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SCIENCE FOR SOCIETY When a product is described as sustainable, it is often used qualitatively to sug-
gest it has a lower environmental impact than other products. However, these assessments lack regional
or local context. Using washing machines and water use as an example, common sustainability assess-
ments would not consider the regional availability of water or competing water demands such as for essen-
tial food growth. Considering these aspects is important if we are to determine how much of a specific ac-
tivity or product/service use is permissible without compromising local, regional, or even global safe
operating limits. An assessment approach that considers the efficiency and purpose of a product/service
is therefore needed. Based on the approach presented in this paper, in the UK, a typical washing machine
is sustainable with respect to water use given water availability, but its carbon emissions are unsustainable
given the country’s net positive carbon footprint. This research can be used to communicate the environ-
mental sustainability of products in a definitive way, avoiding subjective or misleading claims, and to enable
comparisons between products.

SUMMARY

The planetary boundaries concept has identified limits that must be preserved to ensure a safe operating
space for humanity. We are threatening, and in some cases have exceeded, these limits in part through un-
sustainable use of products and services. Life cycle assessments of individual products, while valuable in
evaluating the environmental footprint of a product, lack inherent impact targets. Here, | propose perfor-
mance-weighted environmental sustainability as a numerical indicator to determine if the environmental im-
pacts of a product are sustainable. Using the example of a washing machine, its function (laundry) was used
to normalize the environmental impact of its freshwater use. The results suggest that a UK washing machine
using 33 L of water per wash cycle is sustainable. This metric makes it possible to determine acceptable envi-
ronmental impacts for individual products based on what they are used for and to inspire sustainable product
design.

INTRODUCTION

The deterioration of the environment undermines efforts to sus-
tain essential activities and habitable living conditions. Accord-
ingly, environmental sustainability is now embedded into many
aspects of governance, business, and society. Tools for moni-
toring sustainability include the Environmental Performance In-
dex,' and the Sustainable Society Index (see Figure S1).? Na-
tional or global scale multi-criteria indicators such as these
may introduce emission targets to normalize an impact cate-
gory,” but they do not typically provide a well-defined ecological
limit to those environmental impacts. Therefore, while it is
possible to identify an environmentally preferable practice,
whether it is sustainable or not is unclear.
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The proposal of planetary boundaries has introduced absolute
limits on human activities, including water use, land use, and
pollution.*> A planetary boundary (PB) defines the tipping point
of an Earth system process, beyond which the ecosystem be-
comes unstable with potentially disastrous consequences. The
best-known PB is the safe limit to atmospheric CO, concentra-
tion with respect to climate change. Other examples relevant
to this work are provided in Table 1. Where appropriate, the
contribution of natural processes is subtracted from a PB to
give the “safe operating space” for humanity.® The scale and
ambition of the PB concept suits international policies,’
but they can also be divided into allocations to suggest a
maximum environmental impact for different activities.®'° This
“downscaling” exercise has been performed for agriculture by
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Table 1. The magnitude of planetary boundaries; uncertainty ranges are shown in brackets

Planetary Boundary Global scale®

Safe operating space® Agricultural allocation®

Freshwater use (km®/year) 4,000 (4,000-6,000)

Land use change (million km?) 18.2 (18.2-24.2)

N fixation (Tg/year) 62 (62-82)
N fertilizer application (Tg/year) Undefined
P fertilizer application (Tg/year) 6.2 (6.2-11.2)

Ocean acidification (mol) 2.75 (2.41-2.75)
0.25 (0.25-0.50)
1.0 (1.0-1.5)

350 (350-450) ppm

275 (261-275)

Atmospheric aerosol loading

Climate change (energy imbalance, W/m?)
Climate change (CO, concentration)
Stratospheric ozone depletion (DU)

4,000 1,980 (780-3,190)

18.2 12.6 (10.6-14.6)

62 Not applicable

Undefined 69 (52-113)

6.2 16 (8-17)

0.69 Undetermined

0.11 Undetermined

1.0 Undetermined

72 ppm 4,700 (4,300-5,300) Tg CO,-eq./year
15 Undetermined

Tg is terragrams (102 g). N is nitrogen and P is phosphorus.
aFrom Rockstrém et al.” and Steffen et al.”
PFrom Ryberg et al.®

°From Springmann et al."’

Springmann et al. (Table 1)'" and for various other examples.'?
'S For example, phosphorus emissions to water from the Indian
dairy industry are 667 million kg/year, exceeding their allocated
share of the safe operating space by 1,300%.°

Contemporary environmental sustainability assessments can
now provide a reasonably definitive interpretation of regional ac-
tivities, but product-level sustainability assessments have not
been derived from the same theoretical basis. The state-of-
the-art in product-level environmental metrics have incorporated
an efficiency scale to justify resource use,'” but there is no un-
ambiguous target that would signify the product is sustainable.
Conventional life cycle assessment (LCA) approaches are appli-
cable to individual products but also lack inherent impact
targets. The European Commission’s Product Environmental
Footprint (PEF) methodology will introduce a standardized LCA
approach designed to permit fair comparisons between prod-
ucts within the same category.'® This means comparisons be-
tween dissimilar products with different functions remain invalid
because environmental impacts are specific to a functional unit
(e.g., the grams of CO, emitted by a vehicle per kilometer).

Here | present a solution to the problem of downscaling a safe
operating space for a product-level sustainability assessment,
also resolving some limitations of LCA mid-point indicators
(e.g., overlooking the final services/functions provided by a
product). The transition from a regional-scale sustainability
assessment to a product-level metric was performed on the ba-
sis of product efficiency. Normalizing product performance by
demand for its function then eliminates specific functional units
for different products, enabling comparisons between products
with different functions. When the actual environmental impact is
below the allocated safe operating space, the product is consid-
ered sustainable with respect to that impact category. This work
has used washing machines as a case study. The assessment
differs from a previously published European-wide evaluation
of laundry practices because individual washing machines
have been differentiated by their efficiency (i.e., if more clothes
are washed for the same environmental impact, that washing
machine is more sustainable).® This study provides a robust
means of determining the environmental sustainability of prod-

ucts without the limitations of functional units. The procedure
is limited to environmental impacts with a corresponding PB,
and so LCA remains important to cover a greater breadth of envi-
ronmental impacts. The results are intended to be used by man-
ufacturers to develop design targets but can also be used to
communicate sustainable practice to consumers given that de-
mand for products is a crucial variable in the assessment.

RESULTS

Method summary

The primary aim of this work is to show that the environmental
sustainability of products can be interpreted in a way that is relat-
able to how we use them, so the function of a product can be
represented as a variable in sustainability assessments instead
of economic value, for example.'® Combining environmental im-
pacts with the societal benefit obtained from the function of a
product reveals how the choices made in the design of products
define their sustainability. Specifically, the ratio between the
quantified function of a product and demand for that function,
compared with the ratio between its environmental impact and
the maximum permissible impact of activities that cumulatively
represent the demand category, can be used to indicate if a
product is sustainable (further information is given in Notes
S1-S5 and Figures S2-S4). The resulting metric is called perfor-
mance-weighted environmental sustainability (Figure 1) and
abbreviated to PWES where necessary. It is a unitless indicator
and can be calculated for any environmental impact category
with a corresponding PB. Any value over 100% is regarded as
unsustainable.

The sustainability of industries can theoretically be scaled
down further to represent individual products (i.e., by dividing
environmental impacts by the number of products), but this is
uninformative without differentiating between inefficient and effi-
cient products. The PWES metric deems the function of a prod-
uct equally as important as its environmental impact in deter-
mining its sustainability. Here, function is defined as the benefit
received from the intended purpose of a product (see Note
S1). Increased performance or an extended product lifespan
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improves the function of a product. Function is normalized by de-
mand for that function, a consequence of consumer behavior.
Demand must be a measurable and quantitative entity with a
defined duration, typically 1 year (Note S2). The ratio between
function and demand differentiates between efficient and ineffi-
cient products, and it is only a direct scaling factor of environ-
mental impact if all products contributing to demand provide
an identical function over the same time span. In reality, the
product-level resolution of the PWES metric makes it clearer to
product designers and users whether greater efficiency can
justify a higher environmental impact during production or use
(see Note S5). Various future scenarios can be analyzed with
PWES to predict necessary improvements in technology (mani-
fested as function) or determine a sustainable level of consump-
tion (the demand) for a given population.

A proportion of the planetary boundaries must be allocated to
the demand category relevant to the product in question. Appro-
priate methods are debated,'®*° but the basis of relative eco-
nomic value is typically applied. The PWES metric differs in this
respect, firstly because a significant proportion of the relevant
planetary boundaries may first be reserved for agriculture (as
determined by Springmann et al.""; see Figure 1). Then the re-
maining available safe operating space is shared between activ-
ities based on their value to society, with over 40% dedicated to
childcare, volunteering, housekeeping, and other services that
are not represented in traditional economic allocations. PWES
is demonstrated herein for freshwater use of performing laundry
with a washing machine. This case study was chosen because
an equivalent regional assessment had been previously pub-
lished,® and therefore the results can be compared. The format
of the PWES metric is shown in Equation 1 for this case study.

PWEswater —

impact(freshwater use

One Earth

water use is 43.5 L, of which 33 L is used directly in the
wash cycle (Figure 2A, red box). The only other major source
of freshwater consumption is due to leaks in the water supply
(8.6 L, based on London, UK, see methods). An alternative,
high water use washing machine is also included for compari-
son, consuming 72 L per wash cycle. The water consumed to
manufacture the washing machine was divided by the ex-
pected number of uses to arrive at the water use impact per
wash cycle. It was assumed a 6-kg-load household washing
machine is used 260.1 times a year with a lifespan of 12 years,
as obtained from a previous LCA.?* The annual demand for UK
wash cycles was calculated by multiplying the number of UK
households by the clothes washing frequency stated above.
Function and demand can alternatively be defined in terms of
the mass of clean clothes obtained, evaluating the effect of
how full the washing machine is rather than using the average
value (Table S11).

The allocation of freshwater use for domestic laundry re-
quires the global PB to be scaled down to represent the UK
(therefore matching the scope of the demand variable). A per
capita allocation is made, assigning 0.89% of the PB to the
UK. Gross value added (GVA) was then used to assign portions
of the PB to different activities. This can be problematic for ac-
tivities that generate little or no monetary value. To rectify this,
PWES emphasizes the importance of a product’s function over
its monetary/value, and commensurately the value of unpaid
household services in the UK have been valued and a GVA as-
signed for the year 2016.%° This was used to finalize the alloca-
tion of the freshwater use PB for this assessment. Laundry ac-
counts for almost 3% of this expanded UK GVA measure (see
Table S6). The other relevant sectors (electricity generation,

function(wash cycles)

laundry

Environmental sustainability of home laundry

The PwWES of using a washing machine is demonstrated firstly
with respect to freshwater use using data from 2016 for the
UK. The calculation and results are summarized in Figure 2
and Note S6, Tables S1-S7, and Figure S5. An error analysis
is explained in Note S7 (Tables S8 and S9). Interactive data
are provided in https://doi.org/10.5281/zenodo.7240305, tab
“S1.” The function of a washing machine was defined as a sin-
gle wash cycle instead of the cumulative number of wash cy-
cles over its lifespan because a washing machine consumes
water as a linear function of its use (this does not change the
result; see Table S10). The freshwater use environmental
impact included in the PWES calculations is blue water (surface
water and groundwater) to match the PB definition. The water
use of washing machines was sourced from manufacturer
specifications.?'** The fresh water required to generate elec-
tricity and manufacture detergents is also included (https://
doi.org/10.5281/zenodo.7240305, tab “S1”). The total fresh-
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,m®)
PB st inary (M [year) / demandyx (wash cycles/year)

(Equation 1)

water supply, and detergent manufacture for laundry) were
added to arrive at 3.13%. Wash cycles performed in a launder-
ette require a separate assessment deriving their own PB allo-
cation (safe operating space). Equation 2 provides the full
equation for this per capita method (annotated as P in relevant
figures), which calculates 1,114 billion liters per year is available
for performing household laundry in the UK (Figure 2A,
gold box).

laundry
pBwater — pBWvater , PUK .GVAUK
UK laundry

global Pglobal GVAtS}t{al

(Equation 2)

The quantities of water required by agriculture are much higher
than would be permitted by Equation 2, and so not to impair food
production, a large allocation of freshwater use can be put aside
for agricultural purposes.’’ The contribution of laundry to UK
(expanded) GVA after excluding food production is 3.15% (of
the non-agricultural economy), meaning 564 billion liters of
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Figure 1. A new sustainability assessment
format using product performance to interpret
environmental impact

The performance-weighted environmental sustain-
ability calculation is inset within the border, including
an indicative scale of potential values (values > 100%
are considered unsustainable). The four variables of
the metric are briefly explained in the corners of the
figure. This generic example is for non-agricultural
products. See Note S1-S5 for more information.

ey for a service. Increasing performance
E=————— improves sustainability.
Performance- Environmental impact The function of the
Weighted per product product

Environmental

Sustainability Planetary boundary

(PB) allocation

Sustainable

Annual demand for
that function

Unsustainable

work of Ryberg et al.° and converted to
impact per wash cycle. The climate change
PB allocations are exceeded by more than
400%, and the impact on nitrogen flows
and ocean acidification is also unsustain-
able. Surprisingly, freshwater use is among

|
0% 100%

the most sustainable impacts of performing
laundry, although the agricultural reservation

Allocation of planetary boundary

(i) Subtract agricultural reservation of
PB corresponding to the
impact category

X
(i) % population
affected

X
(iii) % value of the
demand category
sector

assessment
(global or
regional). This is
used to assign
the allocation.

freshwater would be available as the sustainable limit to satisfy
annual UK demand for clothes washing by this measure. This
approach is denoted as the P/A allocation method, according
to Equation 3 and applied in Figure 2A.

(PBwater _ pgwater ), Puk

PBWatef —_ _—
UK laundry — global agriculture P
global

GV AIg}u{ndfy (Equation 3)

<GV ALE — GV AZgKricu/rure)

.

The PwES of domestic laundry with a washing machine
consuming 33 L of water per wash cycle was calculated as
54%, rising to 116% for more water-intensive washing machines
(Figure 2B, P/A allocation method as shown in Equation 3). The
latter is unsustainable (i.e., >100%) based on UK demand in
the year 2016. If the agricultural reservation is removed (P
method, as in Equation 2), PWES values are approximately
halved. The data for Figure 2 are given in https://doi.org/10.
5281/zenodo.7240305, tab “S3.”

The water consumed by hand washing clothes (within the
home) is typically greater than a washing machine per garment
(Note S8 and Table S12, https://doi.org/10.5281/zenodo.
7240305, tab “S4”), but a washing machine is expected to be
less sustainable than hand washing clothes in other impact cat-
egories, particularly GHG emissions (Figure 3 and Table S13,
P method of Equation 2). Impact data were sourced from the

Demand for the function

Demand is determined by product
usage and the scope of the

was not applied in Figure 3 to keep consis-
tency with the other impact categories
without defined agriculture-specific plane-
tary boundaries. The stratospheric ozone

° depletion PWES of laundry using a washing
ﬂ machine was the lowest at 0.05%, which is
505 ss not shown on Figure 3 for scale reasons
m (https://doi.org/10.5281/zenodo.7240305,

tab “S5”).

Regional differences in sustainability
The function-to-demand ratio in the PWES
metric offers greater specificity than a gen-
eral LCA functional unit (of one wash cycle for example) when
comparing regions. Where a product is operated is very impor-
tant when defining demand, but it also affects the impact
incurred and the allocation of planetary boundaries. Fig-
ure 4 (also see tab “S6” in https://doi.org/10.5281/zenodo.
7240305, and Tables S14-S17) shows that the freshwater
PWES value of UK home laundry of 54% (P/A method, Equa-
tion 3) is higher than using an equivalent washing machine in
Turkiye (48%) or Australia (38%). Domestic laundry has a
freshwater use PWES of 84% when the washing machine is
operated in Japan. The total freshwater use impact of a
washing machine is increased by water leaks. This adds 9 L
per wash cycle in the UK (based on London) but 20 L in Turkiye
(national average, see Figure 4A). Australia (2 L of leaked water
per wash cycle, based on Sydney) and Japan (0.7 L, based on
Tokyo) have a more efficient water supply infrastructure.
Furthermore, the water used to produce electricity is notably
higher in Turkiye compared with the other aforementioned re-
gions due to the high proportion of hydropower in the energy
mix. This is exacerbated by the higher average energy use of
washing machines in Tirkiye,”® adding 30 L of water per
wash cycle. In the other three territories, the freshwater use
associated with electricity generation is only 0.5-1.5 L per
wash cycle.

The allocation of the freshwater use PB was performed us-
ing the P/A method (Equation 3). This is a per capita scaling

One Earth 5, 1260-1270, November 18, 2022 1263
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A Variable calculations Figure 2. The calculation of freshwater use
performance-weighted environmental sus-
Freshwater use GVA Stage Freshwater use (L) tainability of UK washing machines
allocation (billion L/year) B (A) Metric variables and allocations of the fresh-
| 0 15 30 45 60 75 water planetary boundary to match the scope of
: Lo by b b 1yl demand (P and P/A allocation methods of Equa-
: 0.0 .. .Manufacture.... | 0.5 tion 2 and Equation 3 respectively). The allocation
| defines the maximum impact of the activity (annual
: 3.6 -.-Water supply... 8.6-18.7 UK laundry) that can be considered sustainable
: 0.2 ...Electricity ... || 1.3 with respect to freshwater use. Two freshwater use
Full PB= | -agriculture 1.8 ...Detergent... | |0.2 scenarios are used, a low-water-use and a high-
4,000,000 | =2,020,000 || 89.0 | ..Washcycle... | [33-72 _ [77777774 water-use washing machine. ,
(B) Performance-weighted environmental sustain-
X UK population (0.89%) ability (PwWES) of two washing machines with
=35500 | =17,900 947 | ... Total...... different water efficiencies. Data are also calcu-
x GVA share lated in Tables S1-S7.
£B947/ | £B94T/ -11 - Agriculture Demand 7.0 billion
3,020 : 3,020 - 11 27.1 million wash
(3.13%) | (3.15%) Function households cycles
= i = Enaeh e X per year into the economy-weighted E/A method
1,114 (P) | cycle @ 260 washes /household in Equation 4. A constant of 0.243 is
required so the PB allocation is redistrib-
B Performance- uted correctly. This constant makes it
Weighted _ 43.7-92.9 L 1 wash cycle clear that a country with the mean

Environmental

564-1114 billion L/year
Sustainability

A

Low water use: 28%

7.0 billion wash cycles

High water use: 59%

Traditional allocation (P)

method, so the largest allocation is awarded to Japan because
it has the largest population of the countries studied (Fig-
ure 4B). Japan also has the greatest demand for wash
cycles in terms of annual washes per household (approxi-
mately double other regions)®® and the number of households
(Figure 4C). High demand means performing laundry is least
sustainable in Japan, despite having the lowest water use
(Figure 4D).

Weighting by ability to pay and water scarcity
Sustainability assessments are often subjected to correction
factors and weighted variables to assist with comparisons.
PWES uses regionalized principles to derive demand and
PB allocations but can be modified to consider the ability of
a region to operate sustainably. Two principles are applied
here, firstly introducing an economic weighting to the PB
allocation (an “ability to pay” weighting) and alternatively
converting freshwater use into water scarcity footprint
with the use of available water remaining (AWARE) character-
ization factors (CFs). The latter accounts for local avail-
ability of water (tab “S7” in https://doi.org/10.5281/zenodo.
7240305).

Figure 5A demonstrates how to apply an ability to pay prin-
ciple. Previously proposed by Hjalsted et al.,'® the GDP of a
country was used to modify the P/A PB allocation method

1264 One Earth 5, 1260-1270, November 18, 2022

} Ringfenced agriculture (P/A)

average GDP per capita will have
approximately one-quarter of the PB
allocation that would be ordinarily
derived from Equation 3. The graph in
Figure 5A shows the trend line of how
the economic weighting is less than 1
for the majority of countries, including
the four regions assessed in this work.
For instance, the freshwater use PB allo-
cation for the UK operation of washing
machines is 564 billion liters per year
(P/A method, Equation 3), and scaled
by a factor of 0.06 derived from GDP to give a revised alloca-
tion of 34 billion liters per year (E/A method, Equation 4). The
resulting PWES values indicate laundry using a washing ma-
chine is unsustainable in all the countries that were assessed
(Figure 5B and Tables S18-21).

lyear

o )

) Puk

water _ water water .
Pi BUK laundry — (PB PB P
global

global agriculture

(GVA{?}?I _ GV Azg’]glculture)
(Equation 4)

global

er capita
GDP™

( GD Pper capita

Alternatively, regional water scarcity can be introduced to the
PWES calculation (denoted as cf._PwES) in order to consider
water availability (Equation 5 for UK laundry). The freshwater
use of a product can be multiplied by the AWARE CF corre-
sponding to the region (and time period if appropriate) to pro-
duce the water scarcity footprint of the product (Figure 5C).%”
For example, the 33 L of water directly used in the wash cycle
is multiplied by a CF of 1.25 to reflect the water scarcity in the
UK. Other sources of freshwater use were also multiplied by
the corresponding CF. Using water scarcity footprint in the
cf._PwES calculation dramatically decreases the calculated
sustainability of laundry in the water-scarce regions of Australia
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and Turkiye (Figure 5D and Tables S22-S25). In Japan, it is
reduced to 54%.
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this would be considered unsustainable in the UK (P/A allocation
method of Equation 3, see Table S26).

laundry — PB mﬂter

laundry (ms /year)

Annual fluctuations in water availability and demand

The final example of PWES (and cf._PwES) examines the sustain-
ability of freshwater use for laundry using a washing machine in
London, UK, across the year. Variable monthly water scarcity
and demand for wash cycles means activities can become un-
sustainable at certain times in the year. For some products,
this can inform how and when we use them. The PWES variables
are provided in Figure 6A. The annual freshwater use PB alloca-
tion was adjusted to the new spatial and temporal resolution (tab
“S8” in https://doi.org/10.5281/zenodo.7240305). Freshwater
use remains sustainable throughout the year accounting for
monthly fluctuations in demand, with a range of PWES values
between 45% and 67% (Figures 6B and 6C).?® Accounting for
water scarcity, the freshwater use of laundry is determined as
unsustainable from July to September. However, the average
monthly cf._PwWES is 78%. This is slightly higher than for the
UK as a whole due to the higher AWARE CF for London but still
sustainable.

DISCUSSION

This study has suggested that the water use of laundry using
a washing machine consuming 33 L per wash cycle is generally
sustainable. The assessment included water use impacts from
water supply, energy supply, manufacturing, and the detergent.
The impact of producing detergent and manufacturing the
washing machine had a minimal influence on sustainability
because almost all the consumptive water use is associated
with operating the washing machine. The impact of an ineffi-
cient supply of water (due to leaks) is significant in some
regions (UK and Turkiye). To increase water sustainability,
reducing the wash cycle water volume is a priority. This also re-
duces the losses in the water supply associated with using the
washing machine.

The most unsustainable aspect of a washing machine is the
GHG emissions associated with energy use. Manufacturers
already recognize that efficiency is vital for sustainable laundry,
with 30°C wash cycles being promoted, and detergents de-
signed for low-temperature washes. The quantitative results of
PWES help to provide an objective target and suggest GHG
emissions per wash cycle typically need to be less than a quarter
of what they presently are (Figure 3). This is unrealistic, so the
cooperation of consumers is also needed. To reduce water use
and GHG emissions, consumers can act to ensure their washing
machine is full and to wash clothes less frequently where
possible. This is very apparent with the function-to-demand ratio
included in the PWES metric. An under-capacity wash cycle of
3 kg of clothes compared with 6 kg will double the PWES, and

_ > cfyk-imapact(freshwater use,m® — eq.) / function(wash cycles)

Equation 5
demandyy (wash cycles /year) (Equation 5)

The PwWES values that were obtained are an order of magni-
tude lower than other carrying capacity-based sustainability as-
sessments, as compared in Figure S6 with the calculation sum-
marized in Table S27.° This discrepancy is largely due to the
introduction of unpaid services, valued in GVA-equivalent
units, into the PB allocation. The use of final consumption expen-
diture was also considered as a means of downscaling planetary
boundaries, but the resulting safe operating space for laundry is
very small and is very sensitive to the price of products (tab “S1”
in https://doi.org/10.5281/zenodo.7240305 and Table S28). This
approach was rejected because sustainability becomes less
dependent on environmental impact or function, with expensive
articles appearing to be more sustainable than cheaper products
because the PB allocation increases with expenditure.
Conversely, the GVA of unpaid services is proportional to how
much an activity is performed. The preferred freshwater use

Freshwater
use

Nitrogen
flows

155%

Land use

Phosphorus
flows

Climate
change

(energy
imbalance)

430%

Climate change
(carbon dioxide
concentration)

Ocean
acidification

140%

Atmospheric
aerosol loading

Figure 3. Performance-weighted environmental sustainability re-
sults for a washing machine in different impact categories

Equal per capita planetary boundary allocation (P method, Equation 2) has
been used. The same methodology has been followed as explained in Figure 2,
extended to other environmental impacts with corresponding planetary
boundaries. Green entries are considered sustainable. Orange entries would
be sustainable at the upper limit of the safe operating space error range. Brown
entries are considered unsustainable. Data are calculated in Table S13.
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Figure 4. Freshwater use performance-
weighted environmental sustainability of
washing machines in different countries

(A) Freshwater use impact by category and country
of a typical washing machine.

(B) Per capita allocation of the freshwater use
planetary boundary. As illustrated for the UK, the
final planetary boundary allocation is obtained by
multiplying with the economic allocation to
household laundry (the same as in Figure 2).
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PWES calculation based on Equation 3 is more proportionate
with the overall evaluation of Steffen et al.,® who calculate that
freshwater use globally is about two-thirds of the sustainable
limit. The large agricultural allocation of planetary boundaries in
the P/A allocation method, Equation 3, ensures PWES calcula-
tions are balanced for both agricultural and non-agricultural ac-
tivities. The sustainability of high value sectors (e.g., financial
services, real estate) is not judged against GVA alone as it is in
the conventional allocation method (P, as in Equation 2).

Figure 4 illustrates the importance of demand as a variable in
sustainability assessments by comparing regions. It is most inter-
esting that demand per capita for wash cycles varies more be-
tween regions than the environmental impact, so demand is
responsible for more variance of PWES values than freshwater
use impact (Figure 4). Some nations could encourage a reduction
in washing machine use to lower demand and reduce PwWES
values. Demand also changes with time, with PWES increasing
from 54% in 2016 (typical value of UK laundry using a domestic
washing machine, Figure 2) to 57% by 2019 (Table S29).

An economic weighting was also applied to the PB allocation
to distinguish between the “ability to pay” of different regions.
This modification was found to have an extreme effect, signifi-
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JP = (C) Calculating demand for wash cycles by multi-
1152 plying the number of households by annual
washes per household. The product is represented

TR = visually by the size of the rectangles.

846 (D) PWES values (P/A allocation method, Equa-
tion 3). Data are calculated in Tables S14-S17. All
freshwater use impacts are considered sustain-
able (>100%).

X ' 3.15%
= 564
cantly reducing the safe operating space
assigned for laundry in each of the regions
featured in this study (Figure 5A). Ulti-
mately the results (Figure 5B) would
84%

make it impossible to operate a washing
machine sustainability in most regions.
In the UK, just 5 L of water per wash cycle
would be considered unsustainable
(Table S30). This specific economic
weighting cannot be recommended
because how sustainability is perceived
becomes determined mostly by the
wealth of the region, and less by the value
JP of a product’s function or its environ-
o mental impact. In some instances, the

concept of an economic weighting is

acceptable, for example, to justify gov-

ernment investment in impact mitigation
(public infrastructure or transportation for instance). More
research is needed into economic weightings that produce
attainable sustainability targets.

An allowance for water availability was also investigated (Fig-
ure 5C), and the high water use and low water availability in
Turkiye is reflected in the cf._PwES value of 1,016 % that was ob-
tained (Figure 5D). Conversely, operating a washing machine in
Japan is determined as more sustainable because of high water
availability. Modifying freshwater use PWES for water scarcity is
a valid approach given that the environmental impact of fresh-
water use is localized, whereas GHG emissions generally have
a global-level impact (on climate change). Nevertheless, activ-
ities in regions experiencing low water availability will be
perceived as less sustainable than the same activities practiced
in regions with plentiful freshwater. It is advisable that both PWES
and cf._PwWES values are obtained to judge what measures are
appropriate and realistic to achieve.

The monthly temporal resolution of the London case study
(Figure 6) confirms that seasonal variations in demand and water
scarcity are important. Consumers can try to reduce their
washing machine use in times of water scarcity, but the funda-
mental need for laundry throughout the year means there is
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also an emphasis on product designers and water suppliers to
reduce water use per wash cycle, as guided by PWES values.

There are some limitations to the application of the PWES
metric. The emphasis on the function of finished products means
PWES does not evaluate the individual components in a product
or the stages of a manufacturing processes to identify sustain-
ability hotspots. However, the overall benefit of improved prod-
uct performance and lower environmental impacts can be eval-
uated, sacrificing the producer-orientated assessment of some
sustainability methodologies,”® and replacing it with an end-
user focus. Unquantified planetary boundaries, e.g., chemical
pollution, or the sources of water contributing to the overall
freshwater use PB,° cannot be used to calculate PWES at
present.

In summary, PWES offers a new perspective on the sustain-
able use and function of products. It represents a shift from
reducing environmental impact to maximizing the function of a
product for the impact incurred. The function-to-demand ratio
within the PWES metric captures the differences between prod-
ucts without the barrier of different functional units. Societal
need (i.e., demand) differentiates between regions and intro-
duces a natural link between social and environmental
sustainability.

This metric has the potential to contextualize research findings
at the regional or global scale into terms more relatable to indi-
viduals, revealing how consumers or service providers can oper-
ate products sustainably. PWES can inform policy regarding the
sale of inefficient products, clarify claims of sustainability, and
offer a relatable perspective that will help science communica-
tion and standards.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Please contact the corresponding author at james.sherwood@york.ac.uk.
Materials availability

This study did not generate new unique materials.

Data and code availability

All the source data used in this article are available from, or derived from, the
cited references. The reinterpretation of this data is documented in the article
and the supplemental information. The data required for Figures 2-6 are avail-
able at https://doi.org/10.5281/zenodo.7240305.

Methods
The planetary boundaries were obtained from the literature.* The agricultural
PB reservations were obtained from Springmann et al.’' Per capita allocations
of the planetary boundaries to a region were made on the basis of popula-
tion.®' Economic allocations were based on GVA,* expanded to include the
hypothetical value of unpaid services in the UK.?® For other regions without
expanded GVA data, the relative GVA equivalents of laundry and other unpaid
services from the UK were added to basic GVA (on a percentage basis). The
value of water supply®*° was multiplied by the proportion of water supplied
to households®® and then multiplied by the proportion of water used by house-
holds to operate washing machines.*” The value of electricity supply was ob-
tained from national accounts.®”*** This value was revised down to match the
proportion of electricity used to operate washing machines by households.®*®
The GVA generated by detergents was taken from Ryberg et al.® There was no
washing machine manufacturing industry in the UK in 2016, so no economic
value was ascribed to it.>° This was applied to other regions for consistency.
The water use of washing machines was sourced from manufacturer spec-
ifications.?’° Leaks in the water supply were sourced from national records,
multiplying the leak rate by the end point water use.’®** The water intensity of
electricity generation was derived from the national energy mix**~*" and water
intensity by energy source.*® The water use per kWh of energy generated was
multiplied by the energy use of a washing machine per wash cycle to
contribute to the environmental impact used in PWES calculations.?® The
freshwater use to produce detergent for one wash cycle was obtained from
Ryberg et al.° The freshwater use to manufacture a washing machine’® was
divided by the expected number of wash cycles during the product’s lifespan,
and this too was added to the total freshwater use environmental impact.®*
Demand for domestic laundry was calculated from the annual wash cycles
performed per household®*?® multiplied by the households in the region.?*-*°
To use the ability to pay principal for the E/A allocation method (Equation 4),
GDP per capita data was obtained from the World Bank.”' This principle
essentially assumes that the higher the GDP per capita of a country is, the
more capable that country is to reduce its environmental impacts. The formula
in Equation 4 was then applied as described by Hjalsted et al.'®
The water scarcity footprint was calculated by applying a dimensionless CF
to freshwater use as shown in Equation 5. AWARE factors for non-irrigation
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Figure 6. London washing machine performance-weighted environ-
mental sustainability by month

(A) Performance-weighted environmental sustainability variables. The monthly
freshwater use planetary boundary allocation varies by virtue of the number
of days in the month. Otherwise, the principle is the same as illustrated in
Figure 2.

(B) The PWES for months January-June (2016).

(C) The PWES for months July-December (2016). Dark bars are PWES values
derived from freshwater use. Light bars are PWES values based on water
scarcity footprint. Brown line is sustainable limit (100%). Blue lines are annual
average PwWES values. See tab “S8” in https://doi.org/10.5281/zenodo.
7240305.

purposes were used as CFs.?’” The annual AWARE factor describing non-irri-
gation water use in the UK is 1.248.°” The appropriate CF for each source of
freshwater use was applied, so in the case of freshwater use for washing ma-
chine and detergent manufacturing, the CF used does not necessarily corre-
spond to the region in which the washing machine is operated (as listed in
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tab “S1” in https://doi.org/10.5281/zenodo.7240305). If a process could not
be located, e.g., the synthesis of surfactants for the detergent formulation,
the generic global CF of 20.3 was used.

Freshwater use PWES assessments based on monthly demand require that
the demand category and PB allocation are reduced to the same timescale.
Monthly AWARE factors are available.?” Weekly household washing machine
use was acquired for the UK,”® and converted into monthly quantities. Popu-
lation®? and household®* data for London were used for the case study repre-
sented in Figure 6.
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