow-green
area

Performance similar to other well-performing
products.

Orange area

Performance similar to other products, but can be
improved imitating successful strategies from other
products.

Red area

Bad performance. Strategies of successful products
(or from almost any product within the LCPfamily) should be followed.

Case study
In order to clarify the different concepts about LCP-families, dynamicity and scalability, a
case study is developed for 32 packages, comprising: one-way bottles, reusable bottles, cans,
boxes, bags – both paper and plastic – Tupperware® and both aluminium and plastic foils. A
database was developed in which the following data was recorded for each of the considered
products:




Life cycle inventory data for all life cycle phases (materials, manufacture, distribution,
use and end of life). Available data from the Ecoinvent database [37] was used.
Assessment was conducted for this inventory, not going further on weighting and
normalization. To calculate the environmental impacts of the different products, the
impact category indicator Cumulative Energy Demand (CED) (in MJ), available in the
LCA software SimaPro [38] was taken. Any other impact category indicator (e.g.
CO2-eq, SO2-eq…) could also serve the aim of the calculations. CED was used since,
as opposed to others like EDIP [39], it can provide a single score that is representative
of environmental impact. Although some precision in the environmental assessment
might be lost (like with the use of toxic substances), it will be correlated with most
environmental impacts.
Definition of FU for each product. Its definition was organized by using FUp’s as
stated in the previous sections.

Once the database was set, several new products were investigated and assessed according to
the previously introduced approaches and algorithms:


A steel can, similar to those included in the database. This product has a relatively
simple inventory and functional unit, making its scalability easy when compared to
similar products with similar constraints.




A PET bottle, similar to those included in the database. In this case, the higher number
of FUp’s sets a more interesting target.
A glass wine bottle, similar to bottles included in the database. It has no perceptible
difference in FUpp’s when compared to other bottles, but it also has a very different
performance than that of, for example, PET reusable bottles. This shows the
importance of analyzing FUpc’s. No individual study can be performed out of other
glass bottles, so a rough estimate has to be obtained out of bottles in general. The sorts
of conclusions that can be extracted are considerably different.

a.) Case A
The FU of the steel can, with a volume of 0.2 liters, can be phrased as “containing 0.2 l of
matter”. This can be defined by a single FUpp named “Volume contained”, with a quantity of
0.2 l.
Taking the algorithm to define LCP-families as presented in Figure 6, five products with
identical FUpp’s and similar FUpc’s can be detected in the database: an aluminum can, a can
made of a mixture of aluminum and PP, two food steel cans and a steel beverage can.
With these five products, it is possible to set up a consistent model, since the criterion
Amount of FUpp+2 is fulfilled for the family, as the only FUpp considered is the volume of
the products.
In order to set up a reference range for the environmental impact, an averaged impact (µ)
needs to be calculated. The general formula for a linear model takes the following form:

(5)
where a0 is a constant, ai the slope, |FUppi| constitutes the quantity of FUppi and n is the
amount of defined FUpp’s.
The only FUpp describing all the products in the LCP-family of the can is “volume”. For this
case, formula (5) turns to be:
(6)
For each of the products within the constituted LCP-family, the environmental impact is
known, since it is assessed using the inventory data. To calculate a0 and ai, Least Square
method is applied to the problem. According to it, the best fit for the equation is when the sum
of squared residuals is a minimum. For the case study, following condition has to be fulfilled:

p

⎛
? = ∑⎜ I j − ? FUp p
⎝
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(

j

)

⎞ 2
⎟ →min
⎠

(7)

with p as the amount of the products in the LCP-family. For the LCP-family of the studied
steel can p = 5 is €
valid.
Newton-Raphson iterative method was used to solve equation (7). Solving the problem, the
following solutions are retrieved for the case study:

(8)

Therefore, the model for the average is:
(9)
Inserting the volume of 0.2 liters of the investigated steel can into (9) gives the averaged
impact for the new can which is:
(10)
To calculate the reference range, the standard deviation (σ) is used. In this case, formula (3)
will become:

(11)

When the numerical values are introduced in the previous formula:
(12)
Table sums up the results of the calculations above for each of the products. The new can is
presented in bold typeface.

Table 4: Summary of calculations
Higher
limit

Volume
[l]

Assessed
impact I
[MJ]

Averaged
impact µ
[MJ]

Standard
deviation [σ]

Lower limit

Aluminum
can

0.33

4.04

3.13

0.63

1.88

4.38

PP + Alum
can

0.33

3.32

3.13

0.63

1.88

4.38

Food can
(steel)

0.5

3.30

3.85

0.77

2.31

5.39

Food can
(steel)

0.6

4.62

4.28

0.86

2.57

5.99

Steel
drinking can

0.33

2.22

3.13

0.63

1.88

4.38

New can

0.2

2.15

2.57

0.514

1.54

3.60

Product

[MJ]

[MJ]

The reference range will therefore go from 1.54 MJ to 3.60 MJ. 95% of products with the
same FUpp’s are expected to be found in this range. From the average value 2.57 MJ to each
of those limits the better-performing and worse-performing products within this range can be
found.
Figure 7 shows the plot of the products within the LCP-family, the plot of the reference
ranges and the position of the new can.
Figure 6: Reference ranges for the steel can

The only product that considerably outperforms the average is the steel drinking can, due to
its better weight-to-volume ratio. Therefore, this information should be considered for the
development of the new product.
b.) Case B
Case B deals with a new PET bottle to be designed and assessed. Its FU can be phrased as
following: “Containing 0.33l of matter and capable of 30 storages”. The PET bottles are
described by two FUpp’s: volume and number of storages (this is equal to number of cycles in
which it is going to be reused). The new bottle to be investigated has a volume of 0.33 liters
and is designed for 30 use cycles.
The database contains data of five PET bottles. These bottles are taken to form the LCPfamily. The followed approach to calculate the average environmental impact (µ) and the
reference range is the same as described for case A. Since there are two FUpp’s involved to
describe the bottles, the general formula in (5) takes the following form:
(13)
With “volume” and “number of storages” as the two FUp’s of the product, the more specific
form is:
(14)
Again, Least Square method is applied to solve the problem in equation (7). By doing so,
equation (14) turns into:

(15)
Inserting the volume of 0.33l and the number of storages of 30 into (14), the averaged impact
would be of 160.09 MJ. Using the standard deviation in (3) a reference range can be obtained.
The lower limit follows to be 154.32 MJ and the higher limit is 165.90 MJ. The assessed
impact I for the PET bottle is I = 105.20 MJ; it lies below the lower limit of the range and is
therefore performing better than 95% of similar products. The product is to be found,
according to Table 3 in the green area.

c.) Case C
In case C, a group of products can be found with identical FUpp’s, but their number is
insufficient for a proper calculation. Therefore, some solutions are presented. The product
modeled is a wine bottle of volume 0.7 liters that gets reused 20 times in average. The
database includes three more reusable glass bottles, see Table .
Table 5: Glass bottles defined in the database
Volume

Number of storages

Assessed

[l]

[#]

impact MJ]

1

40

285.34

Glass bottle (refreshment)

0.33

40

226.02

Glass bottle (refreshment)

0.2

30

143.79

Product
Glass bottle (water)

Since the product has two FUpp’s, there should be at least four products to fulfill Amount of
FUpp + 2 criterion. Since the Amount of FUpp + 2 criterion is not met (for this case study only
Amount of FUpp +1 is valid), no dispersion can be studied, and therefore no ranges can be
defined. Inferring the impact from Amount of FUpp + 1 criterion would be equal to
extrapolating from a linear graph defined by two points, see Figure 6
Two alternative approaches can be taken at this point, with different levels of abstraction:
• Alternative 1: The one derived from the algorithm for deriving LCP-families: if the
criterion Amount of FUpp + 2 is not met, the most similar products from the database
will be selected. In this case, other bottles that have a high commonality index C will
be included in the study.
• Alternative 2: Considering the new wine bottle to develop the model. Although less
rigorous – and giving less information – this will tell if the newly developed product is
among the best or worst performing products.
If alternative 1 is taken, the analysis is performed by all bottles in the database. Deviation is
expected to be higher than in the previous cases, so the ranges will probably be wide. The
experiment is initially carried out for all bottles with the same two FUpp’s, as well as common
FUpc’s. Calculating the values of a0, a1 and a2 by applying Least-Square method, equation
(13) turns into:

(16)
In this case, the standard deviation (σ) is of 0.001 times the mean (µ) for each product.

As can be seen in Table , the environmental impact of the new wine bottle is, 219.79 MJ and
is over the range [88.06, 100.68]. Therefore, it has a higher environmental impact than it
should. Additional search reveals that it takes more water per liter while washed, because of
its shape, so in order to perform better than other products, this issue should be addressed. The
better models – those closer to their lower limit than to their higher limit, such as the PET
bottle of 1.5 liters or the 0.33 liter glass bottle – can be taken as a reference as to which
parameters have lead to the lower environmental impact and retrieve improvement strategies
for the new product.
Table 6: Products and ranges for case study C
Volume
[l]

Number of
storages
[#]

Assessed
impact I
[MJ]

Averaged
impact µ
[MJ]

Standard
deviation
[σ]

Lower
limit
[MJ]

Higher
limit
[MJ]

Glass bottle

1

40

285.34

272.62

9.11

254.40

290.85

PET bottle

1.5

30

209.25

221.79

7.41

206.97

236.62

PET bottle

1.25

30

208.67

207.06

6.92

193.22

220.90

PET bottle thin

1.5

20

140.36

141.51

4.73

132.04

150.97

PET bottle slim

1.5

15

105.86

101.36

3.39

94.59

108.14

Glass bottle

0.33

40

226.02

233.15

7.79

217.56

248.73

PET bottle

0.5

30

166.28

162.88

5.44

151.99

173.76

Glass bottle

0.2

30

143.79

145.20

4.85

135.49

154.90

New wine bottle

0.7

20

219.79

94.37

3.15

88.06

100.68

Product

In alternative 2 a model is to be developed with the products in the database and the new
product. The criterion Amount of FUpp + 2 of available products will then be met. If the
product has a divergently high environmental impact, it will still be over the average value. It
will be much more difficult, however, for it to be beyond the limits.
Adding the wine bottle to the LCP-family and solving equation (13) results in:

(17)

and (16) changes to:

(18)
This would give a lower limit of 167.10 MJ and a higher limit of 251.24 MJ. Since the wine
bottle has an environmental impact of 219.80 MJ, it would be performing within the LCPfamily range – as was predicted – but closer to the higher limit. Therefore, improvements
would need to be done on the bottle, potentially looking for ideas in better-performing
products such as the 0.33 liter bottle.
Conclusion
When an LCA is carried out, the results tend to have the form of absolute values for
environmental impacts. People with LCA experience might be able to assess these values,
although engineering designers will have to rely on previous studies. For innovative products,
those studies will probably not be available. For decision-making, it is necessary to have an
evaluation of how much environmental impact is acceptable for the new product. LCPfamilies use available environmental information to benchmark new products, so they can be
assessed as having alike, better or worse environmental behavior than its family members.
LCP-families group different products based on FU similarity, for which a standardized
formulation of FU’s was introduced. Average environmental impact of products in the LCPfamily is scaled according to their FUpp’s. By calculating the standard deviation (σ) it is
possible to assess whether the product is performing better or worse than most competitor
products. With a 2·σ approach, ranges comprise 95% of the total population of products.
It has been seen in this paper that the validity and rigor of the calculations and LCA-results
strongly depends on two points:


The amount of available products to compare with. Low numbers of products will
generate wide ranges, and not enough information can be drawn from them.



The precision in the definition of the FU and FUp’s. Lack of standardization of
FUp’s can lead to problems in wording or level of detail, and that to inappropriate
selection of LCP-family members.

Representativeness of the selection of LCP-family members has been verified through the
case studies. In all three cases, mathematical models were successfully set up for targetsetting. For the new products, their impact was categorized as a high or low (over or under
95% of the products), as well as over or under average. This gave a total of four ranges.

In order to comply with scalability and pragmatism requirements, LCP-families need to have
dynamic nature. Although making them more difficult to understand, this property ensures the
effectiveness in finding solutions to the problem, as was seen in the case studies.
To fully implement LCP-families into a product development environment, some additional
steps are still to be taken. The most important is to develop a standardized definition for FU’s
by using accurate FUp’s. One of the authors’ main lines of further research is to study
additional products to gain insight in the behavior of FU’s.
In a bigger scope, the final purpose is the inclusion of scaling possibilities in CAD software
[40]. This will constitute one step further in integrating environmental assessment into the
design process. Most engineering designers handle enough information to carry out an
environmental assessment after all. Being able to set targets for environmental impacts should
facilitate the consideration of environmental criteria within the decision-making processes in
product development.

Appendix
The abbreviations and mathematical symbols used along this paper are summed up in Table .
Table 7: Abbreviations and mathematical symbols used
C
FU
{FUp}
|FUp|
FUp
FUpc
FUpp
I
nFUp,common
nFUp,New
a0
a 1, a 2
p
ε
µ
σ
σµ

Commonality index
Functional unit
Set of functional unit parameter
Quantity of functional unit parameter
Functional unit parameter
Functional unit parameter, constraint
Functional unit parameter, physical
Assessed impact
Number of common functional unit parameters between a product and the new product
being investigated
Number of functional unit parameters in the new product
Constant
Slope
Amount of products
Term to be minimized,
Mean, used for the mean of environmental impacts
Standard deviation
Proportion factor
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