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This paper introduces the so-called Sustainability-Usage Ratio (SUR), relating the Global Warming Potential (GWP)
of a product to the duration of its use and it introduces an approach for evaluating the SUR. To this end, two principal
methods are presented: one based on the arithmetic mean usage and another integrating over the product’s GWP
curve and its usage distribution to derive a mean SUR value. By accounting for reliability data, user behavior, and
potential early discarding, more sophisticated assessment of environmental sustainability is enabled.
The paper illustrates these concepts with an example comparing two electric kettles, which differ in their lifetime
distributions and GWP contributions from manufacturing and disposal. Results highlight that the arithmetic mean-
based method can overly reward products with long nominal lifespans, particularly when user preferences or
premature failures reduce actual usage. In contrast, integrating the failure distribution produces a more conservative
yet realistic estimation of overall sustainability performance.
These findings underscore the importance of selecting an appropriate metric based on the decision context. The
framework presented here aids stakeholders – from product designers to consumers – in making more informed
choices about product sustainability, while also providing insights into optimizing product design and usage
strategies to reduce greenhouse gas emissions.
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1. Motivation

Global climate change has garnered widespread
attention due to the rise in anthropogenic green-
house gas (GHG) emissions and their detrimental
effects on the environment (Stocker et al. (2013)).
Recognizing the urgency of the situation, both
policy makers and researchers advocate for iden-
tifying more sustainable pathways in production
and consumption (Albrecht et al. (2021); Uni
(2022)). One widely acknowledged metric for
quantifying the climate impact of a product or
process is the Global Warming Potential (GWP),
which compares the energy absorbed by the emis-
sions of a particular gas to the energy absorbed
by carbon dioxide over a fixed timescale (Deu
(2019)).

The prolongation of product lifetimes is fre-
quently proposed as a pivotal strategy to enhance

sustainability (Lyndhurst (2011); Dehoust et al.
(2016); Oehme et al. (2016)). This approach is
predicated on the assumption that extending the
period of usage can distribute the GWP burden
over a more extended timescale. However, in-
creasing a product’s lifetime can also require more
material and energy, thus raising the GWP if it
merely leads to a more resource-intensive design.
Consequently, it is vital to determine under which
circumstances a longer lifetime genuinely im-
proves environmental performance. Furthermore,
the mere existence of a technically longer life-
time does not guarantee real-world benefits if user
preferences lead to early disposal (Oehme et al.
(2016). Hence, the behavior of both products and
users – who might replace items before the end of
their technical – lifetime must be considered.

Against this backdrop, the present paper inves-
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tigates which metrics are suitable for evaluating
the ecological performance of products in terms of
their GWP, and how stochastic lifetime behavior
and user preferences influence these metrics. By
focusing on methodologies that link the GWP to
the usage duration, we aim to provide a foundation
for more sophisticated sustainability assessments.

2. Mean Values

The arithmetic mean is a central measure for de-
scribing the location of a probability distribution
and represents the expected value of a random
variable μa. In the case of continuous random
variables, it can be expressed as an integral, as
shown in Eq. (1), where f(t) is the probability
density function of the distribution under consid-
eration (Papoulis (1965)). Calculating the arith-
metic mean is essential for reliability analysis, as
it is used, for example, to determine the mean life-
time of technical systems (Meeker et al. (2022)).

μa =

∫ ∞

0

t · f(t) dt (1)

Another measure of central tendency is the har-
monic mean. It is particularly useful when av-
eraging ratios or rates. For continuous random
variables, it is defined by Eq. (2), where the har-
monic mean μh is calculated as the reciprocal of
the expected value of the reciprocals of the ran-
dom variable t, with f(t) denoting the probability
density function (Mood (1950); Benesch (2012)).
The harmonic mean is utilized in reliability engi-
neering for analyzing aging processes and system
failures, particularly in modeling failure times and
defining new aging functions, such as in the study
of harmonic hazard rates and inactivity time anal-
ysis (Bhattacharjee et al. (2024); Izadkhah and
Kayid (2013)).

μh =
1∫∞

0
1
t · f(t) dt

(2)

3. Reliability and Sustainability

A commonly used approach to assess the eco-
logical sustainability of products is to relate the
Global Warming Potential (GWP) to a reference

time (Albrecht et al. (2013); Efinger et al. (2022)).
This allows for the comparison of products be-
longing to the same category in terms of ecologi-
cal sustainability, even if they differ in their GWP
and/or reference time. The principle behind this
method is to place the effort (GWP) in relation
to the benefit (reference time). The resulting ratio,
which expresses ecological sustainability in terms
of GWP relative to usage, is hereafter referred
to as the Sustainability-Usage Ratio (SUR). How-
ever, this approach raises the question of which
reference time should be applied. One possibility
is to use the product’s lifetime. Yet the commonly
cited “lifetime” as a single value is, in reality,
a stochastic variable following a probability dis-
tribution. Moreover, a product’s inherent lifetime
does not necessarily imply that customers will use
it until failure. Many products are removed from
operation for other reasons (Dehoust et al. (2016);
Rudenauer and Prakash (2020)). Furthermore, not
every customer behaves identically at any given
point in time. Customer behavior can also be
captured statistically, both for the entire customer
base and for individual users at each point in time.

In the following, the ratio GWP/t is used as a
metric for the Sustainability-Usage Ratio (SUR).
A lower GWP is associated with higher ecological
sustainability. Longer usage increases the over-
all value gained for the incurred CO2-equivalent.
Consequently, a lower GWP/t is interpreted as
a higher SUR. The ratio GWP/t can be plotted
against time t, thereby illustrating the SUR as
a function of useful life. This approach follows
the same principles as the time-dependent average
availability AAv(t) derived from the point avail-
ability A(t) (Bertsche and Dazer (2022)). The
behavior of GWP/t is influenced by five funda-
mental effects, which are depicted qualitatively in
Figure 1.

• First (Figure 1 (a)), the initial demand, i.e.,
the initial GWP GWPinit, must be considered.
It includes the GWP expenses for manufac-
turing, possibly distribution, and the product’s
disposal. Viewed over the entire useful life, this
forms a hyperbola.

• In addition (Figure 1 (b)), there may be constant
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Fig. 1. Qualitative representation of the GWP/t
curves over time t, based on five fundamental effects.

demands during use, for example for operat-
ing energy. These represent a constant shift of
GWP/t on the y-axis.

• Over time, however, demand reductions can oc-
cur. Such reductions can be constant or abrupt.
In Figure 1 (c), an example of such a demand
reduction is depicted, which could result, for
instance, from changes in the electricity mix.

• In contrast to demand reduction, there may also
be additional demands. These can arise from
increasing friction losses due to wear or aging,
for example. Figure 1 (d) shows an increase in
demand over time.

• Finally, maintenance demands may occur. They
can manifest as sudden increases in GWP/t,
followed by a hyperbolic-like decline. Figure 1
(e) illustrates such a case in which two GWP
relevant maintenance measures are performed.

The individual curves can be combined to form
an overall product curve. Such a curve can repre-
sent either a single entity or a typical representa-
tive from a larger population of entities. For the
sake of clarity, only the case with an initial GWP
demand is considered in the following.

3.1. Reliability and sustainability
separately

The conventional approach
to computing GWP/t, as employed by Albrecht
et al. (2013) and Efinger et al. (2022), is divided
into three distinct steps. First, the reference time
is determined. Then, the GWP is calculated. Fi-
nally, GWP/t is calculated. This method uses the
arithmetic mean of the lifetime, denoted tma

. For
this average lifetime, GWPtm is calculated by
adding the initial GWP GWPinit to the average
GWP demand GWPuse,tm (up to time tm), and

then dividing this sum by the arithmetic mean
lifetime tma . The initial GWP corresponds to case
(a) in Figure 1, while the average GWP demand
encompasses cases (b)–(e). Equation (3) shows
the relationship:

GWPtm =
GWPinit + GWPuse,tm

tma

(3)

We calculate the arithmetic mean of the lifetime
tma for a two-parameter Weibull distribution, for
example. The starting point is the failure density
function f(t) given in Eq. (4). By integrating,
substituting and using the gamma function, we
finally obtain Eq. (5).

f(t) =
b

T
·
(

t

T

)b−1

· e−( t
T )

b

(4)

tma = T · Γ
(
1 +

1

b

)
(5)

The SUR calculated in this manner describes
the GWP/t at the average lifetime tma . This
allows the determination of the average SUR for a
population that follows a given distribution. Such
an approach is particularly relevant when an eval-
uation is required for a large set of entities in
the population. For instance, if these entities are
used simultaneously. Alternatively, if a fixed time
span tx must be covered by sequentially using
multiple units of the same product. Nevertheless,
when using the average lifetime to form the mean,
it is necessary that all entities be used until the end
of their lifetime, since shortening the reference
time for long-lived units impacts the calculation
considerably.

However, this type of calculation offers only
limited insight into the actual utility value (SUR)
associated with a single decision to select a prod-
uct. Imagine a situation. A customer has the
choice between two identical products, except for
the technical lifespan. 99% of the parts of one
product last exactly 1 year and 1% of the parts
last 110 years. For the other product, the technical
lifespan of 100% of the parts is exactly 2 years.
Here the question arises as to which product the
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customer should choose in the event of a case-by-
case decision. Furthermore, substantial deviations
may arise based on the actual useful life, as GWP
requirements during the usage period can vary
considerably. This approach also runs short on
information about the value of continued use or
the implementation of maintenance measures.

3.2. Reliability and sustainability
combined

In this method, the reference time, the determina-
tion of GWP, and the calculation of GWP/t are
considered simultaneously. The procedure begins
by plotting GWP/t over the time t, which de-
scribes the Sustainability-Usage Ratio (SUR) as
a function of the usage duration for a single entity.
This plot is then extended into the third dimen-
sion, representing the entire population of entities.
Assuming that the initial GWP is the same for all
entities and that the usage-related demand does
not differ among them, the GWP/t curve over t
can simply be extruded into the third dimension.

Regardless of whether a single curve has been
extruded into a surface or each entity has its own
curve, the plot now depicts GWP/t over t for
every portion of the entire population. The refer-
ence time can then be used to truncate the curve
for larger times, effectively cropping the curve at
an arbitrary time tref . These reference times tref
can, for instance, be arranged in ascending order
along the third dimension.

If the reference time is defined solely by the
product’s technical lifetime, the third dimension
can be aligned with the cumulative failure proba-
bility. This approach produces a plot as shown in
Figure 2. In the illustration, we use case (a) from
Figure 1 with an initial GWP of 500 kg CO2eq,
and we apply a two-parameter Weibull distribu-
tion with a shape parameter b = 2.5 and a scale
parameter T = 5.6353 years.

Along the intersection of the GWP/t surface
over time t with the lifetime distribution, the SUR
is determined for each portion of the population.
By integrating along this intersection, the mean
SUR for the entire population can be obtained.
This mean SUR is hereafter denoted GWPm,
which can be calculated according to Eq. (6).

Fig. 2. Three-dimensional representation of the
GWP/t surface over time t and the cumulative failure
probability, truncated by the cumulative failure proba-
bility function.

GWPm =

∫ ∞

0

GWP(t) · f(t) dt (6)

The calculation of the SUR GWPm for a two-
parameter Weibull lifetime distribution also be-
gins with the failure density function given by
Eq. (4). To keep the subsequent steps straightfor-
ward, only the initial GWP GWPinit is consid-
ered. This yields Eq. (7).

GWP(t) =
GWPinit

t
(7)

By substituting Eq. (7) into Eq. (6), we ob-
tain Eq. (8). Using the substitution from Eq. (9),
Eq. (10) follows. Applying the Gamma integral
from Eq. (11) and substituting x as per Eq. (12)
finally leads to Eq. (13).

GWPm = GWPinit · b

T
·

∫ ∞

0

1

t
·
(

t

T

)b−1

· e−( t
T )

b

dt =

GWPinit · b

T b
·
∫ ∞

0

tb−2 · e−( t
T )

b

dt

(8)

u =

(
t

T

)b

(9)

GWPm =

GWPinit · 1
T

·
∫ ∞

0

u
b−2
b · e−u du

(10)
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∫ ∞

0

ux−1e−u du = Γ(x) (11)

x =
b− 1

b
(12)

GWPm = GWPinit · 1
T

· Γ
(
b− 1

b

)
(13)

The chosen approach for the simplified case (a)
in Figure 1, under the constraint that the reference
time equals the product lifetime, amounts to divid-
ing the initial GWP by the harmonic mean of the
failure probability function from Eq. (2).

The mean value calculated in this manner de-
scribes the average utility (in terms of SUR)
across the different entities in the population. It
is always at least as large as the one computed in
Subsection 3.1. The higher the proportion of short
usage times, the larger the discrepancy becomes,
effectively assigning a greater weight to short
reference times. Well-designed products (with a
large shape parameter) therefore perform better
than poorly designed products (with a small shape
parameter) with lifetimes of the same arithmetic
mean value tma

.
When deciding between multiple different

products, this approach incorporates the risk of
early failure into the SUR, while also recognizing
that the probability of obtaining a long-running
unit is relatively low. Moreover, it raises the ques-
tion of whether a long-lived product’s lifetime
would actually be fully utilized by the user. If not,
that would considerably affect the mean value de-
rived in Subsection 3.1. The following subsection
will address this issue of user preference in greater
detail.

3.3. Consideration of user preference

In practice, a longer technical lifetime does not
necessarily imply a better Sustainability-Usage
Ratio (SUR). After all, the SUR emerges from two
factors: the GWP effort and the duration of use.
The latter – which is the focus of this subsection
– depends not only on the technical lifetime but
also on user preferences. This explains why a

significant fraction of discarded products has not
actually failed functionally (Dehoust et al. (2016);
Rudenauer and Prakash (2020)). There are vari-
ous drivers behind discarding functional products
(see Montalvo et al. (2016) for a detailed discus-
sion). Technological progress is one of the central
drivers, indicating that the lifetime of such prod-
ucts cannot be increased arbitrarily to improve the
SUR.

User preferences for usage duration can be cap-
tured in different ways. On the one hand, they
can be modeled for individual users as the prob-
ability that a user’s desire to continue using the
product will persist over time. On the other hand,
a distribution of desired usage times can be es-
tablished for an entire user population, analogous
to the approach used for technical lifetimes. The
actual usage duration of a particular product entity
arises from the interplay of that entity’s technical
lifetime and the individual user’s desire to con-
tinue using it. Whichever is shorter determines
the actual usage duration. Depending on boundary
conditions, there are different ways to combine
product entities from the overall population with
individual users from the user population; each
way allows for different calculation methods. In
the present work, we restrict ourselves to the as-
sumption of random assignment, which can be
simulated via Monte Carlo methods and statisti-
cally approximated.

4. Analysis of an Electric Kettle

The concepts introduced above are now exempli-
fied by comparing two different electric kettles,
referred to as “Product A” and “Product B”. First,
we consider only the technical lifetime, followed
by a second step that incorporates user behavior.

4.1. Considering technical lifetime only

Table 1 presents the data for the two kettles,
adapted from (Wang et al. (2013)). Both devices
offer comparable functionalities but differ in their
technical design, particularly with respect to the
GWP incurred during manufacturing and disposal,
as well as their lifetimes. Since the energy con-
sumption during use is identical for both devices,
it is omitted from the analysis.
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Table 1. Comparison of kettle A and B, baseline data.

Product A Product B

Filling capacity identical
Energy consumption identical
Electrical power identical
Heating time identical
GWP for production and disposal
in CO2eq

500 700

Average lifetime tma 5years 8years
Failure behavior Weibull
Shape parameter b 2.5 1.8

4.1.1. Separate

The SUR
(
GWPtm

)
at the arithmetic mean life-

time tma
for production and disposal is calculated

according to the procedure in Subsection 3.1. For
Product A, this yields 100CO2eq/yr, and for
Product B, 87.5CO2eq/yr. Hence, the average
SUR of Product B is better than that of Product A.

4.1.2. Combined

Using the combined approach outlined in Sub-
section 3.2 (i.e., integrating along the intersection
curve), we obtain the SUR

(
GWPm

)
for produc-

tion and disposal. To do so, we apply Eq. (13).
For Product A, this results in 132.1CO2eq/yr,
and for Product B, 155.1CO2eq/yr. Under this
assessment, Product A performs better than Prod-
uct B.

4.2. Considering user behavior

Subsection 4.1 investigates the SUR purely on the
basis of the failure behavior (i.e., the technical
lifetimes) of Products A and B. According to
Lyndhurst (2011), electric kettles belong to the
category of “workhorse products” and thus un-
dergo only minor technological changes. Techno-
logical advancements therefore rarely serve as a
motive for replacing them. However, as shown in
Dehoust et al. (2016), only about 50% of kettles
are discarded due to a functional failure – that is,
upon reaching the end of their technical lifetime.
Consequently, in the next step, we also account
for the user’s desired usage duration. The user
preference regarding usage duration is treated sta-
tistically via probability distributions, analogous

to the approach for technical lifetimes. We restrict
ourselves to the case of random assignment of
product entities to user preferences (see Subsec-
tion 3.3). The combination of random durations
for the technical lifetime and for the desired us-
age duration is carried out using Monte Carlo
simulation. For Products A and B, several sce-
narios are considered. We begin with a scenario
in which each product has its own usage pattern
such that 20% of the units are discarded by the
user while still fully functional. This proportion is
then increased to 50%. In addition, we investigate
a scenario in which the user preference is assumed
identical for both products, reflecting the assump-
tion that the overall user base is not product-
specific. Table 2 summarizes the parameters.

Table 2. Comparison of kettle A and B, parameter
overview.

Product A Product B

Failure behavior following Weibull distribution
Shape parameter b 2.5 1.8
Scale parameter T 5.6353 8.9960

Desired usage times following Weibull distribution – 20%
Shape parameter b 4.0 4.0
Scale parameter T 8.3 14.1

Desired usage times following Weibull distribution – 50%
Shape parameter b 4.0 4.0
Scale parameter T 5.4 8.2

Desired usage times following same Weibull distribution
Shape parameter b 4.0
Scale parameter T 6.5

4.3. Discussion of results and findings

Table 3 presents the results of these studies, com-
bining the findings from Subsection 4.1 and Sub-
section 4.2.

The analysis shows that the two calculation
methods, GWPtm and GWPm, respond differ-
ently to variations in usage duration. While both
values increase as the fraction of units used until
the technical end of life decreases, the relative
rise in GWPtm is substantially higher than that of
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Table 3. Comparison of kettle A and B, result overview.

Product A Product B

Entire lifetime of all used
SUR as GWPtm in CO2eq/t 100.0 87.5
SUR as GWPm in CO2eq/t 132.1 155.1

Entire lifetime of 80.0% used
SUR as GWPtm in CO2eq/t 107.7 96.8
SUR as GWPm in CO2eq/t 138.0 159.5

Entire lifetime of 50.0% used
SUR as GWPtm in CO2eq/t 127.3 122.5
SUR as GWPm in CO2eq/t 155.4 178.7

Same desired usage times
Proportion of failed products 62.7% 36.6%
SUR as GWPtm in CO2eq/t 117.3 144.0
SUR as GWPm in CO2eq/t 146.3 196.4

GWPm. This underscores that GWPtm is more
sensitive to reductions in usage duration.

For Product A, GWPtm increases by 7.7% for
80% of units failing at end of life, by 17.3%

for 62.7%, and by 27.3% for 50%. By con-
trast, GWPm exhibits smaller increases of 4.5%,
10.7%, and 17.6%, respectively. A similar pattern
emerges for Product B, with the highest relative
rise in GWPtm reaching 64.6%, whereas GWPm

increases by at most 26.6%.
Hence, GWPtm is indeed more sensitive to

usage restrictions, whether caused by inaccuracies
in the technical lifetime or by ending usage prior
to the product’s potential technical lifetime. This
sensitivity can lead to an initially overly optimistic
rating of the SUR. However, if one examines mul-
tiple product lifetimes such that every unit is even-
tually utilized until it fails, GWPtm represents
the long-term expected SUR. By contrast, GWPm

is less sensitive to curtailed usage durations and
thus provides a more conservative evaluation. It is
therefore better suited when products are unlikely
to be used until the end of their lifetime, or if early
product failures are of particular concern. In the
context of this study:

If every individual device (each entity) is used
until the end of its technical lifetime and all enti-
ties are considered jointly, GWPtm provides an

appropriate means to evaluate the SUR. In this
scenario, Product B outperforms Product A.

From a user’s perspective, where the decision
is made for a single entity and the actual usage
duration is uncertain, or where early failures need
to be factored in, GWPm is more suitable. In this
case, Product A proves to be the better choice.

In summary, a complementary application of
both methods is advisable: GWPm can be specif-
ically used to evaluate scenarios involving varying
lifetimes and usage preferences, whereas GWPtm

is appropriate for evaluating large populations of
product entities or for scenarios where each prod-
uct is indeed used until the end of its technical
lifetime. Accordingly, the choice of calculation
method should always reflect the particular objec-
tives of the analysis.

5. Conclusion

This paper has introduced a framework for quanti-
fying the newly defined Sustainability-Usage Ra-
tio (SUR) by relating the Global Warming Poten-
tial (GWP) of a product to its period of use. Two
principal methods of calculating the SUR were
compared: GWPtm , which employs the arith-
metic mean lifetime tma

, and GWPm, which in-
tegrates along the product’s failure distribution to
derive a mean SUR value.

The analysis reveals that while GWPtm can
serve as a straightforward means of assessing the
performance of a large population of products
used until the end of their technical lifetimes, it is
more sensitive to any reduction in usage duration.
This heightened sensitivity means that GWPtm

can yield an overly optimistic assessment in sit-
uations where the product may fail prematurely
or where users might choose not to exploit its
full technical lifetime. By contrast, GWPm offers
a more conservative approach and is particularly
advantageous when the actual usage duration is
uncertain, or if early failures significantly impact
the user’s decision-making process.

An empirical comparison of two electric kettles
illustrates these differences. Under the assumption
that each kettle is utilized until technical failure,
GWPtm indicates that the product with the lower
average GWP per year (Product B) achieves a
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better SUR. However, the combined evaluation
method (GWPm) reveals that, when accounting
for stochastic failures and potential early user dis-
card, the other product (Product A) outperforms
its competitor. Thus, the choice of metric depends
greatly on the context and the objectives of the
analysis.

Practical Implications. When forming a pur-
chasing decision from a single-user perspective,
factors such as early failure risk and uncertain us-
age duration should be included, making GWPm

the more suitable metric. On the other hand, for
long-term scenarios in which multiple product
units are guaranteed to be used until the end of
their technical life, GWPtm can serve as a consis-
tent predictor of long-term performance. Hence,
selecting the appropriate metric not only better
reflects real-life user behavior and system perfor-
mance but also fosters more accurate and context-
sensitive sustainability assessments.
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im Fahrzeug- und Maschinenbau: Ermittlung von
Bauteil- und System-Zuverlässigkeiten, pp. 405–484.
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