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Resource depletion: where is an
intervention most effective?
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Abstract

Purpose — Where does one need to intervene in to be most effective? The purpose of this study is to rank
areas of the resource system, according to how much of a change can be expected from interventions in an
area, in relation to the problem of depleting resources.

Design/methodology/approach — Principles of structured analysis are used to model how society uses
resources. From this model, nine intervention areas are defined. These intervention areas are ranked in terms
of effectiveness, through the use of the analytic hierarchy process.

Findings — To be most effective, one must prioritize intervention areas as follows: material inputs to the
operation phase; process inputs to the operation phase; products’ longevity; process inputs to the
manufacturing phase; and material inputs to the manufacturing phase.

Practical implications — Most decisions are not made on the basis of rigorous analysis but by using
heuristics (rules of thumb). The results of this study are expressed as rules of thumb. They can help decision
makers prioritize what is most important, but without imposing new ways of working.

Originality/value — In the construction domain, heuristics that generalize the impact of actions (content),
instead of intervention areas (context), currently seem to prevail. The heuristics of this study generalize the
impact of intervention areas. Therefore, they provide an extra perspective for many decision makers. This
extra perspective can help reduce mistakes that are typically made by oversimplifying matters.
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Paper type Research paper

1. Introduction

Many authors have pointed out that the current usage of natural resources cannot be
maintained forever (Boulding, 1966; Diederen, 2010; McDonough and Braungart, 2002;
Meadows et al., 1972; Stahel, 1984). Some claim that society’s standards are too high and that
this is part of the problem (e.g. Diederen, 2010), whereas others deny that lower standards
are necessary to resolve resource depletion (e.g. McDonough and Braungart, 2002).
However, all agree that the take, make and dispose approach to achieving those standards is
unsustainable. A substantial share of resource usage, and therefore the problem, is related to
the construction sector (see Krausmann et al., 2009).

According to Rittel and Webber (1973, p. 159), with such problems, known as “wicked
problems”, it is “[...] less apparent where and how we should intervene even if we do happen
to know what aims we seek.” Practitioners often use heuristics, i.e. rules of thumb, to make
such decisions (see Persson and Ryals, 2014) because the available time to both search for
information and make tough decisions is limited in real-world decisions.

A distinction can be made between two types of heuristics (rules of thumb): rules that
prioritize certain actions; and rules that prioritize certain intervention areas. An example
of the first type is the triad approach. It prescribes the following sequence of actions,
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ranging from most to least effective: prevention of unnecessary use; substitutional use;
and prudent conduct (see Entrop and Brouwers, 2010). An example of the second type is to
prioritize energy efficiency during a building’s daily operation over energy efficiency
during its construction. In the first type of heuristics, one generalizes the impact of
content, irrespective of its context. In the second type, one generalizes the role of context,
irrespective of its content.

Rules of thumb can be very useful. However, many mistakes are made when
practitioners rely on heuristics that they have developed informally themselves over time
and based on their own experiences (see Tversky and Kahneman, 1974). Therefore, there is a
value in developing such heuristics in a more systematic manner. This study focuses on
heuristics of the second type, i.e. rules that prioritize certain intervention areas. Of the two
types, this type is arguably the least established within the field of construction.

2. Method

2.1 Introduction

This study’s aim is to rank areas of the resource system, according to how much of a change
can be expected from interventions in an area, in relation to the problem of depleting
resources. In other words, where does one need to intervene in to be most effective? First, the
areas are defined. After that, they are compared and ranked.

2.2 Step 1: define the areas

The resource system can be viewed in two ways: as a process, i.e. a sequence of steps
(e.g. Stahel, 1984); or as a hierarchy, i.e. a cumulation of levels (e.g. Meadows, 1999). In this
study, the process perspective has been adopted to define the intervention areas. To first
define levels and afterwards rank them is only possible in this perspective. In the hierarchy
perspective, the ranking of levels is the relation between levels.

The following principles of structured analysis (Ross, 1977) are used to create a process
perspective of the resource system: each model must have precisely one “viewpoint” and one
“purpose”; nothing which fits the purpose and viewpoint may be excluded; each model must
be composed of “things” and “happenings”; and each model must be composed of neither too
few nor too many pieces. Boulding (1966) noted that a perspective with too much emphasize
on “throughput” may be part of the problem. Therefore, stocks have been added to the list of
building blocks (things and happenings). The intervention areas will become clear from the
resulting model.

2.3 Step 2: compare and rank the aveas

According to Saaty (1990, p. 12), “the most effective way to concentrate judgement is to take
a pair of elements and compare them on a single property without concern for other
properties.” When this has been done for all elements and all properties, the results are
added together. This is termed the analytic hierarchy process. The effectiveness of
intervening in an area is determined by the following two properties: how much there is to
be gained in an area; and how much an intervention in an area is expected to snowball,
Le. to cause a snowball effect.

The first property is composed of both: the initial amount and its previous exploitation,
1.e. how much of that amount has already been exploited. Hayek (1967, pp. 96-105) used the
term “human action” to describe something that happened without purposeful human
design but not without human influence. The initial amount is a result of human action,
whereas the previous exploitation is a result of purposeful human design.

This distinction is useful because an area’s previous exploitation indicates how effective
future exploitations of that area will be. In economics, there is a rule of thumb named



“the law of diminishing returns” (Oxford Dictionary of Economics, 2012). It states that a
continuing application of effort toward a particular goal will decline in effectiveness after a
certain level of result has been achieved (cf. von Bertalanffy, 1968, pp. 60-63). In other words,
when an area has already been substantially exploited, future interventions will be
increasingly less effective.

The second property also comprises two parts: the connectedness between areas and the
range of potential interventions. First, when an area is closely connected to other areas, a
change in that area will ripple through the areas directly next to it. This ripple effect will not
happen in an isolated area. Thus, more of a snowball effect is expected in more connected
areas. Second, only certain interventions are possible within each area. Some interventions
cause more of a snowball effect than others. Thus, when such interventions are not possible
within an area, less of a snowball effect can be caused there. However, more of an effect is
expected from interventions in areas where the less effective interventions are not possible.

Table I shows how the intervention areas will be compared. First, the areas are scored
(between 1 and 5) on each sub-property. These scores are all relative. They are based on
answers for the following type of question: why is area (x) better/worse in property (y) than
others? Each score is then multiplied by a weighting factor (1/3rd or 1/6th) because two of
the properties are more important than the others. The final score is calculated by adding
the weighted scores together.

3. Results

3.1 A process perspective

3.1.1 Introduction. Figure 1 shows the process of using resources. A gray box represents a
stock and a white box represents an activity. The symbols () and (+) show when things are
subtracted from or added to a stock, respectively, whereas the symbols (— —) and (+ +)
show when something is consumed or generated, respectively. Furthermore, the symbols (»)
and («) show when products’ lifespans are unfavorably or favorably affected, respectively.

3.1.2 Viewpoint and purpose. The “viewpoint” is the topic of a structured analysis (Ross,
1977, p. 18), in this case: resource usage. The “purpose” determines the importance of things
and happenings in the systemization (Ross, 1977, p. 18). It determines what is and what is
not to be included from the viewpoint. The purpose of this model is to optimize resource
effectiveness in the interests of the collective, i.e. humankind.

Owning or having access to certain amounts of particular products is a universal
preference. Through the use of such products, people attain something intangible that is
termed material well-being. Material well-being is seen as a condition of the psyche (see
Boulding, 1966, pp. 8-10) that lessens overtime and is supplemented through the use of
products. In other words, material well-being is a stock that regularly needs to be
replenished. The optimum level of material well-being that should be strived for — and its

Scores Scores Scores Scores
Intervention on (1a) on (1b) on (2a) on (2b) Final
areas Initial Previous  [Connectedness| Range of p. scores
amount exploitation |between areas | interventions

Area 1 Score - (1/3) 4+ Score - (1/6) + Score - (1/3) + Score - (1/6) =

Area 2 Score - (1/3) + Score - (1/6) + Score - (1/3) + Score * (1/6) =

Area 3 Score - (1/3) + Score - (1/6) + Score - (1/3) + Score - (1/6) =
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Figure 1.
The process of
using resources
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Notes: A gray box represents a stock and a white box represents an activity. The symbols (—) and
(+) show when things are subtracted from or added to a stock, respectively, while the symbols
(—-) and (+ +) show when something is consumed or generated, respectively. Furthermore, the
symbols (») and («) show when products’ lifespans are unfavorably or favorably affected,
respectively

distribution amongst society — is beyond the scope of this study. However, maximizing the
level of material well-being that can be sustained provides the most suitable boundary
conditions for addressing resource allocation.

3.1.3 Phases. A distinction can be made between two phases: the manufacturing phase
and the operation phase. Eekhout (1997, pp. 27-33) described the process of manufacturing
building products in six steps: raw materials are purified to mono-materials; mono-materials



are mixed to form composites; composites are shaped to materials of commerce; materials of
commerce are adapted to elements; elements are assembled into components; and
components are assembled into products. This sequence of steps is universally applicable,
though not all manufacturing processes go through all the steps. Each process always starts
with a resource. Thus, before any of these six steps can happen, resources need to be
extracted (step 0). Also, all products are made for a purpose. After all the other steps have
been completed, the product is handed over (step 7). In the construction sector, this generally
means that the product is placed or installed at a specific location.

When a product is handed over, this conventionally means that its ownership is also
handed over. The operation phase is associated with the concept of ownership. The operation
phase begins when the product is handed over to a consumer. It ends when this ownership
ends. Ownership can end in two ways: a party willingly takes over the product; or it is
disposed off. In the first situation, the product’s removal is the first step of the manufacturing
phase, ie. the extraction of a resource. In the second situation, the product’s disposal is the
final step of the operation phase. Afterwards, if the product is salvaged from the place it was
dumped at, this salvaging action is the first step of a new manufacturing phase.

Furthermore, products’ longevity is closely associated with the phases. Though it cannot
be referred to as a phase itself, products’ longevity does determine the relative importance of
the manufacturing phase versus the operation phase. With longer lifespans, the operation
phases become longer. Therefore, products do not need to be remanufactured as often.

3.1.4 Material inputs. Materials can be classified as either organic or inorganic (Czichos,
2006). Organic materials can then be classified as materials that quickly renew (grow back) or
materials that require a long time to renew. This distinction is useful because even crude oil is
organic in origin (see Oxford Dictionary of Chemical Engineering, 2014), despite the fact that
almost no oil “grows back” in a generation’s lifetime because its renewal rate is so low.

Material inputs are presented (in Figure 1) as something which is only redistributed and
reconfigured. There are two exceptions: the renewal and decay of organic resources; and the
incineration of organic resources to generate energy. Other than that, there is no way for
resources to enter or leave the system. This may seem somewhat counter-intuitive in
relation to the concept of waste. However, waste is not a physical loss of resources but a loss
in value. As people extract materials from their natural settings rather than from disposed
and valueless products, it must be easier and cheaper to exploit virgin resources. In other
words, due to the initial manufacturing process, materials have become less suitable for
future manufacturing processes.

For energy, the concept of exergy, which describes the usefulness of energy states (Rant,
1956), was introduced to describe such a loss of usefulness. A similar concept can be used to
describe the usefulness of material states, as matter and energy are alike in the fact that it is
more troublesome to concentrate diffused particles than it is to diffuse concentrated ones (cf.
Diederen, 2010, p. 8). In Figure 1, both material losses in manufacturing and discarded
products and parts in operation are categorized as resources. They both only differ from
virgin resources in terms of material states.

3.1.5 Process inputs. All products do not contribute in the same way to material well-being.
A distinction is made between products that contribute directly and those that contribute
indirectly to material well-being. For example, a pair of trousers fulfils a clear purpose; a person
benefits directly from wearing it. Such a product is referred to as a purpose product. A
washing machine, on the other hand, makes it easier to maintain products such as a pair of
trousers. People do not benefit from a washing machine in and of itself. However, it improves
the ease of use of other products greatly. Such a product is referred to as a supporting product.
This distinction is useful because products that have a more direct link to material well-being
are harder to change without affecting their contribution to material well-being.
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Table II.
The nine intervention
areas

In Figure 1, the relation between purpose products and supporting products is shown as
follows: supporting products produce process inputs; and the consumption of such inputs
represents the use of such products. This is similar to how a layperson, i.e. a non-physicist,
describes energy: a source that is generated and consumed. For supporting products, this
description makes sense from the perspective of products’ technical lifespan (see Gijsbers,
2011, pp. 21-23). All products undergo wear and tear that will eventually break them down.

From this perspective, a screwdriver does not differ from a solar panel. Both are made to
provide a certain supporting service. For the solar panel, this service is generating energy.
For the screwdriver, this service is tightening and loosening screws. A solar panel is limited
in the amount of energy it can generate in its lifetime because all products only remain
functional for a limited time. Similarly, a screwdriver is limited in the amount of times it can
be used. A process input represents a supporting product’s functional contribution. This
can, thus, be an amount of energy but also the application of a product.

3.1.6 Number and types of inputs. In Figure 1, the inputs to an activity (e.g. product
manufacturing) are described in two ways: by their number or amount; or by their types (cf.
von Bertalanffy, 1968, p. 54). For example, an input can represent many resources or a few
resources, and an input can represent organic resources or inorganic resources. When the
efficiency of a process changes, it requires a changed amount of inputs. A focus on the
number of inputs is a focus on efficiency. However, a focus on the types of inputs is
different. When a number of inputs, of a certain type, is replaced by a number of inputs, of
another type, inputs are redistributed. With a focus on redistribution, the purpose for what a
type of resource is best employed for is reconsidered.

3.1.7 Intervention areas. From the model, nine intervention areas are defined. These areas
are listed in Table II. An area is defined by three focusses. Each area focusses on either the
manufacturing phase or the operation phase. Within this main scope, each area focusses on
material inputs or process inputs. Within this sub-scope, each area focusses on the number of
inputs or the types of inputs. However, the ninth area is an exception. It does not focus on one of
the phases, but instead it focusses on the longevity of products. Products’ longevity determines
the relative importance of the manufacturing phase vs the operation phase. With longer
lifespans, the operation phases become longer. Therefore, products do not need to be
remanufactured as often. The manufacturing process consumes process inputs (see Figure 1).
So, when products do not need to be remanufactured as often, fewer process inputs are required
for manufacturing. This is the numerical effect of an intervention in products’ longevity.

Nonetheless, the effects of such interventions are mostly visible during the operation
phase. Buildings last longer when it is easy to modify them (adaptable buildings) and when
it is easy to use them differently (flexible buildings). Both these activities are related to the
operation phase. When a building is adaptable, it is easily modified. Therefore, when a part
of such a building needs to be updated, it is easier to make space for the update. This implies

No. Description Code
1 (a) number of (a) material inputs (a) to manufacturing aaa
2 (b) types of (a) material inputs (a) to manufacturing b.a.a
3 (@) number of (b) process inputs (a) to manufacturing aba
4 (b) types of (b) process inputs (a) to manufacturing b.b.a
5 (a) number of (a) material inputs (b) to operations aab
6 (b) types of (a) material inputs (b) to operations b.ab
7 (a) number of (b) process inputs (b) to operations abb
8 (b) types of (b) process inputs (b) to operations b.b.b
9 (¢) products’ longevity C




a numerical effect on the process inputs to the operation phase. However, in a non-adaptable
building, such an update will often be too costly. Instead, updates are postponed until the
entire building is replaced, which would happen a lot sooner without updates. So, despite the
fact that an intervention in products’ longevity mostly changes how the operation phase
works, it mostly has a numerical effect on the manufacturing phase. Neither of the two
phases completely cover the effects of an intervention in products’ longevity. Therefore,
products’ longevity is set apart as a separate area.

3.2 Ranking

3.2.1 Introduction. In this section, all areas are ranked, ie. put in a sequence from best to worst.
A separate ranking is made for each of the following sub-properties: initial amount; previous
exploitation; connectedness between areas; and range of potential interventions. Each area is
given a score of between 1 and 5 based on its position in a ranking. Priority is given to providing
a complete picture. So, some reasons behind a ranking will be better than others. Markings are
used to clarify the author’s thoughts about the validity of an area’s rank. Each time a rank is
assigned, it is marked with either (**) two asterisks, (*) one asterisk or ( — ) no asterisks. The
number of asterisks symbolizes the author’s confidence in the ranking, in which more asterisks
signifies more confidence (this marking system is adopted from Alexander et al, 1977, pp. Xiv-xv).

Finally, one comparison of areas is done differently, namely: number of inputs vs types
of inputs. This comparison will be addressed separately further on. For now, that means
that the following five areas are compared first: material inputs to manufacturing (a.a);
process inputs to manufacturing (b.a); material inputs to operations (a.b); process inputs to
operations (b.b); and products’ longevity (c).

3.2.2 hutial amount. Table IIl shows how the five areas are ranked according to how much
there initially was to be gained in an area. There are three reasons behind this ranking. Reason
No. 1: a shortage of materials is the same problem as a shortage of process inputs. A distinction
can be made between “resource reserves” and the “resource base” (Ashby, 2012, pp. 32-33).
The resource base represents all resources that exist on this planet. The resource reserves
represent a share of the resource base. It includes all resources that can be accessed using
today’s technology for a reasonable price. Many authors (e.g. Allwood et al, 2011; Boulding,
1966; Diederen, 2010; Meadows ef al, 1972) seem to believe that depleting resources does not
mean that the base is running out of resources, but that the reserves are depleting.

When the reserves of a specific resource are running out, there are two options: not to use
the material anymore because it has become too costly to extract; or reserve a greater share
of all process inputs for its extraction because the resource cannot be missed. A lack of a
specific material can, thus, be compensated for by allocating more process inputs. On the
other hand, insufficient process inputs makes the extraction of materials more difficult.
A shortage of materials and a shortage of process inputs cannot be isolated from one
another; they represent the same problem.

Rank Area Score Validity

1 Material inputs to operations (a.b) 5 *k
Process inputs to operations (b.b) 5 *x

2 Products’ longevity (c) 3 -
Material inputs to manufacturing (a.a) 3 *
Process inputs to manufacturing (b.a) 3 *

Notes: A score of 5, 3 or 1 means that an area scores best, neutral or worst, respectively, on this sub-property.
“~” means author is least confident in the validity of the ranking; * ** means author is averagely and most
confident in the validity of the ranking
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Table IV.

The ranking of
intervention areas in
terms of the previous
exploitation

Reason No. 2: more can be gained in operations than in manufacturing. Of the two, the
operation phase is the most significant phase because buildings and building products last a
long time. For example, the exterior of a building changes “every 20 years or so” and its
installations “wear out or obsolesce every 7 to 15 years” (Brand, 1994, p. 13). Also, a house
lasts on average about 30 years in Japan, 55 years in the USA and 77 years in the UK
(Eguchi et al, 2011, p. 74, Figure 1).

The time that a house is used can be more than 50 times as long as the time it takes to
construct it (e.g. 9 months of construction and 50 years of use). During that time, a building
requires a lot of energy, for example for heating and lighting; “it has been confirmed [by
several studies] that operation energy is by far the most important contributor to life cycle
impacts of conventional buildings” (Blengini and Di Carlo, 2010, p. 869).

Furthermore, not all materials pass through the manufacturing phase before they go into the
operation phase: some are immediately combusted to generate energy. These processes are a
main cause of too much greenhouse gases being released into the atmosphere and that, as a
result, the climate is changing (United Nations, 1992). It can be assumed that lots of materials are
involved in this process because the topic is so popular in environmental policy. The operation
phase involves more materials, than the manufacturing phase, in this regard. However, a similar
claim can also be made for manufacturing: not all materials that are processed in the
manufacturing phase end up in the final products. For example, Hicks ef al (2004, p. 170) studied
a manufacturing process in which (about) 23 percent of incoming materials were wasted by the
end of the process. This is referred to as yield loss (Allwood ef al, 2011, p. 365).

Reason No. 3: products’ longevity and the manufacturing phase are also significant
intervention areas. Seeing how the average lifespan of houses varies across different
cultures, each with their own construction methods, gives some idea about how much
longevity can be gained by a good design, a suitable financial model and a suitable
construction process. However, research mostly highlights the importance of the operation
phase. Little information points toward the potential of the manufacturing phase or
products’ longevity. Therefore, these areas are given a neutral score (3).

3.2.3 Previous exploitation. Table IV shows how the five areas are ranked according to
how little of an area has already been exploited. There are three reasons behind this ranking.
Reason No. 1: operation energy has been a very popular intervention area. For example, the
European Parliament’s (2010) energy directive mandates that future buildings have to be
built as “nearly zero-energy buildings.” It is no wonder that “[...] especially for new and low
energy buildings, the relative role and the importance of life cycle phases are changing”
(Blengini and Di Carlo, 2010, p. 869). However, only 0.25 percent of old houses are replaced
annually in the Netherlands (Thomsen and van der Flier, 2009, p. 653). Thus, it will take
quite some time before all houses are nearly zero-energy buildings.

Reason No. 2: the manufacturing phase has not received the same amount of attention as
operation energy. The manufacturing phase has received some attention. For example, yield

Rank Area Score Validity

1 Products’ longevity (c) 4 *

2 Material inputs to manufacturing (a.a) 3 -
Process inputs to manufacturing (b.a) 3 *
Material inputs to operations (a.b) 3 *

3 Process inputs to operations (b.b) 2 ok

Notes: A score of 5, 3 or 1 means that an area scores best, neutral or worst, respectively, on this sub-property.
“~” means author is least confident in the validity of the ranking; * ** means author is averagely and most
confident in the validity of the ranking




losses in Sweden have been halved in eight years’ time (Shahbazi et al,, 2016). This attention
just has not been at the same level as the attention to reducing operation energy.

Reason No. 3: of the five areas, products’ longevity has received the least attention. There
are even clear signs that the longevity of some products is decreasing (e.g. the longevity of
personal computers (see Babbitt et al, 2009)). This may be because the threshold is higher
for intervening in longevity; the interventions are not straightforward.

3.2.4 Connectedness between areas. Table V shows how the five areas are ranked
according to how connected an area is to other areas. Figure 2 shows how an intervention in
one area affects the others. In the matrix in Figure 2, the following four areas are represented
by both a row and a column: material inputs to manufacturing; process inputs to
manufacturing; material inputs to operations; and process inputs to operations. Thus, the
matrix comprises four rows and four columns.

A number 1 is placed in all cells across the diagonal. The number 1, within a row,
represents the focus area, i.e. the area that people try to change through an intervention.
Next, horizontal arrows start from a number 1 cell and end up in cells, within the same row,
that are marked with the number 2. The arrows represent a ripple effect. An intervention’s
effect on a number 1 cell ripples through the number 2 cells within the same row. After that,
the effect on a number 2 cell ripples further (although, the effect becomes increasingly less).
How this effect ripples further is made clear by the vertical arrows. For every number 2 cell,
a vertical arrow points towards the row that describes its further progress.

Rank Area Score Validity

1 Material inputs to operations (a.b) 5 wE

2 Products’ longevity (c) 3 -
Process inputs to operations (b.b) 3 *
Process inputs to manufacturing (b.a) 3 *

3 Material inputs to manufacturing (a.a) 2 *

Notes: A score of 5, 3 or 1 means that an area scores best, neutral or worst, respectively, on this sub-property.
“~” means author is least confident in the validity of the ranking; * ** means author is averagely and most
confident in the validity of the ranking
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Table V.

The ranking of
intervention areas in
terms of the
connectedness
between areas

Process inputs
to operations

Material inputs
to operations

Material inputs
to manufacturing

Process inputs
to manufacturing

Material inputs
to manufacturing

Process inputs v 2%)
to manufacturing | ———— 2

Material inputs
to operations

Process inputs : (2x)
to operations 2

Notes: A number 1 cell represents the focus area. The horizontal arrows represent a ripple effect.
An intervention’s effect on a number 1 cell ripples through the number 2 cells within the same
row. How this effect ripples further is made clear by the vertical arrows. For every number 2 cell,
a vertical arrow points toward the row that describes its further progress

Figure 2.

How an intervention
in one area affects
the others
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Table VL.

The ranking of
intervention areas in
terms of the range of

The first row of the matrix describes the following: when less material goes into the
manufacturing process, fewer process inputs are required (assuming a constant requirement
per processed quantity of material). The third row describes something similar: when fewer
products are used, fewer process inputs are required. For example, each product requires
some maintenance. Thus, when people have more products, they have more things to
maintain. However, the third row also describes a situation in which fewer products are
used, and therefore, fewer products need to be made. This affects the material inputs to
manufacturing. However, this does not hold true for the other way around; less material can
be used in manufacturing without making fewer products (e.g. by making lighter products).

The second and fourth rows of the matrix describe the following: when fewer process
inputs are required, fewer supporting products are needed to generate such inputs, and
fewer inputs will be combusted for generating energy, i.e. two times a reduction of material
inputs to the operation phase. An intervention in the inputs that are combusted for
generating energy is the only type of intervention that does not have a further effect on any
of the other areas.

In summation: an intervention in the material inputs to operations indirectly affects two
other areas; an intervention in the process inputs affects one other area in two different
ways, and only one of those ways has a further effect on another area; and an intervention in
the material inputs to manufacturing only affects one other area. Products’ longevity is
scored the same as the process inputs to the manufacturing phase because an intervention
in longevity only has a numerical effect on this area (see Section 3.1.7).

3.2.5 Range of potential interventions. Table VI shows how the five areas are ranked in
terms of their range of potential interventions. The reasons behind this ranking are as
follows: all potential interventions in products’ longevity cause a considerable snowball
effect; none of the potential interventions in manufacturing cause much of a snowball effect;
and some of the potential interventions in operations cause a considerable snowball effect,
and some do not.

According to Meadows (1999), one of the greatest snowball effects is achieved by
changing the “rules” of a system. On the other hand, changing the “parameters” of a system
does not cause much of a snowball effect. The parameters of a system include everything
that can be described by a number. For example, the number of elements is a parameter, but
also the strength of a relation between two elements. The rules of a system describe where
the relations between elements are placed and how they work (cf. Meadows, 1999, pp. 5-7;
von Bertalanffy, 1968, pp. 54-55). Table VII lists 14 interventions in resource usage that have
been mentioned by other authors. For each of these interventions, Table VII shows the
following: the target area; and whether the intervention affects the system’s parameters or
the system’s rules.

Light-weighting, i.e. making products that contain less material, is an example of an
intervention in the system’s parameters. Such an intervention changes the product, but it

Rank Area Score Validity

1 Products’ longevity (c) 4 *

2 Material inputs to operations (a.b) 3 *
Process inputs to operations (b.b) 3 w*

3 Process inputs to manufacturing (b.a) 2 -
Material inputs to manufacturing (a.a) 2 *

Notes: A score of 5, 3 or 1 means that an area scores best, neutral or worst, respectively, on this sub-property.
“~” means author is least confident in the validity of the ranking; * ** means author is averagely and most

potential interventions confident in the validity of the ranking




Source Intervention Target area Type

Allwood et al. (2011) Increased recycling rates p. inputs to manufacturing  Parameters
Allwood et al. (2011)  Yield improvement m. inputs to manufacturing Parameters
Allwood et al. (2011) More intense use m. inputs to operations Rules

Allwood et al. (2011) Remanufacturing p. inputs to manufacturing  Parameters/rules
Allwood et al (2011) Component re-use p. inputs to manufacturing  Parameters/rules
Allwood et al. (2011)  Light-weighting m. inputs to manufacturing Parameters
Stahel (2010) Performance based leasing p. inputs to operations Rules

Bocken ef al. (2016)  Emotional durability Products’ longevity Rules

Bocken et al (2016)  Physical durability Products’ longevity Parameters/rules
Bocken et al (2016)  Reliability Products’ longevity Parameters/rules
Bocken ef al. (2016)  Ease of maintenance and repair Products’ longevity Rules

Bocken et al (2016)  Upgradability and adaptability Products’ longevity Rules

Bocken ef al. (2016)  Standardization and compatibility ~Products’ longevity Rules

Bocken ef al. (2016)  Dis- and reassembly Products’ longevity Rules

Note: They are categorized in both target area and type, i.e. whether the intervention affects the system’s
parameters or the system’s rules
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Table VII.
Interventions in
resource usage
mentioned by
other authors

does not change how the product is handled, and therefore, it does not cause much of a
snowball effect. Selling things on a performance based lease (see Stahel, 2010) is an example
of an intervention in the system’s rules. Normally, a person buys a product and becomes its
owner. Then, if the product is not working as it should be, or if it is not as efficient as it
should be, a person can complain and, the next time, he or she can buy a different product.
However, when the manufacturer remains responsible for the performance of the product,
the situation will be different. For example, when the product wastes energy, the owner has
to pay for that. When the manufacturer is the owner, they will be stimulated to improve on
such aspects of their product. This changes how the product is handled, and therefore, it
causes a considerable snowball effect.

In Table VII, four interventions are categorized as the type parameters/rules. This means
that these interventions are harder to put in one of the two categories. For example, there are
two ways to interpret remanufacturing and component re-use: as new relations, i.e. material
flows that previously did not exist; or as a strengthened relations, i.e. more product and
parts are re-used and remanufactured than they used to be. For this ranking, these four
borderline cases are put in the same category as other interventions associated with the
same area. Thus, remanufacturing and component re-use affect a system’s parameters,
whereas physical durability and reliability affect a system’s rules.

3.2.6 Number of inputs vs types of inputs. As mentioned previously, one comparison is
done in a different way than the others: number of inputs vs types of inputs. In previous
comparisons, one intervention area was compared to another to see which one leads to the
biggest change. However, this comparison focusses on how a change affects the core
problem, regardless of how big a change it is. The “law of the minimum” states that the
growth of an organismic system is always limited by the amount of the essential element
most closely approaching the critical necessary minimum (Danger et al, 2008; Gorban et al,
2011). In other words, a resource’s impact on the system is determined by two things: how
limited the resource is and how essential the resource is.

When the efficiency of a process changes, it requires a changed amount of inputs. A
focus on the number of inputs is a focus on efficiency. However, a focus on the types of
mnputs is different. When a number of inputs, of a certain type, is replaced by a number of
inputs, of another type, inputs are redistributed. With a focus on redistribution, the purpose
for what a type of resource is best employed for is reconsidered.
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A focus on efficiency is straightforward: to improve efficiency, inputs must be lowered,
whereas the output stays the same. As a result, fewer resources are needed, and this will
help to avoid the depletion of those particular resources. A focus on redistribution is
complicated. To improve distribution, the following information is required: how limited
resource A is; how essential resource A is; how limited resource B is; and how essential
resource B is. Only then can one determine which of the two is scarcer. Next, to improve
the distribution of resources, more of the less critical resource is used instead of
the scarcer resource. A person can only focus on redistribution when he or she has
information about how limited and essential resources are. Otherwise, he or she cannot
know if a change would make the situation better or worse. For a focus on efficiency,
this information can be helpful, but it is not necessary to make an improvement.
Therefore, it is more likely that a more critical resource will be involved in a focus
on redistribution.

Furthermore, the strategy of optimizing distribution works toward the end goal of no
scarcity and no abundance. All resources will be equally scarce or abundant. All steps move
towards this goal. The strategy of optimizing efficiency works towards the end goal of using
nothing of a particular resource at all. In the strategy of optimizing distribution, the most
critical resource will be dealt with sooner or later. However, in the strategy of optimizing
efficiency, this is not necessarily the case. A person could repeatedly try to make one
resource more efficient and, therefore, never proceed to a next one.

3.2.7 Finalranking. Table VIII shows the final ranking. Each area has been given a score
for each determining sub-property. The final score is calculated by multiplying each score
by a weighting factor and by then adding the weighted scores together. The highest rank is
given to the highest score. An intervention in the types of inputs is preferred over an
intervention in the number of inputs (see Section 3.2.6). However, the distinction in number
of inputs and types of inputs has been dealt with in a different way than the other
distinctions: a distinction in the manufacturing phase and the operation phase; and a
distinction in material inputs and process inputs. Therefore, the distinction in number of
inputs and types of inputs has no effect on the general ranking. The preference for an
intervention in the types of inputs has been made clear by the addition of the letter a to a
rank, instead of the letter b.

4. Discussion and conclusion

4.1 Discussion

In the Introduction, two types of heuristics were mentioned: rules that prioritize certain
actions; and rules that prioritize certain intervention areas. The first type is easier to use; a
person just does the action that is prescribed. For the second type, there are two options.
Option 1: a person picks the intervention area that is prescribed and comes up with an action
that focusses on that particular area. Option 2: for each action that a person is considering,
he or she thinks of the intervention area that it focusses on. That person then picks the
action that focusses on the most important intervention area.

To use heuristics of the second type, a good understanding is required of how actions
affect the system. In this case, a good understanding is required of Figure 1. That makes it
harder for decision makers to use such rules of thumb. However, when they do invest the
time that is needed to learn how to use such heuristics, they will be more aware of what they
are using. As a result, decision makers will make fewer mistakes; they will not use
generalizations when they are not applicable. By following rules of thumb that prescribe
actions, on the other hand, it is easy to oversimplify matter.

In this study, priority was given to providing a complete picture. Therefore, further
improvements are necessary, especially in the individual sub-scores. The asterisks show



(a) to manufacturing

Scores Scores Scores Scores

on (la) on (1b) on (2a) on (2b) Number

initial previous |connectedness | range of p. | Final | (—)or | Final
Intervention areas amount |exploitation| between areas | interventions| scores | types (+) | rank
(b) Types of
(a) material inputs 5-(1/3)  3-(1/6) 5-(1/3) 3-(1/6) 41/3 + la
(b) to operations
(a) number of
(a) material inputs 5-(1/3)  3-(1/6) 5-(1/3) 3 - (1/6) 41/3 - 1b
(b) to operations
(b) types of
(b) process inputs 5-(1/73)  2-(1/6) 3-(1/3) 3-(1/6) 3172 + 2a
(b) to operations
(a) number of
(b) process inputs 5-(173)  2-(1/6) 3-(1/3) 3 - (1/6) 3172 - 2b
(b) to operations
(c) products’ ) ) ) ) _

[l 3-(173) 4-(1/6) 3-(1/3) 4 - (1/6) 31/3 3

(b) types of
(b) process inputs 3-(173)  3-(l/6) 3-(1/3) 2 - (1/6) 2 5/6 + 4a
(a) to manufacturing
(b) number of
(b) process inputs 3-(13) 3-(l/6) 3-(1/3) 2 - (1/6) 2 5/6 - 4b
(a) to manufacturing
(b) types of
(a) material inputs | 3 - (1/3) 3 - (1/6) 2-(1/3) 2 - (1/6) 2172 + Sa
(a) to manufacturing
(a) number of
(a) material inputs | 3 - (1/3) 3 - (1/6) 2 - (1/3) 2 - (1/6) 2172 - Sb
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Notes: The final score is calculated by multiplying each score by a weighting factor and by then
adding the weighted scores together. Whether an intervention area focusses on the (a) types of

inputs or (b) number of inputs, is only included in the ranking by the addition of a letter

“b” to a rank

[IPet]

a or

Table VIII.
The final ranking

which rankings are the least certain and, thus, require additional work the most. The
analytic hierarchy process makes explicit how the final ranking is composed. Therefore, it is

easy to add to or improve the current reasoning.

4.2 Conclusion

This study’s goal was to determine where one needs to intervene to be most effective. The
answer is that one must prioritize intervention areas as follows: material inputs to the
operation phase; process inputs to the operation phase; products’ longevity; process inputs

to the manufacturing phase; and material inputs to the manufacturing phase.
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These results are generalizations, expressed as rules of thumb, and relying on rules of
thumb is always risky. However, most decisions are not made on the basis of rigorous
analysis. These rules of thumb can help decision makers prioritize what is most important.
When that happens, they will be one step closer to solving the problem of depleting resources.
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