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Abstract

Purpose: The goal of this study is to evaluate emghpare the environmental impact (with a focus tba warming

potential) of five hand-drying systems: hands-ur{#f#d) dryers, high-speed hands-under (HSHU) dryeigh-speed hands-
in (HSHI) dryers, cotton roll towels, and paper &sv Another objective is to incorporate uncertainto this comparative
LCA as a means of understanding the statisticalstiess of the difference between the environmémiadcts of the hand
drying systems.

Methods: We conducted a life cycle assessmentdardance with the ISO 14040/14044 standards usatey grimarily from

publicly available reports. As part of the study merformed a parameter uncertainty analysis fortipial scenarios to
evaluate the impact of uncertainty in input datatbe relative performance of products. In additierg conducted a
probabilistic scenario analysis of key drying syst@arameters in order to understand the implicatioh changing

assumptions on the outcomes of the analyses.

Results and discussion: The scope of the analysaslex] us to draw robust conclusions about thdivel@nvironmental
performance of the products. We can say with a diggree of confidence that the high speed dryere haower impact

than paper towels and cotton roll towels. Differatmg the performance of the hand dryers requiing more specific
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about framing assumptions. Under certain condititims HSHI dryer is expected to have a lower impghah the HU and
HSHU dryers. However, under other conditions, oaenot say that the HSHI dryer is clearly bettentttze other dryers.
We cannot differentiate the performance betweerHttialryer, cotton roll towels, and paper towels.

Conclusions: This work demonstrates the importariaping beyond traditional uncertainty analysescomparative LCAs
that are used for assertions of relative produsirenmental impact. Indeed, we found instances wftbe conclusions
changed as a result of using the probabilistic ageranalysis. We outline important elements thetutd be included in
future guidance on uncertainty analyses in compardtCAs, including conducting parameter and scienancertainty

analyses together and then using the outcomesde galection of parameters and/or choices to aediyrther.

Keywords Life cycle assessment « Hand drying systems ¢ Petemmincertainty ¢« Scenario analysis

1 Introduction

Characterizing the relative environmental impaceweéryday life activities (and the products thaalda them) has been a
staple of life cycle assessment since the inceptfdhe field. The relative environmental impacthaind drying systems is a
clear example of this. Interest by the public agjéais made plain by broad coverage of this tapithe media (Koerner 2008;
Clarren 2007; Skoczen 2009; Adams 2007; Watson 200erest within the technical and academic camity is clearly
evidenced by no less than 9 studies that targew#hiy topic, including a streamlined life cycles@ssment (LCA) conducted
for Airdri Ltd. and Bobrick Washroom Equipment tt@impares a standard warm air dryer to paper to{iaigironmental
Resources Management 2001), a hand dryer-towel aosgm produced by myclimate and commissioned bgoDyin
Switzerland (Wettstein 2009), a comparison betwezdton roll towels and paper towels commissioned/bgdor (Schryver
and Vieira 2008), and some calculations made byClheate Conservancy for Salon (Clarren 2007). éoomprehensive
life cycle assessments that comply with the 1SO4D4@nd 14044 life cycle assessment standardsihattenal Organisation
for Standardisation 2006) are also available. &heslude a study for the European Textile Servigssociation (ETSA)
that compares cotton roll towels to paper towelsefte and Méller 2006), another investigating nplétitypes of tissue
products for Kimberly-Clark (Madsen 2007), and mdHor Excel Dryer that compares its XLERATOR® ldadryer to a
standard warm air dryer and paper towels (Dett8§9). Dyson has also conducted a life cycle assest of its Dyson
Airblade™ hand dryer in accordance with the PAS@8&andard (British Standards Institute 2008) ideorto obtain a
Carbon Reduction Label from the Carbon Trust (Dy20h0).

Among all these studies, the one by myclimate (®¥eitt 2009) is the most comprehensive in the sadgeand drying
systems considered — a high-speed hands-in dtyem{yson Airblade™ hand dryer), a standard warndier, cotton roll
towels, and paper towels. It does not includehidneds-under variant of high-speed dryers, howeBgrcontrast, the report
conducted for Excel Dryer includes a high-speettbaunder dryer (the XLERATOR® hand dryer) but doesconsider a
high-speed hands-in dryer or cotton roll towelec&use of the studies’ differing functional unéssumptions, and data, life
cycle assessment outcomes cannot be easily compakérl conducted this study in order to address dhjs. Thus, the
primary goal of the study is to evaluate and comphe various hand-drying systems—including botfiavas of high-speed
hand dryers—from the different studies by placimg $ystems on a consistent basis.

A second and equally important objective is to mpopate uncertainty into this comparative LCA asmeans of

understanding the statistical robustness of tHergifice between hand drying system environmenfahats. Lloyd and Ries
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(2007) provide definitions for the types of uncaemg in their analysis of the LCA uncertainty lisgare. Parameter
uncertainty is derived from uncertainty in obsereedneasured values. In an LCA context, it gengrafers to uncertainty
in the input data used to create life cycle invert(LCI). Scenario uncertainty is related to theices made in framing the
LCA and constructing scenarios. This may be dribgninherent variability in geographic locations gituations in the
analysis, or it may be due to methodological deoisiaround issues such as scope and allocatiawhich there is no clear
direction. Lloyd and Ries also discuss model umdety, which relates to the structure and mathezahtielationships in
models. In addition, there is uncertainty in the&ot factors used to translate the life cycle inegnto life cycle impact.
Relatively few studies have been reported in tterdiure that explore the role of uncertainty ireparative life cycle
assessments (Hong et al. 2010; Huijbregts 199gpkHagjts et al. 2003; de Koning et al. 2010). Oktheall have evaluated
the impact of parameter uncertainty. As a repregimetexample, Huijbregts (1998) quantified thglication of uncertainty
in the mass of the functional unit, the rate ofyoting, and many of the associated inventory itemghe ability to resolve
the environmental performance of two alternativef gutter systems. Methods typically involve defigia baseline set of
conditions (or scenarios) around which a Monte €aitulation or other analysis is conducted; ratiodifferences of
impacts between products being compared are tHeolaged from analytical results. Indeed, currereinational product
carbon footprint standards suggest this type oflyaisa (World Resources Institute and World Busin€ssuncil for
Sustainable Development 2011). While these appesaahe important for the consideration of parameteertainty, they
only provide insight for a given scenario. Huijbi®§jrst pointed out this limitation and demonsédhan approach to address
it by examining four specific scenarios (two endi# allocation rules and two future GWP refererszenarios). Later
Huijbregts et al. (2003) demonstrate a more expansomparative assessment that includes both pteamed scenario
uncertainty. Specifically, in comparing two insiget alternatives for a Dutch home, Huijbregts etesdaluated aggregate
parameter, scenario, and model uncertainty aclogg-two specific scenario and model conditiorfsinally, de Koning et
al. explored scenario uncertainty due to analysiogls, but only insofar as uncertainty due to theiaes of other analysts
are embedded in available databases and secoralaryinktead, the focus of de Koning is on dematisty the importance
of the decision framing scenario (e.g., evaluatitgrnatives within the firm or comparing produetsross firms) on the
ability to resolve alternatives.

There is limited attention paid in LCA standardshmw to comment on the significance of the differebetween products’
environmental impacts. The 1SO 14044 standard revamas that “An analysis of results for sensitityd uncertainty shall
be conducted for studies intended to be used irpaoative assertions intended to be disclosed tpuiic.” (International
Organisation for Standardisation 2006) While theteament is important, there is no further guidaimcéhe ISO 14044
standard on how to conduct sensitivity and/or uiadety analyses to support comparative assertibhs.ILCD Handbook
(European Commission - Joint Research Centre iutestfor Environment and Sustainability 2010), &S 2050 (British
Standards Institute 2008), and the recently retk&educt Life Cycle Accounting and Reporting Stacdfrom the GHG
Protocol (World Resources Institute and World Bass Council for Sustainable Development 2011) dwuole sections
discussing uncertainty. Although these documentdgado definitions of uncertainty similar to thoseyided by Lloyd and
Ries (2007), the guidance is limited in that theu® is on qualitative characterizations of dataliuand quantitative
calculations of uncertainty in input data (i.e.rgraeter uncertainty) with minimal discussion abbotw to conduct a full
uncertainty analysis. For instance, The ILCD Harokbdiscusses the importance of sensitivity analffdie the ISO 14044
standard) and states that scenario analysis anettaimty calculations are the methods to suppa@tsinsitivity analysis.

However, there is limited guidance in the handbookihe differences between sensitivity analysiepnado analysis, and
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uncertainty analysis. This is almost certainly pafrtthe motivation for calls from the literaturerfonore guidance on
uncertainty analyses in standards (Draucker Cdll).

We will not completely address this gap of meanihgliidance on uncertainty analyses for comparatfvAs in this paper.

However, we believe that the analyses conductguhesof this case study on hand dryers can illuteitee importance of
elements that should be included in such guidandevall add to the body of knowledge in this aréée conduct parameter
uncertainty analyses for several scenarios follgviime approach proposed by Huijbregts and impliethe standards. In
addition, we go beyond these traditional analysesdnducting further probabilistic scenario anatysé key parameters in
order to understand the implications of changing &esumptions about the characterization of unicgyt&n the parameters
and correlation of parameters among compared aligas on the outcomes of the analyses. We use teyses to make
recommendations for important elements that shbaléhcluded in future guidance on uncertainty asedyin comparative
LCAs.

2 Methods

2.1 Goal and scope

The goal of this study is to compare the envirortaleimpacts of a broad range of hand drying systasisg a consistent
basis and to analyze uncertainty in order to controarthe statistical significance of the differesdmtween the systems.
The study was conducted in accordance with the 381040 and 14044 standards (International Organisafor
Standardisation 2006), including critical review.réport that includes the full details of the stuahd the critical review
comments is available (Montalbo et al. 2011), bethave included information on key data and metlugical assumptions
here and have summarized other important detaithénElectronic Supplementary Material availabldiren This paper
builds on the original report by providing a momemprehensive uncertainty analysis, presenting a&mpaecise evaluation of
the ability to resolve alternatives, and using ttase study as a platform to discuss the issuesiatesd with comparative
life cycle assessment.

The scope of the study includes five hand-dryingtesys, detailed in Table 1, which describes thehatkused by each
product to dry hands, and references the primanycsoof product material and performance data dttteal data are in the
Electronic Supplementary Material). In additionthhe dryers and towels themselves, packaging isideresl in all cases, as
well as dispensers in the case of the towel systemdsa waste bin and bin liners for the paper taystem.

Drying a single pair of hands represents the fometi unit. Since the electric hand dryers (HU, HSHldd HSHI) dry
numerous pairs of hands over their lifetimes, tle@ivironmental impacts are allocated across afietmairs of hands. The
same holds true for the cotton roll towels, towispdnsers, waste bin, bin liners, and packagind byethese products (see
Section 1 in the Electronic Supplementary Matdoaldetails on allocations per functional unit).

The system boundaries encompass all life cyclegshdsom cradle to grave, along with transportatietween and within
each phase. Details on the system boundary andifthecycle stages are included in Section 1 of tHectronic
Supplementary Material. All systems, with the exwap of paper towels, are assumed to be manufattimeChina.
Upstream processes such as the mining of ore axtinaction and refining of petroleum for vehicleefare included within
system boundaries. Only the energy required to faatwre dryers or towels is accounted for in thécudation of
manufacturing phase impact—production of capitalipment is considered outside the scope for thiasphdue to

limitations on data availability (it is included upstream processes that are part of the ecoinlegabase).



The use phase takes place in the United StateghEalectric hand dryers, use phase impact idysole to the production
and distribution of electricity required for opacat The use phase for cotton roll towels encomgmsst only the use of the
towel inside a washroom, but also a cleaning stbtwtakes place at a laundry facility. Finally, tae end-of-life, all
product types are transported to a nearby wast#yaghere they are incinerated or sent to a ldhdiith the exception of
the cardboard packaging, there is no clear eviddratethese products are commonly recycled—or énciise of cotton and

paper towels, composted—in the US.

2.2 Life cycle inventory and impact assessment

We obtained data used to generate drying systencyile inventories from a variety of existing smg outlined in Section
2 in the Electronic Supplementary Material (thenyaty sources are summarized in Table 1). Basebsamptions used to
generate hand-drying system life cycle inventodes listed in Table 2. The Electronic Supplementdaterial provides
details on the sources for the data, but the hawithgl time data are particularly noteworthy. Handidg time is
characterized in two ways and will be analyzedhia tincertainty analyses. The first is drying-drivesage, where a user
dries his hands to either to a defined drynesdatair—in this case NSF Protocol P335 (NSF 2007) lftiseline dry times
are based on tests run using this standard)—orugeds personal dryness comfort level. This assunsers are using the
products as recommended. The second is time-dtisage, where users employ the dryer for a prestabsount of time,
regardless of the dryness of the hands. This asswisers are not as concerned about having complteglhands. The
times in Table 2 are based on measurements comdircteccordance with the NSF protocol (representingng-driven
usage), but the uncertainty analyses will alsogresesults using drying times reported by handedmanufacturers and
time-driven usage scenarios (and are listed ini@e@.1.3 of the Electronic Supplementary Materidhe only significant
difference between the measured and reported mastis that the HSHU reported dry time is 12 ses@sdcompared to the
20 second measured dry time.

The importance of the hand drying time charactéomahas led us to use three scenarios in the taingr analyses: 1)
baseline scenario assumptions including hand dmyeasured dry times based on the NSF Protocol P33%he same
baseline scenario assumptions except for dryetticgs based on reported times from manufactureetaildd in Section
2.1.3 in the Electronic Supplementary Material)l &) the same baseline scenario assumptions andedpry times and a
consistent printed wiring board (PWB) unit procdaa used for all three hand dryers. The origiaéh dources for the three
dryers had used different sets of unit process. da¢ageneric unit process, “Electronic componantive, unspecified,” was
used to represent the control and optics assemibliesiginal studies on the HSHU and the HU dryavbereas a more
specific unit process, “Printed wiring board, thghthole, lead-free surface,” was specified for tt&HI dryer’s inventory;
the latter process has a lower impact. The PWBatggnificant impact on the production impact of tiryers and thus, the
choice of the PWB can be important. We chose terdif the judgment of the original LCA analyststheir selection of
inventory data for the PWB and have used thoseauirbaseline analyses and scenario 2. However, Vievbat is unlikely
the PWBs in the three dryers would be significaudifferent, which is why we have analyzed the imipafcchanging this
assumption in scenario 3.

We obtained background inventory data for intermtdflows from the ecoinvent v2.1 database (Frisebht et al. 2007).
The majority of the data were used directly frora thatabase, but in a few cases we needed to maie rsodifications to
ecoinvent datasets because of a lack of existivenitory data. These cases and the associatedrddisted in Section 2.2 of

the Electronic Supplementary Material.



We conducted all life cycle analyses using a coatimm of models in SimaPro LCA software and Micribdexcel with a
Crystal Ball extension. The specific instancesdach software tool are described in the uncertanglysis methodology
section below.

In the full report we used IMPACT 2002+ (Hischidrad. 2010) to calculate life cycle impact. Howevedue to resource
limitations uncertainty analyses were only conddaising the global warming potential (GWP) life leygmpact assessment
(LCIA) methodology (Hischier et al. 2010), whiclcorporates the impact of gaseous emissions aceptditheir potential
to contribute to global warming based on the 108éryaharacterization factors published in 2007 gy ltitergovernmental
Panel on Climate Change (IPCC) (2007). Thus, oesylts using GWP are presented here and the cantdushould not be

generalized to other impact measures without furdinalysis.

2.3 Uncertainty analysis methodology

We conducted two types of analyses to study thea@hpf uncertainty on the outcomes of our compeeatiCA: a
parameter uncertainty analysis and a probabikstimario analysis. The former is consistent wiéhapproach implied in the
standards, but the latter has not been explicitfireed in the literature or standards. A scenamalysis is presumably a
study of the impact that various scenarios havtheroutcomes of the LCA (it is not explicitly dedithin the standards). This
is typically done using analyst-defined, discreterarios (where a scenario is simply a definedfparameters and framing
assumptions). We have extended this by definingaarior specific types of parameters that are qaatily important when
defining scenarios and used probabilistic techréigoeexplore thousands of potential scenarios.

This type of scenario analysis is not to be cordus&h a scenario uncertainty analysis. Variousrsesi in the literature
described in the introduction have defined scenarcertainty as being about choices made in frartiegLCA (typical
examples include allocation methods or boundarysiets) and hence, are not typically analyzed jpammeter uncertainty
analysis. Our scenario analysis includes someesfetlissues, but it also includes analysis of paesithat would be studied
in a sensitivity or scenario analysis because @f thigh impact or high profile.

We did not characterize uncertainty in the model& ¢he impact factors due to a lack of informatan how the uncertainty
should be defined. Because these are not includedrianalysis, the method underestimates actuartainty and therefore
overestimates the ability to resolve differencesvien alternatives. Future work should investighee significance of this

limitation.

2.3.1 Parameter uncertainty snalysis

In our uncertainty analyses, parameter uncertairsty characterized using the pedigree matrix approaplemented in the
ecoinvent database (Frischknecht et al. 2007) Ilsecdtu represents the most widely used methodology.GCA for
characterizing uncertainty. Details on the approauth the specific scores used in this analysipereided in Section 3 of
the Electronic Supplementary Material. A lognorndatribution was used for all input data becausahitays remains
positive and is consistent with the data availébline ecoinvent database and the pedigree matpisoach.

We conducted parameter uncertainty analyses usirtgyise Monte Carlo simulations in SimaPro. Thiedéence in these
results was evaluated using a one-way analysiaoénce on the means and through a pairwise cosgramdicator. The
latter involved analyzing a pair of products sirankously and calculating the ratio of impacts far two products in each
simulation (the ratio is known as the comparisatigator (Cl) as proposed by Huijbregts (1998)). Paér-wise analysis

ensures a correlated analysis. That is, valuestedlén each simulation for parameters that arencomwithin and among
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the analyzed pair will be the same. (There maynistances where this correlation constraint is Uistea(e.g., it may be
reasonable to expect that materials common tovtleeproducts in the analysis come from differentrses) and thus, the
correlation may create an appearance of more quarlanvironmental impact than actually exists.je&ult of the analysis
is a cumulative frequency distribution of companisndicators E(Cl)) from all simulations. Fronk(Cl), we can derive the
fraction of simulations in which the modeled impatbne product exceeded the other. Because thertwanalysis excludes
some forms of uncertainty (i.e., model and impactdr), we have chosen to identify difference i@ thvo products at two
conservative threshold values of 90% and 95%. t iBha comparison indicator of greater than or étuane is observed in
more than 90% or 95% of the trials.

We conducted pair-wise analyses of all product doatons (ten total combinations) for a given sétconditions (or

scenario) using 1,000 simulations in each compariddese comparisons were conducted for threerdiffescenarios

(described in the previous subsection) for a totahirty analyses.

2.3.2 Probabilistic scenario analysis

A typical uncertainty analysis for a comparative A@ill include a stochastic analysis of parametaecertainty for a
selected number of discrete scenarios, which isistent with the parameter uncertainty analysishaxee described here.
While this is important, the analysis representrall sample of the overall scenario space. Thatere will likely be
countless scenarios that can be derived from varwombinations of methodological choices and vafaeparameters that
are evaluated in scenarios. For this paper, we h#teenpted to explore the scenario space more lyréigdusing Monte
Carlo analysis to randomly sample values for a&dtying system parameters, such as use inteos#jectric grid mix, and
repeat this process thousands of times to creaidearange of scenarios. This enables us to corhorethe robustness of a
claim that one product has a lower environmentglaiot than another by stating how often a produobserved to have a
lower modeled impact across a wide range of scesari

Our probabilistic scenario analysis was implementsithg Microsoft Excel with Crystal Ball for the Mte Carlo method
and the same inventory and unit process data nst iparameter uncertainty assessment in SimaRiixe the parameter
uncertainty analyses, all five products can beyaeal simultaneously for this spreadsheet model. gdrameters varied in
the analysis are shown in Table 3 along with tiaiseline values, ranges, and distributions; alerofrarameter values
remained the same as in the baseline scenariof fle parameters (with the exception of the cortipgsassumption which
is binary) have a uniform distribution because wea@ssuming that all parameter values and scenamgosqually likely (in
the absence of alternative information). The usa astatistical distribution on the parameter valaed the Monte Carlo
analysis enable us to generate numerous combisatfoscenarios across the scenario space.

The set of parameters shown in Table 3 was seldeeduse they are parameters for which the setecfia representative
value was difficult or infeasible due to a lacksofid data or because they represented variatigedgyraphical scope (i.e.,
use grid mix and municipal solid waste incinerati@attion). In addition, a number of the parameterge a strong influence
on drying system environmental performance, asatiidt by sensitivity analyses detailed in the fafport. Details on the
motivation for the specific ranges for each paramare provided in Section 4 of the Electronic Sep@ntary Material,
along with details about correlation assumptionstifie parameters. Correlation assumptions in aasteranalysis are not
straightforward, but can be critical (see (de Kgnét al. 2010)). Due to this importance, we conédcnultiple analyses in
which hand dryer use intensity is either correlatedincorrelated. We also changed the usage pdtigoe either drying-

driven or time-driven and whether the PWB unit @sis consistent or inconsistent in each scenagertainty analysis.
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While we have attempted to select sensitivity asialyanges which covered the majority of reasonabtksignificant cases,
it is possible that some cases are excluded. A, she conclusions drawn here should not be gdamedato other cases
without further study.

We conducted six sets of scenario uncertainty aealwith multiple combinations of these three fragrassumptions (dryer
use intensity correlation, usage pattern, and PWIB process consistency). Each scenario uncertanglysis involved
20,000 Monte Carlo simulations. The differencethim means of the resulting simulations were tessag the Steel-Dwass
variant of the Kruskal-Wallis test which examinégnificance of difference in sample means while toolting for alpha
across the entire set of comparisons (details @naged in Section 5 of the Electronic Supplementdaterial). Differences
in the sample medians were evaluated by a signotestach combination of samples. Additionally, atle simulation we
calculated a comparison indicator for the relatimpact of two products in the same manner as thanpeter uncertainty
analysis. We used the same 90% and 95% frequenelslas thresholds for evaluating whether one prodas a lower

environmental performance than another acrosscéasio space.

3 Results

3.1 Deterministic

The deterministic GWP results associated with dryrsingle pair of hands for the three scenarigsriteed in Section 0 are
shown in Fig. 4. The figures illustrate that thare differences in overall expected impact amoegditying systems, but in
some cases this can depend on the scenario undsidemtion. They also shows that the use phasgpected to be the
driving factor for the GWP of electric hand dryédsie to the electricity consumption during use) #relcotton roll towels
(from washing the towels), whereas manufacturingxisected to be the driving factor for the papereioGWP. If reported
dry times are used (scenario 2, results in Fig, #1® HU dryer impact decreases 3% (relative tobidigeline results with
measured dry times in Fig. 4a) to 17.3 g,@Q (due to a dry time decrease from thirty-one momwthirty seconds) and the
HSHU dryer decreases 34% to 5.4 g,@0 (due to a dry time decrease from twenty dowmtdve seconds); the other three
dryer system impacts remain unchanged. If repattgdimes and a consistent PWB unit process are (s®nario 3, results
in Fig. 4c), the HU dryer impact decreases 6% {iradao the baseline results with measured dry sineFig. 4a) to 16.8 g
CO, eq and the HSHU dryer decreases 40% to 4.9 g €fQ once again the other three dryer system imparhain
unchanged. Although it may appear that there aardifferences among the products, with this aislglone one cannot
comment on the robustness of comparisons betweeprtiducts, particularly when making comparison@s the three
scenarios.

Contribution analyses have highlighted the key ehsvof environmental impact for the hand dryingteys for global
warming potential (Montalbo et al. 2011). For hamiyers, environmental impact is driven by the ubmase energy
consumed in the active use of the hand dryer. Withe production phase (including materials and ufeaturing), key
contributors are the housing materials, electrioggd in production, and the printed wiring bodoatshe controls and optics
assembly.

For cotton roll towels, the use phase (i.e., wasgltme towels) accounts for over half of the tomapact, followed by
transportation and manufacturing and then by nalterBetween material production (cotton fibers) and cpssing
(spinning, weaving, and de-sizing), no single steminates the GWP production impact of a cottorefawil. These results
indicate that all life cycle phases, with the ex@ap of end-of-life, are important to consider whassessing the life cycle
impact of cotton roll towels.



For paper towels, the manufacturing phase makeswap half of the impact for global warming potehtand water
consumption, followed by the materials productidrage and transportation. It is noteworthy that papeels are the only
product for which product end-of-life has any sfg@int impact—specifically in global warming potéit(caused by
degradation of paper towels in landfills). Eledtsiand the natural gas used in the paper towallytion are the primary

contributors to the production GWP, making up agpnately three-quarters of the impact, followedgup manufacturing.

3.2 Parameter uncertainty

The outcomes of the parameter uncertainty analseshown in Table 4. (Outcomes from the one-wayars of variance
test, in particular, and the resulting significamdalifferences in sample means are reported ifeT28 of Section 5 of the
Electronic Supplementary Material). These outcoamesconsistent with, but generally less stringbantthe comparison
indicators results discussed here.) Results fromvgae comparisons are listed for three differsogénarios in Table 4. In
some instances, one drying system is better thathanin all simulations and across all three sgesaFor example, the
high-speed hands-in dryer outperformed the handsudryer in every simulation in all three scenswrim fact, both high-
speed dryers are almost always better than the titte== products (the one exception being the H&HtJ cotton roll towels
whose similarity cannot be rejected at 90% (or 968tjfidence when the dryer is evaluated at the uredsdry time). When
accounting for uncertainty in input data, we cagadly say with confidence that the high-speed drymve a lower GWP
than the other drying systerfsr these three scenarioslowever, the results are much less clear wherpaong the two

high-speed dryers (in only one scenario can thélaily of the two products be rejected at 90% &P@®confidence), or

when comparing cotton roll or paper towels anditheds-under dryer.

3.3 Probabilistic scenario analysis

The resulting GWP frequency distributions for tfe®O0 iterations of the scenario uncertainty arngslgee presented in Fig.
5 for both drying-driven (see Fig. 5a) and timevdn (see Fig. 5b) usage patterns. Dryer GWP digtobs associated with
time-driven usage are similar because the dryamgselves are differentiated only by their respecpewer ratings: dry
times are the same for all dryers. By contras, distributions of the HSHU and HU dryer systemgeha much wider
spread than that of the HSHI dryer system whemdrgriven usage is considered due to the broadeeraf dry times for
the first two systems. Statistical tests on thenifitance of difference for the central tendencytliése results (Kurskal-
Wallis test on means and sign test of medians) paesented in Tables 29 and 30 in Section 5 of thexti®nic
Supplementary Material. These results are congistétin, but generally less stringent (i.e., ideyptihore statistically
significant differences) than the comparison intticaresults discussed here.

While the frequency distributions of drying syst&WP in Fig. 5 clearly overlap, it is important twok at the comparison
indicator results in order to understand the impdaiorrelation. Comparison indicator distributidios the GWP of different
drying systems relative to that of the HSHI dryee ashown in Fig. 6 given both drying-driven and dhafriven usage
patterns. The HSHI dryer was chosen as the pdintomparison because it has the lowest impact & bibseline
deterministic analyses. The results indicate thatdfying-driven dry times, the comparison indicad@stribution is almost
entirely above one. By contrast, this distributisrshifted to the left for time-driven dry time€verall, however, the GWP
of the high-speed hands-in dryer is still lowenthidat of any given drying system in over 92% @& itierations.

The results in Fig. 5 and Fig. 6 assume correlasedphase grid mix and use intensity for the hagydrd. The HSHI dryer

system almost always has the lower impact for argscenario due to this key assumption of corrélasage (i.e., when the
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high-speed hands-in dryer is used at low intenglity,other dryers are as well, leading the highedg®ands-in dryer to be
consistently favored as it has the shorter dry tfimehe case of drying-driven usage) and the lopawrer rating. There are
a few instances, however, when other drying meth@d® a lower impact. In scenarios where the HSIH@rdhas a high
lifetime usage, the HSHI dryer a low lifetime usagad the use phase takes a low-carbon grid méxH®HU system has
the lower impact. In another scenario, the long8HHhand dryer dry times associated with time-bassghe increase the
frequency at which the other drying systems wilkda lower impact than the HSHI dryer system.

Results from a range of different correlation, ugensity, and unit process framing assumptionspaesented in Table 5
using the comparison indicator metric as the bfsi®valuating the frequency at which one produ@WHP is lower than
that of another. It is particularly important topéore alternative correlation assumptions becahsetree hand dryers are
inherently different and may elicit different udmhavior. The six sets of framing assumptionsasentially meta-scenarios
for each set of simulations that explore 20,00&#igescenarios. (The results in Fig. 5a and Fegw&re generated using the
meta-scenario 1, whereas the results in Fig. SbRégndb were generated using the meta-scenaralditionally, they only
represent drying system impact relative to the H@ter—corresponding to the top four rows in Tehle

The results involving the HSHI dryer as a comparatdicate that removing the correlation betweeyeduse intensities
increases the frequency at which the GWPs of thdW&nd HU dryer systems are less than that of t8ellHiryer system,
particularly for time-driven usage. The comparisedicators for cotton roll towel and paper towestgms with the HSHI
dryer are unaffected by usage correlation. Retiogdhe PWB unit process for the HSHU and the Hyeds also increases
the number of Monte Carlo-generated scenariosrésatlt in their GWPs undercutting the HSHI dryer BWh fact, these
lead to comparison indicator frequencies below3bo threshold. Time driven usage patterns (whiehlanger for the
HSHI product) also decreases the differentiatiotwben the HSHI product and all other alternativestact, under time-
driven assumptions, the HSHI and HSHU cannot bdadett different for a more stringent 95% thresh@dd is only
declared different for one framing assumption @) the less stringent 90% threshold). For the H33yskem, use of the
same PWB unit process and time-driven usage assmmapmpacts the GWP of the alternatives enougthabin half the
Monte Carlo-generated scenarios, its impact is tleas that of the HSHI dryer system. In fact, thdsnparison is the only
example where significance testing cannot rejeetrthll hypothesis that the median impacts of the&eproducts are the
same (see Section 5 of the Electronic Supplemenartgrial). This result is notably different tharetresults from the first
set of framing assumptions where the HSHI dryeraictjis almost always lower than the HSHU dryer iotpa

The comparison of the HSHU dryer with other dryisygstems is consistent with HSHI dryer results: iHeHU dryer
exceeds the 90% threshold (i.e., can be declagadfisantly different) for all sets of framing asaptions for the cotton roll
towels and paper towels (although it fails a marengent 95% threshold for paper towels). Howevefalls below the
threshold (i.e., cannot be declared different) wbempared to the HU dryer in uncorrelated time-ghiwuse intensity meta-
scenarios (numbers 5 and 6 in Table 5). The catibiriowels, HU dryer, and paper towels all shogngiicant overlap in
impacts across all sets of framing assumptionsc#mot say with confidence that any one of themahlasver impact than

another based on this scenario uncertainty analysis

4 Discussion
After reviewing the outcomes of the parameter uiaiety analysis and probabilistic scenario analyisis valuable to assess
how much confidence we have in asserting the diffee between product environmental impacts (ite, dtatistical

robustness of the comparison). The determinisseailte in Fig. 4, although temptingly different ftve five products, are
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clearly insufficient to draw meaningful conclusiobscause they represent a single scenario and tdtak® into account
uncertainty in the input data. The outcomes ofghmmeter uncertainty analysis listed in Tablediciate that for the three
scenarios considered we have statistical confidehat the high-speed dryers have lower GWPs thanother drying
systems (the slight exception being HSHU dryer camag to cotton roll towels for measured dry timési, that the results
are inconclusive when comparing the two high-spégers or when comparing paper towels and the handsr dryer.
When we combine this with the results of the prdlisizc scenario analysis in Table 5, the conclasibat the high-speed
dryer impacts are lower than the impacts of cottwhtowels and paper towels is strengthened. Harewn two of the six
meta-scenarios with time-driven and uncorrelatesl ingensity we cannot say with confidence that ahyhe three hand
dryer systems have significantly different impastgause all comparison indicator frequencies a@bine 90% threshold
value. Furthermore, we cannot say with confidertia the HU dryer, cotton roll towels, or paper ttsvenpacts are
distinguishable from each other based on the feattall three products had comparison indicatayfescies below the 90%
threshold across all six meta-scenarios in theast@nncertainty analysis when compared with orwtear.

Based on this information we can say with a higbree of statistical confidence that the high-speeers have a lower
impact than paper towels and cotton roll towel®ssra broad set of scenarios. Differentiating #xdopmance of the hand
dryers compared to one another requires being repeeific about framing assumptions. For drying-einwse (when
consumers use the products as recommended), thé digdt has a lower impact than the HU dryer inrheall cases and a
lower impact than the HSHU in the majority of caddewever, for time-driven use (when consumersnateas concerned
about having equivalently or completely dry hands)e cannot say that the HSHI dryer is clearlydvetihan the other
dryers. Additionally, we cannot confidently diffetéate performance between the HU dryer, cottohtoatels, and paper
towels across this scenario space.

This last statement is important to consider. Emalysis does NOT mean that these products areatgoi in any given
scenario. It only means that when there is conallerscenario ambiguity and, therefore, the scersmace is large, it is not
possible to reach a single definitive conclusidnthe decision-maker is able to further refine gwenario space (e.g.,
credibly establish the use location or the dryiadpits of the user population), further resolutisrplausible. The case of
comparing cotton roll towels and paper towels igtipalarly illustrative of this point because thesults of the parameter
uncertainty analysis (see Table 4) indicated tlmdtoa roll towels had a statistically significamwer impact than paper
towels for three specific scenarios. However, ttabpbilistic scenario analysis indicated that theas significant overlap in
impacts across all six meta-scenarios and one ametichssert that one product clearly had a lowgraich than the other
across a broad scenario space. This motivatesrperiance of both going beyond a typical parameteertainty analysis
with a few scenarios to a broader exploration ehscio uncertainty and to always revisit resulthwie ultimate decision-
maker to ensure that further information cannobtmight to bear or that the decision space camm@rther divided.

This work demonstrates the importance of conduatimgertainty analyses for comparative LCAs thatused for assertions
of relative product environmental impact, as recanded in the several standards. Indeed, there everad
recommendations that are included in the standandsare supported by this case study. First, basadrtions of relative
impact (e.g., “ProducK has a lower environmental impact than prodd¢} should only be made if the claim can be
supported by uncertainty analyses that demonstratethe claim is robust across all of these amalySecond, if the
uncertainty analyses reveal significant overlaghandistribution of impacts associated with theralatives then assertions of
relative product impact need to be stated alongsidear definition of key framing assumptions.(itbose assumptions that

change the relative impact of the products). Bpajiven the uncertainty in calculated environmeirtgact values and the

11



variation across equally plausible scenarios, wealirage the use of quantifying relative impadj.(¢ProductX has aZ%
lower environmental impact than prodi€t) unless it is accompanied by a specific confiietevel (such as those listed in
Table 4 and Table 5).

While these broad recommendations in the standardsuseful, there is almost no specific guidanceconducting
uncertainty analyses for comparative LCAs. Thisecstsidy has illuminated several issues that shbeléhcluded in such
guidance. First, although it is useful to aggregh&uncertainty of multiple parameters in the paeter uncertainty analysis,
it will almost always be meaningful to conduct het uncertainty analyses with specific parametetd bonstant as a means
of gaining insight on the impact of key parametensoutcomes. This is analogous to conducting paemencertainty
analyses using multiple scenarios (as was done dratan other work), but there should be analytjaatification for the
selection of parameters that should be analyzetidurAn example of this can be seen in (MattilaleR011). Second, the
literature discusses a separation between paraamdescenario uncertainty, but in reality therevisrlap between the two in
the implementation of uncertainty analyses becawary choices (related to scenario uncertainty) faanthemselves as
changes in parameters. Thus, parameter and scemaotainty should be analyzed together in aneggde manner where
possible and then analytical methods should be tsatktermine which parameters and/or choices dhbal analyzed
further. Of course, there are some choices thatatare aggregated, such as the use of differentji€le impact assessment
methods, and these will still need to be analyzgxhgately.

As with any LCA, our analysis has several limitaso One limitation centers on data collection. \Weeived data on the
HSHI dryer directly from a manufacturer (which mehigher data quality and lower uncertainty), wiaarave relied heavily
on data from previously published studies for oth@nd drying systems and in some cases we didawa §trong sources
for key pieces of information (such as observediogmsity of the hand dryer systems). These chgéle are common in
comparative LCAs and motivate the need for expandezkrtainty analyses such as the ones we havenpeeshere. In-
depth uncertainty analyses are the strongest wayntterstand the implications of data limitationgl asther important
assumptions (that are part of all LCAs) on compagadssertions of environmental impact. Additiopatiue to resource
limitations, uncertainty analyses were only condddor GWP impacts. The results presented hereldinbbbe generalized
to other impacts without further study. Finallyjstipaper focuses on uncertainty analysis amongvéii®us systems. A
complete assessment of uncertainty should alsadeckensitivity analysis to isolate the main digvef impact (and

possibilities for improvement).
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Table 1 Overview of hand drying systems evaluated

Hand Drying System

Drying Method

Primary Source ofProduct

Material and Performance Data

Hands-under (HU) dryer

User places hands undedryer nozzle and

warm air blows onto the hands to dry them.

Generic dryer in (Dettling 2009)

High-speed hands-under
(HSHU) dryer

Same as HU, but air is blown at high speeds.

EXCLERATOR® dryer in
(Dettling 2009)

High-speed hands-in (HSHI)
dryer

User places hands into dryer and air blows at hi

speeds onto hands to dry them.

gByson Airblade™ dryer with

aluminum cover (Blower 2011)

Cotton roll towels (CRT)

User pulls cotton towedifn roll in dispenser and

dries hands by rubbing on towel.

Generic cotton towel in (Eberle and
Moller 2006)

Paper towels (PT)

User pulls paper towels frometiser and dries

hands by rubbing on towels.

Kimberly-Clark 100% virgin paper
towel in (Madsen 2007)
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Table 2 Assumptions used to generate hand-drying sysferayicle inventories for the baseline analysis

Drying system

Hands-under dryer

High-speed
hands-under dryer

High-speed
hands-in dryer

Cotton roll towels

Paper towels

Functional unit

1 pair of dry hands

Lifetime usage

350,000 pairs of dry hands over 5 years (Blowerl2@yson)

Mass (+ manufacturing scrap)
per dryer or towel

6.4 kg (0.9 kg)
(Dettling 2009)

9.4 kg (1.12 kg)
(Dettling 2009)

14.8 kg (1.43 kg)
(Blower 2011)

16.2 g (2.2 g) (Eberle
and Mdller 2006)

1.98 g (0.08 g)
(Dettling 2009)

Manufacturing location

China

China

China

China

us

Manufacturing energy
per dryer or towel

156 MJ electricity
(Dettling 2009)

156 MJ electricity
(Dettling 2009)

146 MJ electricity
(Dettling 2009)

431 kJ electricity
507 kJ gas (Eberle
and Mdller 2006)

14.7 kJ electricity
24.4 kJ gas (Dettling
2009)

Use location

us

Use intensity

31l sec @ 2,300 W
+1.5sec @ 1,150 W
+ 406 sec @ 0.4 W

20 sec @ 1,500 W
+15sec @ 750 W
+429sec@ 1W

12 sec @ 1,400 W
+0sec@O0W
+439sec@ 1W

1 towel (pull)
+ laundry

2 towels

End-of-life scenario

76.7% of cardboard recycled
19% of remaining waste incinerated with energy vecp

81% of remaining waste landfilled with methane oaptand conversion to electricity (Franklin Assée$2011; United

States Environmental Protection Agency 2009)

Transportation

Raw material to plant

Plant to warehouse
Warehouse to washroom
Washroom to laundry and back
Washroom to waste facility

250 km via truck

10,500 km via ocean freighter + 2,600 km via freighin + 24 km via truck (excl. paper towels)

1,760 km via truck

100 km via truck (cotton towels only)

100 km via truck

Additional lifecycles

Packaging

Packaging

Packaging

Packaging, disper

deackaging, dispenser
waste bin, bin liners

Packaging per dryer or towel

0.45 kg cardboard
(Dettling 2009)

0.27 kg cardboard
(Dettling 2009)

2.94 kg cardboard
(Blower 2011)

0.08 g polyethylene
(Eberle and Maller

2006)

0.18 g cardboard
(Dettling 2009)
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Table 3 Parameter ranges and distributions for scenamientainty analysis

Independent parameters Drying systems Baseline Raag Distribution
Lifetime usage High-speed hands-in| 350,000 150k — 550k pairs of Uniform
hands over 5 yrs
Lifetime usage High-speed hands- | 350,000 150k — 550k pairs of | Uniform
under hands over 5 yrs
Lifetime usage Hands-under 350,000 150k — 550k pairs of | Uniform
hands over 5 yrs
Lifetime usage Cotton roll towel 350,000 150k — 550k pairs of | Uniform
(dispenser) hands over 5 yrs
Lifetime usage Paper towel 350,000 150k — 550k pairs of | Uniform
(dispenser and bin) hands over 5 yrs
Number of reuses Cotton roll towel 103 70 — 130 launderings | Uniform
and reuses
Manufacturing grid mix High-speed hands-in| CN averag 0.019-1.44 Uniform
kg CG eq / kWh
Manufacturing grid mix High-speed hands- | CN average | 0.019 — 1.44 Uniform
under kg CO, eq/ kWh
Manufacturing grid mix Hands-under CN average 0.019-1.44 Uniform
kg CG; eq / kWh
Manufacturing grid mix Cotton roll towels CN average 0.019-1.44 Uniform
kg CG eq / kWh
Manufacturing grid mix Paper towels US average 0.011-1.22 Uniform
kg CG; eq / kWh
Use grid mix High-speed hands-in| US average | 0.016 — 1.32 Uniform
High-speed hands- kg CG eq / kWh
under
Hands-under
Cotton roll towels
Use intensity High-speed hands-in| 12 seconds | Drying-driven: Uniform
High-speed hands- | 20 seconds | -50% to +25% of
under 31 seconds | measured baseline;
Hands-under Time-driven:
5 — 30 seconds
Use intensity Cotton roll towels 1 towel 1 -2 towels Uniform
Use intensity Paper towels 2 towels 1 - 3 towels Uniform
Municipal solid waste All 19% 0% — 100% Uniform
incineration fraction
Compost Paper towels, Cotton| N Y, N Binary

roll towels
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Table 4 Results of parameter uncertainty analyses. Nusnbdrold are below the 90% threshold and, theegfdo not meet

the prescribed significance level to be declaréigmdint

Frequency GWP, > GWPg (F(CI > 1))

Drying system A Drying system B 1: Baseline 2: Baseline 3: Consistent
assumptions, assumptions, PWB unit
measured dry reported dry  process, reported

times times dry times

High-speed hands-in dryer High-speed hands-undger dr 0.0% 15% 35%

High-speed hands-in dryer Hands-under dryer 0.0% 0.0% 0.0%
High-speed hands-in dryer Cotton roll towels 0.2% 0.2% 0.2%
High-speed hands-in dryer Paper towels 0.0% 0.0% 0.0%
High-speed hands-under dryer ~ Hands-under dryer 0.0% 0.0% 0.0%
High-speed hands-under dryer  Cotton roll towels 13% 0.0% 0.5%
High-speed hands-under dryer  Paper towels 1.0% 0.0% 0.0%
Cotton roll towels Hands-under dryer 7.8% 10% 12%

Cotton roll towels Paper towels 1.2% 1.2% 1.2%
Paper towels Hands-under dryer 35% 41% 46%
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Table 5 Scenario uncertainty analysis results for six sdtframing assumptions. In the descriptions @& $ix sets of
framing assumptions, “drying-driven” and “time-cgiv’ refer to the ranges of use intensity timestfa hand dryers (see
Table 3), “correlated use” and “uncorrelated use” refemtioether the dryer use intensities are correlaged, “different
PWB” and “same PWB” refer to whether the unit pisscased for the printed wiring board in the hangudr is the same for
all products or different. Numbers in bold are betbe 90% threshold and, therefore, do not meeptascribed significance

level to be declared different

Frequency GWP, > GWPg (F(CI > 1))

1. Drying- 2. Drying- 3. Drying- 4. Time- 5. Time- 6. Time-
Drying Drying driven, driven, driven, driven, driven, driven,
system A system B correlated uncorrelated uncorrelated  correlated uncorrelated uncorrelated
use, use, use, use, use, use,
different PWB different PWB same PWB different PWB different PWB same PWB
HSHI dryer g‘s‘e-'ru 1.3% 4.5% 14% 7 3% 37% 50%
HSHI dryer HU dryer 0.2% 0.2% 1.2% 1.0% 19% 27%
Cotton roll
HSHI dryer " els 0.0% 0.0% 0.0% 1.3% 1.3% 1.3%
Paper
HSHI dryer \ vels 0.4% 0.5% 0.4% 6.5% 6.2% 6.4%
HSHU
dryer HU dryer 1.0% 1.6% 0.5% 4.1% 26% 26%
HSHU Cotton roll
HSHU Paper
Cotton roll HU d
towels ryer 65% 65% 67% 85% 85% 87%
Cotton roll Paper
towels towels 59% 59% 60% 59% 59% 60%
Paper
HU dryer 57% 58% 59% 77% 78% 79%
towels
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Fig. captions

Fig. 1 Global warming potential for drying a single pafrhands under three scenarios: a) scenario &libasassumptions,
measured dry times; b) scenario 2: baseline assunsptreported dry times; c) scenario 3: consisBMB unit process,

reported dry times

Fig. 2 GWP frequency distributions given (a) drying-@rivand (b) time-driven usage patterns. Both plotsbased on
correlated use intensities and different printedngi boards for the hand dryers (in accordance wigia-scenarios 1 and 4,

respectively, from Table 5)

Fig. 3 GWP comparison indicator (Cl) frequency distribos (calculated relative to high-speed hands-yredrgiven (a)
drying-driven and (b) time-driven usage patternke Tdashed line indicates a comparison indicatouevalf one as a
reference. Both plots are based on correlated ntemsities and different printed wiring boards fbe hand dryers (in

accordance with meta-scenarios 1 and 4, respegtivem Table 5)

20



N
o

El' 18 B End-of-Life
8 16 m Use
o7}
‘%‘ 14 M Transportation
g 12 B Manufacturing
=
g 10 B Materials
g 8
£
5 6
2y
S
o 2
(G)
0 1 1 1 1 J
Hands-under High-speed High-speed Cotton roll Paper towels
dryer hands-under hands-in dryer towels
dryer
a) scenario 1: baseline assumptions, measured dry times

20
'§" 18 ® End-of-Life
8 16 W Use
-E-" 14 m Transportation
©
£ 12 B Manufacturing
7]
- .
g 10 W Materials
g 8
£
g 6
= 4
o
o 2

O 1 1 1 1 J
Hands-under High-speed High-speed Cotton roll Paper towels
dryer hands-under  hands-in dryer towels

dryer
b) scenario 2: baseline assumptions, reported dry times

21



20
'§'— 18 M End-of-Life
8N 16 m Use
'E"’ 14  Transportation
©
‘a';; 12 B Manufacturing
=
g 10 B Materials
o
£ 8
£
5 6
2
= 4
Q2
S 2

O 1 1 1 1 J
Hands-under High-speed High-speed Cotton roll Paper towels,
dryer hands-under  hands-in dryer towels virgin
dryer
c) scenario 3: consistent PWB unit process, reported dry times

Fig. 4 Global warming potential for drying a single pafrhands under three scenarios: a) scenario &libasassumptions,
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reported dry times
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Fig. 5 GWP frequency distributions given (a) drying-@rivand (b) time-driven usage patterns. Both plotsbased on
correlated use intensities and different printedngi boards for the hand dryers (in accordance wigia-scenarios 1 and 4,

respectively, fronTable 5)
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Fig. 6 GWP comparison indicator (Cl) frequency distribns (calculated relative to high-speed hands-yedrgiven (a)
drying-driven and (b) time-driven usage patternbe Tdashed line indicates a comparison indicatouevalf one as a
reference. Both plots are based on correlated nitemdities and different printed wiring boards the hand dryers (in

accordance with meta-scenarios 1 and 4, respegtivei Table 5)
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