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A B S T R A C T

The efficient use of natural resources is considered a necessary condition for their sustainable use. Extending
the lifetime of products and using resources circularly are two popular strategies to increase the efficiency
of resource use. Both strategies are usually assumed to contribute to the eco-efficiency of resource use
independently. We argue that a move to a circular economy creates opportunity costs for consumers holding
on to their products, due to the resource embedded in the product. Assuming rational consumers, we develop
a model that determines optimal replacement times for products subject to minimizing average costs over
time. We find that in a perfectly circular economy, consumers are incentivized to discard their products more
quickly than in a perfectly linear economy. A direct consequence of our finding is that extending product
use is in direct conflict with closing resource loops in the circular economy. We identify the salvage value of
discarded products and technical progress as two factors that determine the impact that closing resource loops
has on the duration of product use. The article highlights the risk that closing resource loops and moving to
a more circular economy incentivizes more unsustainable behavior.
1. Introduction

As pointed out for decades, if not centuries, an excessive use of
natural resources is incompatible with sustainable development (e.g.
Malthus, 1798; Meadows et al., 1972). More recently the issue of the
overuse of resources has been picked up by mainstream media (e.g. The
Washington Post, 2021, Financial Times, 2020) pointing to the issue
being widely accepted by society. To become sustainable, society must
reduce its resource use.

Based on Commoner (1972), we can identify what drives increased
resource use. Increasing population, already identified by Malthus
(1798), drives up resource use and increased per capita affluence
exacerbates the impact on resource use further. Commoner (1972)
identified technology as a factor that can compensate for the negative
impact of population growth and per capital affluence on resource use.
Improvements in technology allow producing services and products
with a lower environmental footprint. The relationship between the
amount of resources required to allow a given amount of economic ac-
tivity has also been referred to as eco-efficiency (DeSimone and Popoff,
1998; Manzini, 1993; Caiado et al., 2017; World Business Council for
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Sustainable Development, 1996). As population grows and per capita
affluence increases, resources must be used more eco-efficiently, to at
least stabilize or reduce resource use. Firms can contribute to this when
their micro-level activities contribute to a more circular resource use on
the macro-level (Figge et al., 2021; Aranda-Usón et al., 2020).

However, a more efficient use of resources cannot guarantee that
resource use remains at a sustainable level. The arguably most visible
criticism of eco-efficiency as a strategy to bring overall resource use
to a sustainable level is the rebound effect (Berkhout et al., 2000;
Jevons, 1866; Sorrell and Dimitropoulos, 2008): A more efficient use
of resource might increase the demand for products and, in turn, the
demand for resources. However, it is difficult to imagine sustainable re-
source use without an efficient use of resources. Following Commoner’s
(1972) logic, the only way to reduce resource use in the absence of
technological progress would be sufficiency strategies (Figge et al.,
2014; Heikkurinen et al., 2019; Alcott, 2008) by reducing the size of
the population and/or reducing per capita affluence.

There are different ways in which the efficiency of resource use
can be increased. Bocken et al. (2016) distinguish between the three
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strategies: (1) narrowing resource flows, (2) closing resource flows,
and (3) extending the duration of resource use. Much of the academic
literature has focused on narrowing resource flows in the past. The
underlying idea of narrowing resource flows is to reduce the amount
of resources that are used to serve the same purpose. More recently,
especially in the context of the rapidly growing Chinese economy (Geng
et al., 2012; Su et al., 2013), closing resource loops has been discussed
as a strategy to use resources more efficiently by creating a circular
economy (Korhonen et al., 2018; Pearce and Turner, 1990; Camilleri,
2019, 2020) that uses resources repeatedly rather than a single time.
This second strategy appears as the most important activity to increase
sustainability of manufacturing (Gupta et al., 2021). The third strategy
aims to slow down the use of resources, making the use of resources
more eco-efficient in this way.

We argue that, so far, these strategies have been looked at in iso-
lation. All three strategies, in isolation, allow increasing the efficiency
of resource use. However, closing resource loops creates a symbiotic
relationship between resource users, where the decision of one resource
user can impact the efficiency of resource use of another resource user.
At the extreme there can be a symbiotic rebound effect (Figge and
Thorpe, 2019) where, for example, the narrowing of resource flows by
one resource user results in an overall less efficient use of resources by
all resource users.

Existing research tends to look at the different efficiency strategies
in isolation. We contribute to the academic debate by looking at two
of the three eco-efficiency strategies in combination. We look at the
interplay of closing resource loops and the duration of resource use. As
we show, a perfectly circular use of resources creates an opportunity
cost of holding on to resources and in this way creates an incentive to
lower the duration of resource use.

This is the first paper to show the link between circular economy
and economic obsolescence in an integrated model. Existing research
usually considers a longer duration of resource use to be ‘‘more’’
sustainable and thus to be more desirable. We show that a more circular
use of resources is negatively related to a longer use of resources.
Put differently, this is the first paper to show that a circular use of
resources, which is desirable, incentivizes a shorter use of resources,
which is undesirable.

Policies that aim to optimize both factors in isolation risk being
counterproductive: Policies that extend the duration of resource use risk
impeding the circular use of resources, and policies that close resource
loops risk shortening the duration of resource use.

The article is structured as follows. The next section looks at the
relationship between the circular use of resources and eco-efficiency.
We show that a perfectly circular economy reaches indefinitely high
eco-efficiency. The third section looks at obsolescence. Economic obso-
lescence, defined in detail in Section 3, describes that an object is no
longer required or used despite being in working order (Lee and Lee,
1998). Obsolescence drives the duration of resource use. The fourth
section presents our model that builds on the linearity or circularity of
resource use on the one hand and obsolescence on the other hand. In a
first step, our base model links obsolescence to linear resource use and
shows how those, who hold the object containing resources, decide on
whether to abandon the object. In a second step, we contrast this with
how they decide when resources are used circularly. We discuss our
findings in the fifth section and conclude with our sixth section.

2. Efficiency of resource use in the circular economy

Past theorizations modeled the economy as a ‘‘cowboy economy’’
(Nordhaus, 1974). In a ‘‘cowboy economy’’, resources are plentiful and
economic growth is not affected by any resource constraints. However,
as has been known for some time, natural resources are limited (e.g.
Green, 1894; Meadows et al., 1972). If future generations are supposed
to enjoy the benefits of non-renewable natural resources, resources
must be used efficiently.
2

The concept of ‘‘eco-efficiency’’ (DeSimone and Popoff, 1998; World
Business Council for Sustainable Development, 1996), the efficient use
of natural resources, has consequently become very popular. However,
any eco-efficient use of resources with a finite efficiency will still
degrade the stock of natural resources, resulting in a situation where
a resource is eventually used up.

Another theorization of our economy has therefore gained promi-
nence that has the potential, at least theoretically, to increase eco-
efficiency to infinity and thus preserve the stock of natural resources
eternally. To be able to use resources for many generations to come, the
economy needs to function as a spaceship earth economy (Nordhaus,
1974). Like a spaceship earth (Boulding, 1966) our economy needs to
move from an open to a closed system. By closing loops, (Pearce and
Turner, 1990) resources are continuously used and reused rather than
lost as waste. This idea has been popularized as circular economy. In
a perfectly circular economy, no more resources are lost and resources
are used forever. It is at this point that resource use would allow a
‘‘development that meets the needs of the present without compromis-
ing the ability of future generations to meet their own needs’’ (World
Commission on Environment and Development, 1987), i.e. a sustain-
able development. This desirable state would also be characterized by
an eco-efficiency of virgin natural resources that reaches infinity (Figge
et al., 2017).

While the concept of a perfectly circular economy is intellectually
appealing, it is not a reality to date. Current resource use for key
industrial resources like copper, nickel or iron is far from circular.
Today, iron is for example used about 2.67 times on average (Daigo
et al., 2005), nickel about three times (Eckelman et al., 2012), and
copper about two times (Eckelman and Daigo, 2008; Klose and Pauliuk,
2021) before it goes to waste. The circular economy is therefore, at this
stage, imperfect at best.

The distinction between a perfect and an imperfect circular econ-
omy is important. Existing research appears to assume that closing
resource loops only increases the eco-efficiency of resource use and that
there are no other changes. Figge and Thorpe (2019) have shown that
making resource flows circular can create opportunity costs. A resource
user, who decides to pass on her resources to another resource user, will
for example reduce the demand of the latter resource user for virgin re-
sources. The circular economy creates a symbiotic relationship between
different resource users. As in any symbiotic relationship, the actions
of one entity impact other entities. We argue that the more circular
resource flows are, the higher the degree of symbiosis between resource
users and the more important are the opportunity costs created. A
symbiotic relationship between resource users and the opportunity
costs this creates also complicate the analysis of decisions of individual
resource users. In a perfectly linear economy, the decisions of resource
users can be analyzed in isolation. A more efficient resource use on the
individual level will always result in a more efficient use of resources
on the macro-level. In a perfectly circular economy, however, decisions
are impacted by the decisions of other resource users and the decision-
making of resource users cannot be analyzed in isolation (Figge et al.,
2021).

In an imperfectly circular economy the overall efficiency of resource
use is higher than the aggregated individual eco-efficiencies of resource
use but does not reach infinity as in a perfectly circular economy. In
this imperfectly circular economy, the efficiency of the use of a resource
on the macro level cannot be fully explained by the efficiencies of
resource use on the individual level; the overall efficiency of resource
use is determined by individual resource use efficiencies as well as
by how resources are used by other resource users. Decisions that are
taken by one resource user with the aim to increase eco-efficiency can,
at the same time, negatively impact the efficiency of resource use by
another resource user. An increasingly circular use of resources can, for
example, shorten the amount of time during which a product or service
is used. A shorter amount of time during which a product is used, i.e., a

higher obsolescence, requires that a product is replaced more often,
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which has a negative impact on the efficiency of resource use. It is this
link between circularity and obsolescence that has not been sufficiently
researched and that we concentrate on in this paper.

The next section looks at obsolescence.

3. Obsolescence

We now turn our attention to the obsolescence literature. One of
the pillars of the circular economy is prolonged product use (Hollander
et al., 2017; Bakker et al., 2021, 2015). Theoretically, if a product
is used indefinitely, then we, as a society, achieved sustainability of
resource use (Cullen, 2017). However, in actuality, products may be
replaced for a variety of reasons. We use the term obsolescence to
describe the replacement of products. In this paper, we distinguish
between two types of obsolescence: (1) technical obsolescence and
(2) economic obsolescence (Lee and Lee, 1998). Technical obsolescence
occurs when the product is no longer able to function. An example of
technical obsolescence is a product part breaking, making the product
inoperable. If the part cannot be replaced, then we say that the product
is technically obsolete. Note that this definition is akin to the notion of
contrived durability, in which a product lifespan is set during the design
and manufacturing stages (Orbach, 2004; Goering, 2007). Economic
obsolescence occurs when a product is replaced for economic reasons.
For example, if it is cheaper for the consumer to purchase and operate a
newer version of an existing product. If a new car is more fuel efficient
than its older counterpart, then a consumer may choose to replace an
older model with a new model, as it is net cheaper to own and operate
than the current model. Replacing a product for economic reasons is
referred to as economic obsolescence (Lee and Lee, 1998).

We like to highlight that our definitions of economic and technical
bsolescence are fundamentally different from the notion of planned
obsolescence found in the literature. Planned obsolescence, as defined
by Bulow (1986), ‘‘is the production of goods with uneconomically
short useful lives so that customers will have to make repeat pur-
chases’’. The literature shows, both analytically and empirically, that
producers have an incentive to shorten product lives in order to max-
imize profit, in both monopoly and oligopoly settings (Bulow, 1986;
Waldman, 1993; Iizuka, 2007; Guiltinan, 2009). The key to note is
that planned obsolescence is driven by a profit maximizing producing
firm. The firm in turn sets the lifetime of a product, or the release
schedule of future products. In our research, we define obsolescence
not as something driven by the firm, but instead as something defined
by the consumer. We by no means say that planned obsolescence
is not considered within the circular economy. Some authors show
how principals from planned obsolescence may be used to drive to
a circular economy (Satyro et al., 2018; Watanabe et al., 2019). For
example, a change in toothpaste tubes design may lead to a decrease in
toothpaste consumption by over 50% (Satyro et al., 2018). Again, work
on planned obsolescence in the circular economy takes a producing firm
perspective, and we take a consumer perspective.

Returning to the consumer perspective used in this paper, we ask:
‘‘When should a consumer replace a functioning product?’’ Informally,
if it is economically profitable to buy a new product, a consumer
will do so, leading to economic obsolescence. However, understanding
why/when it is economically profitable to replace a functioning prod-
uct merits further discussion. A new product costs a manufacturer time,
effort, and resources to produce. The new product is costly to procure.
Given that a new product costs money, if an existing, functioning, prod-
uct has no associated costs for keeping, and there is a positive benefit
from keeping the product, then the product is not replaced. However,
if an existing, functioning, product has operating, maintenance, or
any other costs associated with keeping it (we call such costs running
costs), then a consumer may have an economic incentive to replace
the product. For example, due to technical innovation/progress the
running costs of an existing, functioning, product may be significantly
3

higher than the running costs of a new replacement product (Morelli,
2001; Herring and Roy, 2007). Reduced current and future running
costs lead to opportunity costs for the consumer, keeping the current
product or replacing it with a new product. Using net present value
analysis (Willis and Finney, 2004), a consumer can trade off the future
discounted costs associated with keeping the current product with the
future discounted costs associated with procuring a new product. In the
paper we only consider economic obsolescence, technical obsolescence
occurs whenever a product reaches its natural end of life. Economic
obsolescence leads to the replacement of functioning, yet economi-
cally unviable products. In this paper, we focus on how economic
obsolescence changes in the circular economy, relative to the linear
economy.

4. Optimal obsolescence in the circular economy

In this chapter, we look at the interplay between the circular
economy (Section 2) and obsolescence (Section 3). As shown above,
when all resource loops are closed, resources will be used over and over
again, eliminating the need for the use of virgin resources. Companies
continue to require resources to cover their resource needs. However,
rather than making use of virgin resources, they will cover their re-
source needs by making use of previously used resources that are
contained in existing products. In the open ‘‘cowboy economy’’ (Nord-
haus, 1974) there have been no constraints on economic growth.
Natural resources were available in abundance. However, ‘‘the scarcity
of resources has led many to argue that the operating rules of our
economy must change. [. . . ] It would seem difficult to question the
observation that the world economy is progressing toward a closed
system’’ (Nordhaus, 1974, p. 22). This closed system has been referred
to as a ‘‘spaceman economy’’ (Boulding, 1966). We argue that this
change in operating rules, as termed by Nordhaus (1974), also relates
to the relationship between producers and consumers.

In the ‘‘cowboy economy’’, production and consumption of products
and the use and disposal of resources are relatively separate. Compa-
nies acquire virgin resources to produce goods and these goods are,
together with the resources contained in these products, disposed of by
customers at the end of the use of the product. Nature becomes a waste
sink for these products and their resources (Perman et al., 2003).

In the ‘‘spaceman economy’’, where no more virgin resources can
be used for production, the relationship between companies and con-
sumers changes. The products that are disposed of by consumers be-
come the source for the provision of natural resources that companies
require. Rather than being separate from each other, companies remain
the provider of goods, but consumers become the provider of resources
for companies by making the resources contained in the products they
dispose of available to companies.

We argue that this change in the relationship between companies
and consumers impacts the rationale of their decision-making. In the
open ‘‘cowboy economy’’ the consumer’s decision on how long to keep
a product, and thus how long the resources that are contained in the
product will be used, is disconnected from the company producing
the good. In the ‘‘spaceman economy’’ disposing of a product means
making the resources contained in the product available to companies
producing new goods; the decisions of consumers and the production
of goods are interconnected.

In the ‘‘spaceman economy’’, using a product for longer means
depriving companies of resources for longer. The fact that companies
will use resources that are contained in products today at a later stage
also introduces an opportunity cost to keeping a product that does
not exist in the ‘‘cowboy economy’’; as long as a consumer continues
using a product, the resources contained in that product cannot create
value somewhere else. Companies, eager to have access to resources,
suddenly do not only have an interest in consumers replacing existing
products because it allows them to increase their sales but also because
it gives them access to the resources they require. While in a ‘‘cowboy

economy’’ companies are willing to pay independent resource providers
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for resources, in a ‘‘spaceman economy’’ this willingness to pay for the
access to resources now moves to consumers, who are, in a perfectly
circular economy, the only ones who can give companies access to
resources. The decision of consumers to replace a good now interacts
with companies’ procurement of natural resources.

Consumers ultimately decide when to replace a product. It is usu-
ally assumed that extending the longevity of product use is desir-
able (Bocken et al., 2016; Figge et al., 2018; Franklin-Johnson et al.,
2016; van Nes and Cramer, 2006; Stahel, 2016; Stahel and MacArthur,
2019). The longer a product is used, the fewer resources are needed
over time. This now conflicts with companies’ need to have access to
resources, something we can assume they are willing to pay for. In
the following, we establish the link between the longevity of product
use and the opportunity cost of containing resources in products.
To make the impact of closing resource loops clear, we distinguish
between two distinct cases. The first case is the case of the ‘‘cowboy
economy’’ in which resources are used linearly. Products are discarded
and none of the resources are reused or recycled; all resources are
virgin resources. The second case is the ‘‘spaceman economy’’. In the
‘‘spaceman economy’’, all resources are reused and recycled and no
more virgin resources are used. We, therefore, argue on the basis of
ideal types (Doty and Glick, 1994) to help with our theorizing and
modeling.

4.1. An illustration of the cowboy economy versus the spaceman economy

We illustrate our arguments using a simple example. In our exam-
ple, a product has an initial purchasing price and recurrent constant
operating costs. We assume that there is technical progress that man-
ifests itself in newer products having lower future running costs than
older products. This is the case in white goods, where future product
generations are more energy-efficient than previous generations. We
assume that the energy efficiency of operating the product remains
constant over time. For the sake of simplicity, we assume that any other
costs (such as energy costs) that could have an impact on recurrent
operating costs are constant. We furthermore assume that the period of
technical obsolescence exceeds the period of economic obsolescence.
Put differently, we assume that the product will still be in working
order when it is replaced. We also assume that the initial purchasing
price is constant, i.e., that there is no inflation. For our base model, we
also assume that the products have no salvage value, i.e., the product
will be disposed of without charge or benefit. It is this assumption that
we will relax later on, allowing us to move from the ‘‘cowboy economy’’
to the ‘‘spaceman economy’’.

4.1.1. Cowboy economy
In our example of the linear ‘‘cowboy economy’’ the driver for a

consumer to replace his/her product is linked to newer products having
lower running costs than older products, i.e., it is linked to technical
progress. Other drivers are possible as long as having a newer product
is more desirable than having an older product. We ask the following
question: After which period will a product be replaced, i.e., what
determines economic obsolescence of a product in the perfectly linear
economy?

We construct an analytical model of the use, and periodic replace-
ment, of a certain type of product, e.g., a fridge, over time by a rational
consumer. The consumer replaces the product repeatedly, resulting in
repeated cycles during which a new product is first bought and later
replaced. The length of these cycles determines a consumer’s total costs
(in the long run). The purchasing price, 𝑃 , determines the fixed cost.
In our numerical example, we set the purchasing price at 𝑃 = 100. New
products become more efficient and thus cheaper to run every year. The
running costs therefore depend on how new the product is and on the
rate of technical progress. The running cost rate of a product of age 𝑡
assuming a technological factor of 𝜏 corresponds to 𝑐(𝑡) ∶= 10 ⋅ (1 + 𝜏)𝑡,
≥ 0. In other words, compared to current, more efficient products,
4

lder products are more expensive to run. Using an old product incurs
n opportunity cost, as newer products would be cheaper to run.

In our analysis, the technological improvement is constant over
ime, thus the optimal cycle lengths are identical; we denote it by 𝑇 . We
ssume that the consumer seeks to choose 𝑇 such that his/her average
osts are minimized over time. This can be done as follows:

We are, first, interested in the total cost for replacing and using the
roduct for one cycle of length 𝑇 . They amount to the sum of price, 𝑃 ,
nd the cumulated running costs, 𝑐(𝑡), over the time span [0, 𝑇 ], i.e.,

(𝑇 ) ∶= 𝑃 + ∫

𝑇

0
𝑐(𝑡)𝑑𝑡. (1)

We now consider the total costs 𝐶(𝑇 ) per unit of time 𝑇 , i.e., 𝐹 (𝑇 ) ∶=
(𝑇 )∕𝑇 , cf. (1), over the cycle length 𝑇 . Minimizing this average

eward yields the best cycle length 𝑇 ∗ via

min
𝑇≥0

{𝐹 (𝑇 )} 𝑎𝑛𝑑 𝑇 ∗ = argmin
𝑇≥0

{𝐹 (𝑇 )} . (2)

he first order condition of (2) is:

′(𝑇 ) ∶=
𝜕𝐹 (𝑇 )
𝜕𝑇

=
10(1 + 𝜏)𝑇

𝑇
−

𝑃 +
10
(

(1+𝜏)𝑇 −1
)

ln(1+𝜏)

𝑇 2

!
=0 (3)

nd from (3) we obtain an analytical solution for 𝑇 ∗ as a function of
he technological improvement factor 𝜏:

∗ =
1 + 𝛤

(

𝑃 ln(1+𝜏)−10
10𝑒

)

ln (1 + 𝜏)
, (4)

where 𝛤 (𝑧) is the so-called ProductLog or Lambert-W function, which
provides the solution 𝑤 of the equation 𝑧 = 𝑤 ⋅ 𝑒𝑤 for a given value 𝑧.
The function can be used to exactly reproduce the result, cf. (4). From a
qualitative perspective, we recall that the function 𝛤 (𝑧) is concave and
monotone increasing for 𝑧 ≥ 0 (𝑧 ≥ 0 ⟹ 𝜏 ≥ 𝑒

10
𝑃 − 1; in our example,

𝜏 ≥ 𝜏𝐶 ≈ 0.1052).
As expected, from (4) we obtain that the optimal cycle length 𝑇 ∗ in-

creases with price 𝑃 and decreases with the technological improvement
𝜏. Put simply, consumers will keep their products longer as replacement
price increases or as technical progress decreases.

4.1.2. Spaceman economy
We now move on to the case of the circular ‘‘spaceman economy’’.

In the ‘‘spaceman economy’’, no more virgin resources are used, but
companies need to source their resources from resources contained
in existing products. While in the linear economy companies paid
independent resource providers to source their resource that they took
from the earth’s crust, in the circular economy resources must be
mined from existing stocks of materials that have been accumulated
through previous human activity; this is often referred to as urban
mining (Baccini and Brunner, 2012, p. 304). In a perfectly circular
economy, urban mining becomes the only way to procure resources.
Resources contained in products become valuable, and we assume now
that companies will pay consumers for the resources contained in their
products. This creates an opportunity cost for the consumer: As long as
they hold on to their old products, they cannot benefit from selling the
resources contained in their old products. We, therefore, extend our
model to include a positive salvage value, 𝑆, that reflects the value
that resources contained in a product have to the companies producing
goods. We now ask the following question: After which period is a
product replaced, i.e., what determines economic obsolescence of a
product in a perfectly circular economy?

We now amend our numerical example, cf. Section 4.1, to take into
account the specifics of the circular ‘‘spaceman economy’’. In particular,
we take into account the impact of the salvage value, 𝑆. In the presence
of a salvage value in our model, the fixed replacement costs change
from 𝑃 to 𝑃 − 𝑆. The net price, 𝑃 − 𝑆, i.e., the price after taking into

account the salvage value of the old product, of replacing a product
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Fig. 1. Illustration of optimal replacement cycles in the ‘‘Cowboy economy’’ and the ‘‘Spaceman economy’’.
decreases. Consequently, the total costs for one cycle of length 𝑇 change
into

𝐶𝑆 (𝑇 ) ∶= 𝑃 − 𝑆 + ∫

𝑇

0
𝑐(𝑡)𝑑𝑡. (5)

Based on (5), for the ‘‘spaceman economy’’ we again minimize the
corresponding average rewards 𝐹𝑆 (𝑇 ) ∶= 𝐶𝑆 (𝑇 )∕𝑇 over 𝑇 , cp. (2). The
associated first order condition, which is similar to (3), now leads to
the optimal cycle length, cp. (4):

𝑇 ∗
𝑆 =

1 + 𝛤
(

(𝑃−𝑆)⋅ln(1+𝜏)−10
10𝑒

)

ln (1 + 𝜏)
. (6)

It is interesting to note that, besides the technological improvement
factor 𝜏, the replacement policy 𝑇 ∗

𝑆 now also depends on the salvage
value 𝑆. Similar to before, we have 𝑧 ≥ 0 ⟹ 𝜏 ≥ 𝑒

10
𝑃−𝑆 − 1; in our

example, letting 𝑆 = 1, 𝜏 ≥ 𝜏𝑆 ≈ 0.1063. Technically, the ex-
tended model of the linear economy simplifies to the model of circular
economy when 𝑆 = 0.

Fig. 1(a) depicts the average ownership costs for a given salvage
value and a given technological factor. It is in the interest of the
consumer to minimize these ownership costs. As Fig. 1(a) shows, there
is an inner solution to this optimization problem, i.e. changing the
product too early or too late is costly. In our example, after about
14 periods, the average ownership costs reach their minimum. In the
beginning, the difference between the efficiency of the existing product
and new products does not yet warrant the investment necessary to
replace the existing product. But with each period that passes, new
products become more and more attractive. After about 14 periods,
holding on to the old product results in increasing average ownership
costs. This is due to the fact that the economic benefit of changing
over to a new product more than outstrips the financial burden of the
necessary investment into a new product.

While Fig. 1(a) shows the average ownership costs for a given
salvage value (𝑆 = 20) and a given technological factor (𝜏 = 0.05) for
different lengths 𝑇 ; the costs are minimal for 𝑇 ∗

𝑆 = 14.266. Fig. 1(b)
shows the optimal replacement times for a range of different salvage
values and technological factors. The black cross reflects the optimal
replacement time identified in Fig. 1(a). As Fig. 1(b) shows, higher
salvage values and stronger technological progress decrease the optimal
replacement time. For the extreme case where the salvage value equates
to the prices of new products (𝑆 = 𝑃 = 100) and there is some
technical progress, products are constantly replaced. When there is no
5

technical progress, goods are only replaced at the time of technological
obsolescence, regardless of the salvage value.

4.2. Circular vs linear economy

Our model has compared the period of economic obsolescence for
two distinct cases. A perfectly linear economy, referred to as ‘‘Cowboy
economy’’ above, and a perfectly circular economy, called ‘‘Spaceman
economy’’. We find in both cases that technical progress leading to
higher efficiency during the use phase of the product and thus lower
running costs results in shorter replacement intervals. This finding is in
line with other research that points to the beneficial effect of replacing
older less-efficient products with newer, more efficient products (e.g.
Chalkley et al., 2003; Hummen and Desing, 2021). In our models, we
have determined the period of economic obsolescence in (a) a perfectly
linear and (b) a perfectly circular economy. We find in both cases that
the higher the technical progress, leading to the reduction of future
operating costs, the shorter the period until economic obsolescence.
In addition, we find that, ceteris paribus, the period to economic
obsolescence is always shorter in the perfectly circular compared to
the linear economy. Put differently, while a longer period of use of a
product is usually deemed to be sustainable, the circular economy leads
to a shorter period of use of products compared to the linear economy.

4.3. Non-resource-consuming products

In the previous subsections, we analyzed a replacement model for
resource-consuming products. The incentive to replace the product
was based on the underlying mechanism that the running cost rate 𝑐
increases over time, cf. (5). In this subsection, we discuss whether the
results obtained also hold for non-resource-consuming products.

For non-resource-consuming products (such as, e.g., furniture), we
assume that running costs are zero. In case such products are durable
and do not use their value over time there is, naturally, no need
for replacement and one would keep them forever. However, if the
utility that such products provide to the customer decreases over
time (e.g., old furniture might be considered less attractive than new
furniture), the situation is different.

In the following, we assume that a non-resource-consuming product
provides utility to the customer via a rate 𝑢(𝑡), 𝑡 ≥ 0, which is decreasing
over time, i.e., with the age of the product. Similar to the model
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proposed in Section 4.1, we now consider the overall utility or benefit
(compared to 𝑃 and 𝑆) of keeping an item for the length of 𝑇 :

𝑆 (𝑇 ) ∶= ∫

𝑇

0
𝑢(𝑡)𝑑𝑡 − (𝑃 − 𝑆). (7)

Based on (7), we now seek to maximize the corresponding average
ewards 𝑅𝑆 (𝑇 ) ∶= 𝑈𝑆 (𝑇 )∕𝑇 over 𝑇 , cp. (2). By letting 𝐶𝑆 (𝑇 ) ∶=
𝑈𝑆 (𝑇 ), we can transform the model into a minimizing one and use the

ramework provided in Section 4.1 to solve it. Comparing the utility
aximizing model to the previous cost minimizing model, we obtain

hat they are basically of the same kind as long as 𝑐(𝑡) is increasing
nd 𝑢(𝑡) is decreasing over time. Note, letting, e.g., 𝑢(𝑡) ∶= 20 − 𝑐(𝑡) =
0 − 10 ⋅ (1 + 𝜏)𝑡 (i.e., using a similar dynamic to model the decrease
f the utility rate as used in Section 4.1 to model increasing costs), we
btain the same type of first order condition, cf. (3)–(4), and in turn,
he numerical results basically coincide, cp. (6). Note, the constant (cf.
0 in 𝑢(𝑡)) plays a minor role as it neither depends on 𝑡 or 𝑇 .

In summary, we obtain that the identified effects can also apply to
on-resource-consuming products. We find that the driving force that
s the same in both models is the property that a new version of the
roduct is preferable to an older one.

. Discussion

Society must dramatically reduce the use of natural, non-renewable
esources. One way to reduce resource consumption is to reduce the
mount of products and services. In the absence of these sufficiency
trategies (Alcott, 2008; Figge et al., 2014; Heikkurinen et al., 2019;
unarathne and Lee, 2021) the only way to reduce resource consump-

ion is to use resources more efficiently. Efficiency can be increased by
arrowing resource flows, closing loops, and extending the duration of
esource use (Bocken et al., 2016). This paper concentrates on the latter
wo strategies and looks at how they are related.

To analyze the effect that closing resource loops has on the length
f time during which resources are used, this paper takes perfectly
inear and perfectly circular use of resources as starting points. Perfectly
ircular resource use creates opportunity costs of holding on to products
hat do not exist when resource use is perfectly linear. Our model
hows that this systematically leads to a shorter period of resource
se. Among others, this raises questions regarding policy making for
more sustainable use of resources. Existing research assumes that

ifferent efficiency strategies are either independent of each other or
hat ‘‘the strategies of slowing and closing (and narrowing) resource
lows can be mutually reinforcing’’ (Bocken et al., 2016, p. 317). If they
ere independent or even mutually reinforcing, then policies could

oncentrate on individual strategies of sustainable resource use. A more
ircular use of resources would for instance also always be a more
ustainable use of resources. As our model shows, this is not a certainty.
olicy measures regarding one eco-efficiency strategy should consider
he side-effects they have on other eco-efficiency strategies.

Our research looks at the impact of a more circular use of resources
n the duration of resource use. The other direction, the impact of a
onger resource use on the circularity of resource use, is also of interest.

hen previously used resources are the only source of resources for
ompanies, a longer use of resources would cut companies’ resource
upply, driving up the cost of resources.

Assuming perfectly linear and perfectly circular resource use helped
o clearly identify the effect a more circular use had on the duration
f resource use. In reality, resource use is neither perfectly linear nor
erfectly circular. If we assume imperfect circularity, the effects are
ess certain. It is reasonable to assume that a more circular use of
esources will increase the demand for pre-owned resources and thus
reate opportunity costs that will incentivize a shorter use of products
nd the resources they contain. Analogously, policies that promote a
onger use of products will withhold resources from companies that
equire pre-owned resources, driving up the costs of these resources to
6

p

ompanies. In a world of imperfect circularity, companies can choose
etween virgin and pre-owned resources. The higher the costs of pre-
wned resources, the higher the incentive to use virgin resources.
ut differently, policies that incentivize using products for longer risk
ncentivizing a more linear use of resources.

The model we use in our paper assumes that the amount of resources
hat are used is stable. In a perfectly linear economy, all resources
sed are virgin. In a perfectly circular economy, all resources used
re pre-owned. The reuse of resources results in opportunity costs of
olding on to products. This changes the life-cycle costs of products.
ll other things being equal, being offered an incentive for returning
roducts reduces product life-cycle costs for consumers. We can assume
hat a lower price increases the demand for products. In the world of
erfectly circularity this cannot lead to a higher use of virgin resources
s the amount of resources is capped. This is not the case when circular
esource use is imperfect. If a more circular use of resources decreases
he life-cycle cost of products as we suspect, a more circular use can
ead to an increase of resource use. Existing literature discusses this
s a circular economy rebound (Zink and Geyer, 2017) or a symbiotic
ebound effect (Figge and Thorpe, 2019).

Our model assumes that consumers aim to minimize the life-cycle
osts of their products. Put differently, consumers will replace their
xisting products when it is cheaper to replace them with a newer
odel. We assume in our model that there is technical progress. Future
roducts will run more resource-efficiently than existing products. By
witching to a newer product, consumers can save money by having
ower running costs. By introducing technical progress, we can model
n a very tangible way that newer products might be more attractive
han older products. Not all products require the use of resources
uring their lifetime. For example, while fridges require electricity and
ave become more efficient over time, furniture does not require any
esources during its lifetime. However, it is safe to assume that for most
roducts, newer products are considered more desirable than older
roducts. In our model, this difference in desirability is expressed as the
ifference of efficiency of the products’ resource use. Our findings apply
nalogously to other products, as long as new products are considered
ore desirable than old products.

A shorter use of products is not necessarily a less sustainable use
f resources. Especially when there is technical progress, i.e. newer
roducts are expected to be more resource-efficient than older products,
he impacts can be reduced by replacing products. This effect has
een researched regarding different products and industries, such as
ars (Kim et al., 2003; Nakamoto and Kagawa, 2018) or refrigera-
ors (Bakker et al., 2014; Kim et al., 2006). As long as resource use and
osts are directly related, our model minimizes not only product life-
ycle costs but also resource use. The shorter duration of resource use is
herefore also desirable in environmental terms. At first sight, the neg-
tive connotation of a ‘‘throwaway society’’ (Packard and McKibben,
963) might therefore appear to be misplaced. However, whenever
osts are not a perfect reflection of resource use, which is common
n practice, minimizing life-cycle costs does not necessarily equate to
inimizing resource use. A shorter duration of resource use therefore
oes not guarantee lower environmental resource use overall.

We can reasonably expect that the incentives to use products for
horter periods of time increases economic obsolescence, and will in
urn also have an impact on technical obsolescence in the long run. If
onger technical obsolescence, i.e. fabricating products that last longer,
s more expensive than producing products that last a shorter period of
ime, then producers can be expected to adjust the expected technical
bsolescence of their products to match the shorter period of time
f economic obsolescence in the case of the circular economy. Put
rovocatively, the circular economy risks driving down the quality of
roducts, adding to the move towards a throwaway society.

Another negative effect of the shorter use of products is that reusing
nd recycling but also the more frequent production and distribution of

roducts requires additional resources. Put differently, recycling and
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reusing products and resources comes at an environmental cost. We
do not explicitly consider these costs in our model. However, it is safe
to assume that a higher speed of the production–consumption circle
will, all other things being equal, also increase the resources needed to
keep the circular economy going. This adds to the pressure that a more
circular use of resources could exert on the environment unless the
resources needed are themselves used circularly, or they are renewable
resources.

To be able to identify the link between closing resource loops and
the duration of resource use, we argued on the basis of the ideal
types (Doty and Glick, 1994) of a perfectly linear and a perfectly cir-
cular economy. By referring to ideal types or, put colloquially, extreme
cases, the effect becomes clear and unambiguous. These restrictive
assumptions are at the same time a limitation of this paper. Neither
perfectly circular nor perfectly linear resource use are realistic today.
Consequently, the effect we identify cannot be established as clearly in
practice as we do in this paper. Future research could therefore look
into the link between a more circular resource use and the duration of
resource use under conditions of imperfect circularity.

Another important limitation relates to the lack of ecological trans-
action costs in our model. We implicitly assume that no resources are
required to reuse or recycle materials, which is of course unrealistic.
Reuse and recycling are also linked to environmental impacts (Sandin
and Peters, 2018; Williams et al., 2008). A further development of our
model could therefore integrate the environmental impacts of reuse and
recycling.

Finally, our model does not consider the temporality of the envi-
ronmental impacts of resource use. If we consider that a later impact
on the environment is preferred to an earlier impact, then some kind
of discounting of the environmental impacts would be necessary. How-
ever, whether discounting should be applied will ultimately depend on
the controversially-discussed question if discounting is acceptable in a
sustainability context (Isacs et al., 2016; Markanday et al., 2019).

6. Conclusion

In this paper, we develop a theoretical model that links the duration
of product use to closing the loops of product use, thereby linking two
of the three ways to increase the efficiency of resource use (Bocken
et al., 2016). Our model shows that, in a perfectly circular economy,
the opportunity costs of holding on to a product may shorten the time
between product replacements, relative to a perfectly linear economy.
This holds true whenever newer products are preferred to older prod-
ucts. Newer products can be preferable to older products for different
reasons. The most tangible reason is that newer products might use
less resources during their life-time, i.e. that they are cheaper to run.
However, our model applies to all ‘‘ageing’’ products, i.e. products that
lose value over their lifetime. Using the lens of economic obsolescence,
we show that with an increase in opportunity cost, a consumer is
better off replacing an old product with a newer product. This will
potentially lead to a ‘‘throwaway society’’, even within a perfectly
circular economy.

Our finding seemingly contradicts one of the goals of a perfectly
circular economy, extending product lifetimes. However, if we are to
consider the third way to increase efficiency (Bocken et al., 2016),
narrowing resource flows, then potentially harmony within the circular
economy may be restored. Put differently, narrowing resource flows
could moderate the relationship between closing loops on the one hand
and extending product lifetime on the other hand. In our case, nar-
rowing resource flows is equivalent to reducing the opportunity cost,
i.e., the need for additional material decreases over time. Consequently,
the demand for the resource already contained in products decreases.
As such, we expect our results to still carry forward, but a direction
for future work is to explicitly consider all three ways to increase
efficiency and the impact of opportunity cost on the time between
product replacements in a perfect circular economy.
7

Another research avenue, in parallel to the aforementioned exten-
sion of considering all three ways to increase efficiency, is to deter-
mine regulatory actions that counteract consumer incentives to replace
existing, functioning, products. This suggested extension aligns all par-
ticipants’ incentives in the circular economy with the objective of the
circular economy. As we show in our work, without any regulator
intervention, one potential outcome is a decrease in time between
product replacements due to economic obsolescence.

A final extension of our work is to consider the cost of resource
opportunity within an imperfect circular economy. For example, if a
recycled resource cannot be used indefinitely or for the same purpose
as its current use, then will consumers still want to shorten how long
they use a product? There are synergistic considerations that must be
made, that are not obvious at this time. However, considering the more
practical synergies of using recycled resources is necessary as we move
from the linear to the circular economy.

This paper and our model are conceptual in nature. The paper does
not contain any empirical data. However, the paper has implications
on future empirical work on eco-efficiency and circular resource use.
The starting point of this paper is a perfectly circular economy - a state
that is considered desirable by many but that does not exist today.
Our conceptual model allows us to identify the kinds of trade-offs
and tensions that we face when our economy becomes more circular.
Future empirical work looking at eco-efficiency in general and circular
economy in particular will have to take these trade-offs into account.
Closing resource loops are likely to drive down the duration of product
use. This shows that we have to be careful in our empirical work of how
we interpret indicators. A higher circularity of resource use does not
necessarily point to a more sustainable resource use. The same applies
analogously to the duration of product use. Empirical applications have
to be careful not to interpret longer product use as desirable per se.
This points to the need for more complex empirical models on circular
resource use than the models we see in both the academic literature
and practice today.
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