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Noise is a serious stressor affecting the health of millions of citizens. It has been suggested that disturbance by noise
is responsible for a substantial part of the damage to human health. However, no recommended approach to
address noise impacts was proposed by the handbook for life cycle assessment (LCA) of the European Commission,
nor are characterisation factors (CFs) and appropriate inventory data available in commonly used databases. This
contribution provides CFs to allow for the quantification of noise impacts on human health in the LCA framework.
Noise propagation standards and international reports on acoustics and noise impacts were used to define the
model parameters. Spatial data was used to calculate spatially-defined CFs in the form of 10-by-10-km maps.
Keywords: The results of this analysis were combined with data from the literature to select input data for representative
Noise archetypal situations of emission (e.g. urban day with a frequency of 63 Hz, rural night at 8000 Hz, etc.). A total
Noise impacts of 32 spatial and 216 archetypal CFs were produced to evaluate noise impacts at a European level (i.e. EU27).

Editor: P. Kassomenos

Life cycle The possibility of a user-defined characterisation factor was added to support the possibility of portraying the
LCiA situation of full availability of information, as well as a highly-localised impact analysis. A Monte Carlo-based
/L\(r:]?loyance quantitative global sensitivity analysis method was applied to evaluate the importance of the input factors in

determining the variance of the output. The factors produced are ready to be implemented in the available LCA
databases and software. The spatial approach and archetypal approach may be combined and selected according
to the amount of information available and the life cycle under study. The framework proposed and used for
calculations is flexible enough to be expanded to account for impacts on target subjects other than humans and
to continents other than Europe.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction and resource depletion among others (Rebitzer et al., 2004; Pennington

et al,, 2004). The necessity of quantifying the impact of noise emissions

1.1. Scope

Life cycle assessment (LCA; ISO 14042, 1SO, 2000) aims at quantifying
in a holistic and integrated way how each phase of the life cycle of a
product contributes to impacts such as climate change, eutrophication,

Abbreviations: i, frequency index; c, time index; f, location index; CF, Characterisation
factor [number of people-Pa/W]; D, Directivity [dB]; EF, Effect factor [number of people];
FF, Fate factor [Pa/W]; Lw, Background sound power level [decibel]; Nf, Number of
exposed subjects; AC, archetypal context; SC, Spatial context.

* Corresponding author. Tel.: 431 71 527 1478.
E-mail address: cucurachi@cml.leidenuniv.nl (S. Cucurachi).

0048-9697/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.scitotenv.2013.07.080

from any life cycle has been stressed since the first days of the
formalisation of the methodology (Heijungs et al., 1992).

Noise has for long been recognised as a stressor. Scientific studies
have shown that the impacts of noise are not limited to psychological
effects, such as annoyance, but also to physiological effects, such as
cardiovascular diseases (WHO, 2011; Babisch, 2006). As a result of traffic
noise, one in three individuals in Europe is affected by environmental
noise during the daytime, and one in five at night (WHO, 2011). It has
been quantified that disturbance by noise is responsible for a substantial
part of the damage to human health, when measured in disability-
adjusted life years (DALY; Miiller-Wenk, 2004).
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The LCA handbook of the European Commission (ILCD, 2010)
included noise as one of the impact categories with high priority for
methodological development, because no recommended approach to
address noise impacts could be proposed by the handbook. To date all
practical applications of LCA (case studies, databases, software) do not
include noise as an impact category. To a large extent this is due to a
lack of a good method and to a limited investigation of the relevant
literature in acoustics and impact assessment of sound. Cucurachi
et al. (2012), after an analysis of epidemiological data and a study of
the LCA literature on noise, proposed a new theoretical framework. It
aimed at presenting a rigorous formal way of characterisation of noise
impacts, which is in line with the characterisation model and the overall
theoretical structure used for other impact categories in LCA.

1.2. Problem definition

Sound and noise are two categories of the same physical phenome-
non. However, sound emissions are not necessarily determining noise.
Noise is the result of unwanted or intolerable sound, to which one is
not voluntarily exposed. From a physical point of view, sound emissions
are associated with a momentary compression and decompression of
sound waves through a medium, which lead to a change of pressure
and a shifting of molecules in the medium. Thus, sound emissions are
temporary and expire in a limited amount of time. Sound propagates
and dissipates while it travels through air (i.e. the only medium consid-
ered by this contribution).

Several factors (e.g. meteorological conditions) intervene in and
attenuate sound emissions, while other factors (e.g., directivity) orientate
them. In the work of Cucurachi et al. (2012), such factors were included in
the theoretical framework indicated for the calculation of the fate of and
the effect factor for noise impacts. However, the framework provided
only a theoretical model, with model parameters to be filled in. The aim
of this new contribution is to operationalise the model, implement
these factors and use them for the calculation of characterisation factors
for noise impacts.

The environmental mechanisms involved in the propagation and
attenuation of sound emission, and the relative noise impact are com-
plex, non-linear and highly dependent upon local circumstances. The
acoustic phenomena and parameters which are relevant in the proposed
framework are, in fact, strictly related to a particular topography and
to specific local conditions. To reach greater accuracy, propagation of
sound is usually calculated by either taking a fully empirical approach,
or assuming specific conditions of propagation (e.g. a flat area with
short grass). In an ideal world, LCA should be able to portray any possible
context of (sound) emission and to account for the effects of those
emissions on the target subjects. In practice, sound levels need to
be predicted for different heights above ground, various types of
foliage (e.g. tree belts), walls, houses, etc. For a fully-empirical
local noise assessment, this can be done. In LCA, however, a life
cycle typically spans thousands of locations, so a site-specific assess-
ment is not feasible. This constrains the modeller to face a situation
in which one has to choose between the use of highly-specific
spatially-defined data, or a situation in which it is necessary to
assume representative conditions for the archetypal compartments
of emission. Even though the level of accuracy may be greater
when location-specific data is considered, spatially-defined vari-
ables are not uncertainty-free, nor is the amount of information
available to practitioners sufficient to use it to describe the specific
life cycle under consideration.

1.3. Research focus

The method described in the following sections is based on the
established standards of propagation of sound from static or moving
sources, such as ISO 9613-1, ISO 9613-2 (ISO, 1993; ISO, 1996), as well
as on the recommended approach for the calculation of sound emission

and propagation at a European level (European Commission, 2012).
Data was processed and scaled to allow for the calculation of character-
isation factors for noise, both in the form of ready-to-be-used maps at a
European scale, and in the form of archetypal dimensions of emissions.
The special case of indoor “occupational” sound emissions was defined
only as an archetypal situation of emission. It was decided to use
spatially-defined parameters (i.e. GIS map or raster data) to compile
characterisation factors in the form of maps in a spatially-defined
context. The outcome of this process was used to define archetypal
situations of emissions, which used central nominal values for cal-
culations. The use of spatially-defined CFs allowed for the selection
of central values in the most appropriate range.

This contribution fills the gap of the absence of noise as an impact
category in LCA and presents CFs for noise impacts at a European level
(i.e. EU27), which can be used by practitioners, provided the inventory
(i.e., sound emission) data are available. The factors produced are, in
fact, ready to be implemented in the available LCIA databases and soft-
ware. The framework proposed and used for calculations is flexible
enough to be expanded to account for impacts on target subjects
other than humans and to continents other than Europe.

In the following section, the model is described in detail. The results
of the modelling decisions are shown in Section 3 and discussed in
Section 4. The Supplementary material of this contribution provides
a detailed description of the equations and modelling choices
(Supplementary material 1), and their results (Supplementary
materials 2, 3 and 4).

2.The noise impact assessment model: elaboration of the framework
2.1. The background model and the life cycle inventory phase

Most sounds emitted by a source are complex and fluctuate in
amplitude and frequency. The relationships between sound energy
level and frequency are required for the meaningful analysis of a
sound spectrum. Cucurachi et al. (2012) propose to analyse the sound
emitted by a source according to the one-third octave bands centre
frequencies in which its spectrum can be split into. The distinction
among frequencies allows not only depicting and following the ability
of our hearing system to perceive the frequency composition of a
sound, but also allows accommodating any context of emission. If
certain centre-frequency bands are dominant for a specific source, or
limited information is available, selected centre-frequency bands may
be chosen instead of others (e.g. 63 to 500 Hz, instead of 2000 to
8000 Hz). Similarly, if the model had to be expanded for the consider-
ation of impacts on target systems other than humans, the centre-
frequency ranges of interest may be differently chosen. No differentia-
tion among sources (e.g. static or moving) was proposed in Cucurachi
et al. (2012), but it recommended the differentiation of emissions at
the inventory level according to the frequency of emission (e.g.
63 Hz), the location (e.g. rural and urban), and the time of the day (i.e.
day, evening, and night. The characterisation of the frequency, the
time, and the location of the sound emission is also crucial in the later
impact assessment of the relative noise perceived by the target subjects.

In Cucurachi et al. (2012), 8 centre-octave frequency bands are
considered in line with the ISO 9613-2 (1996) standard on the attenua-
tion of sound during propagation outdoors. As for the location of emis-
sion, they were defined by analysing the result of the spatial analysis
described in Section 2.2, and in accordance with the literature on the
determination of archetypal situations of emission (Jolliet et al., 2005;
Curran, 2012). Time specifications refer to the common practice of
distinguishing between day, evening, and night time of sound emissions
that are commonly used to allow for a different perception of sound by
humans according to the time of the exposure. The case of the
undefined compartment of emission (e.g., time or otherwise) was intro-
duced in all cases to account for limited information in the hand of the
practitioner who would have to use the CFs.
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The sound emission is not only spatially differentiated as is common
for many impact categories in LCA, but also temporally and physically
differentiated. The collection of information during the inventory
phase can allow for a better characterisation of sound, thus potentially
a better quantification of the relative noise impacts. At the inventory
level, Cucurachi et al. (2012) prescribed taking into account the sound
power level of each source and converting it into sound energy, using
the physical properties of sound. International standards (e.g. I1SO
9613-2; ISO, 1996) and reports (e.g. WHO, 2001) provide suitable and
readily-usable information to calculate the sound power level of any
source, be it static or mobile. An accurate reference is the CNOSSOS
reference report (European Commission, 2012) which provides indica-
tions on how to calculate the sound power emission of any type of
source, discriminating among noise caused by the so-called road traffic
(e.g. light motor vehicles, medium motor vehicles, etc.), railway traffic,
air traffic, and industrial sources.

Following ISO9614-1 (IS0, 1993), in CNOSSOS the sound power level
is defined as “in-situ” or in “semi-free field”. Sound power includes
effects of reflections and other specifications in the immediate vicinity
of the source (e.g. the surface under the source). The parameters are
specified per class of sources and also for combinations of similar
sources (e.g. traffic conditions). Sound power level (in decibel, dB) can
be back-transformed to the relative sound power using the reference
value of 10~ '2 watts (W), and then the relative sound energy to be
reported in the inventory table can be calculated by applying the
methodology reported by Cucurachi et al. (2012).

The time a source is active in a life cycle can be calculated based on
the production rate of the system (i.e. kg/s) and the relative output
(ie. kg). Similarly, for a life cycle involving a transportation stage the
production rate would be the speed in km/h, and the output the number
of km driven relatively to the functional unit under consideration. The
formula for the calculation of the LCI item m;r is

m;. ;= W,-VC.’f X timec_f7 1

Where i is the centre-frequency band, c indicates the time, f the
location, W rin joule/s is the sound power of the source under consid-
eration calculated according to the indication of the CNOSSOS reference
report, and time.is the time calculated as a function of the production
rate of the system and the relative output.

A didactic example may be here of help. If the system under study
has to produce e.g. 1 ton of product, and the relative production rate
is, e.g., 1000 tons/year, the production rate of the system would be
of 3.17E—5 tons/s. The value of time s would be in total of 31,536 s
(ie., as a ratio between the functional unit and the production rate), to
be further specified in terms of time and location. For the time, it should
be considered that, for a system at continuous production, the emission
would take place during the day for 12/24 of the time, in the evening for
4/24 of the time, and at night for 8/24 of the time. Alternative produc-
tion rates or production systems with shifts may be used. Time can
be similarly apportioned to different locations (i.e. archetypal or
geographical).

Let us consider the case of a sound power level of 60 dB at a centre-
band frequency of 1000 Hz, as calculated following the indications of
the CNOSSOS report (European Commission, 2012). Similarly, we
could calculate sound power levels at other centre-band frequencies.
For a matter of simplicity of this didactic example, the value of the
sound power level has not any further specification than the frequency
specification i. In real applications, further local conditions of time and
locations may be considered if necessary. We can back convert the
sound power level of 60 dB to a sound power in joule/s, using the refer-
ence sound power level of 1072 dB (ISO 9613-1, 1993). Applying the
formula reported in Eq. (1) we can calculate the inventory items m;f
in joules that will function as inventory item in the inventory table rel-
ative to the example under study. The items to be inventoried would be
0.015768 ] for the day, 0.005256 ] for the evening, and 0.010512 ] for

the night. As we will see in the next section, these values will be multi-
plied by the appropriate CFs, to calculate the human noise impact at a
midpoint level.

2.2. Definition of spatial parameters and archetypal situations of emission

The environmental mechanisms involved in the propagation and
attenuation of sound emissions, and the relative noise impacts are
typically complex, non-linear and highly-dependent upon local circum-
stances. In order to operationalise the impact assessment model
described in Cucurachi et al. (2012) in line with ISO 9613-1 and ISO
9613-2 (ISO, 1993, 1996) and the CNOSSOS reference report (European
Commission, 2012), this contribution introduces a series of input param-
eters, constants and variables (see Table 2.1) that will be detailed in the
following sections and in Supplementary material 1.

The parameters defined in Cucurachi et al. (2012) were firstly
spatially-defined in raster maps (see Supplementary material 1), which
were meaningfully combined to obtain spatially-explicit CFs for EU27
(Eurostat, 2007) using ArcGIS 10 (ESRI, 2011).

The following dimensions were defined:

« octave: 63 Hz (44 to 88 Hz), 125 Hz (88 to 177 Hz), 250 Hz (177 to
354 Hz), 500 Hz (354 to 707 Hz), 1000 Hz (707 to 1414 Hz), 2000
(1414 to 2828 Hz), 4000 Hz (2828 to 5656 Hz), 8000 Hz (5656 to
11312 Hz);

Table 2.1
Parameters and variables used in the model.

Input Description” Unit/expression®

parameter?

Lw Background sound power level dB

T Temperature °C

Rh Relative humidity %

P Local pressure Pa

h Height of propagation m

d Distance from source to receiver m

S Surface of propagation m?

Nf Population Number?

p Population density Number

Wamb Background sound power WY

Pr Attenuation factor for protective measures dB

] Rate of use of protective measures %

am Room absorption parameter Number

Cref Ratio of conversion factors Number

D Directivity of sound propagation dB

C Constant transformation factor dB to Watt w

Prer Reference ambient pressure Pa

Prel Relative pressure Number

Kelvin Conversion factor from °C to°K Number

Tref Reference ambient temperature °C

Tiel Local temperature in Kelvin °K

Trel Relative temperature number

Tor Triple-point isotherm temperature °K

H Molar concentration of water vapour Number

fro Nitrogen relaxation frequency as in ISO 9613-1 Hz

frn Oxygen relaxation frequency as in ISO 9613-1 Hz

aatm Attenuation factor due to atmospheric dB/m
conditions

rc Sound absorbing characteristics of a room m?

R Sound absorbing characteristics of a room dB

o Frequency penalty dB

B Time penalty dB

Aatm Attenuation due to atmospheric conditions dB

Adiv Attenuation due to divergence dB

Aground Attenuation due to ground conditions dB

Apr Attenuation due to the use of protective dB
measures

Aextra Attenuation due to other factors dB

2 Symbol of parameters used in the model.

b Description of the parameter or model variable.

© Physical unit of the parameter or expression used to measure the quantity.

4 Dimensionless parameters, either a ratio of quantities or simply a unitless number.
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* time: day (7 amto 7 pm), evening (7 pm to 11 pm), night (11 pm to
7 am), and unspecified.

CFs in the spatial format were calculated using ArcGIS 10 (ESRI,
2011). A total of 32 CFs were produced. The resulting raster maps are
provided as Supplementary material 1 to this contribution.

Single parameters were obtained from various sources (see Table 2.1),
and adapted for the calculations described in the following sections.

The ETRS89 Lambert Azimuthal Equal Area (Annoni et al., 2003 ) was
defined for all raster layers and a cell size of 10 km was selected in line
with the available data. Given the different origin of all sources, process-
ing tools in ArcGIS were used to obtain raster maps with the suitable
level of spatial definition. Map algebra (Burrough and McDonnell,
1998) was, then, used to implement the calculations defined in the
Supplementary material. For those parameters whose value would not
change at different locations, a constant raster was defined and used
as an input for calculations (see Table 2.2).

The results obtained were used to elaborate archetypal situations of
emissions, i.e. urban, suburban, rural, industrial and indoor. Statistical
data was used for the definition and differentiation of parameters
amongst the defined dimensions. In all the cases when it was not possi-
ble to find suitable statistical support, the data available in a map format
and spatially-defined was analysed and provided a sufficient basis upon
which to develop calculations. The sources of the data are reported in
Table 2.3. The parameters used for the protective measures and the
rate of use of protective measures were defined only in the case of
indoor emissions.

Parameters and constants were combined together in a spreadsheet
compiled using Microsoft Excel (see Supplementary material 3).

The following dimensions were defined for this context:

* octave: 63 Hz (44 to 88 Hz), 125 Hz (88 to 177 Hz), 250 Hz (177 to
354 Hz), 500 Hz (354 to 707 Hz), 1000 Hz (707 to 1414 Hz), 2000
(1414 to 2828 Hz), 4000 Hz (2828 to 5656 Hz), 8000 Hz (5656 to
11312 Hz);

* location: urban area, suburban (i.e. residential) area with no nearby
traffic concern, rural area with no nearby traffic, industrial or
commercial area, indoor, and unspecified;

* time: day, evening, night, and unspecified.

Section 3 and the Supplementary material (see Supplementary
materials 2 and 3) provide the full set of factors for the defined dimen-
sions in both spatial and archetypal contexts.

2.3. Background conditions of exposure

The degree to which environmental noise affects humans (and other
species) depends on the ambient background conditions of the sound-
scape they are used to, as well as, to a certain extent, on the sensitivity
of each individual to sound changes above the background. It can be
demonstrated that human activities generate sound at growing intensi-
ties with growing population levels (US-EPA, 1974; Stewart et al,

Table 2.2
Specific parameters and resolution used in the spatial context.

Parameter Source of the data Spatial resolution
Ambient sound level [dB] EASA (2009) 10 km
Temperature [°C] Hijmans et al. (2005) 1 km ca.

Relative humidity at 2 m [%] Saha et al. (2010) 38 km ca.
Ambient pressure [kPa] ISO (1993, 1996) Set to 10 km
Average propagation height [m] This report Set to 10 km
Distance [m] This report Set to 10 km
Number of exposed subjects [number]  EASA (2009) 10 km

Elevation [m] Jarvis et al. (2008) 30 m

1999). Sound emissions are usually quantified in terms of a pressure
level in dB or scaled to the sensitivity to sound of the human hearing sys-
tem (in dBA). Alternatively, the sound pressure may be denoted by a
physical natural quantity (i.e. measured in pascals).

The background sound environment of a specific location may be
also measured by its sound power level. Availability of data in both
cases is limited. We use the sound power to indicate the physical natural
quantity (i.e. measured in watt), while sound power level here denotes
the sound power ratio (in dB) to a reference quantity of 1 picowatt
(pW).

A study by EASA (2009) reports sound pressure level using yet
another measure: L95, in dBA, for day, evening, and night. L95 defines
the sound pressure level exceeded for 95% of the time at a given location
(ie. only in 5% of the time the sound pressure level was less than L95).
Background sound pressure levels, as calculated by EASA, may be
defined as the sound pressure level at a location from a number of
more or less identifiable sound sources when the direct sound from
prominent sources is excluded (EASA, 2009).

In the context of acoustic ecology it would be defined as the reference
soundscape of a specific location. Using a more appropriate LCA termi-
nology, the background sound pressure level may be defined as the back-
ground sound of a location which was not yet perturbed by the
functional unit under study, whose sound power has been inventoried
in the LCI (i.e. life cycle inventory) table.

L95 represents a sound pressure level in dBA, which may be
transformed to a sound power in W. We are, in fact, interested in
the sound power of the environment under study. In other terms,
we assume that the environment where the emission takes place is
itself a source of sound emission with a certain sound power. This
“theoretical” source is a composition of sources already perturbing
the environment before the functional unit is active in it. The value
of the background sound power is in reality different across differ-
ent centre-frequency ranges, as it was the sound power inventoried
in the LCL Due to the limited availability of data, we considered the
value of the background sound environment as equal across all
centre-frequency bands. For the details of the calculation of the
L95 value we refer to the full BANOERAC report (EASA, 2009).

The CFs for midpoint noise impacts were defined in Cucurachi et al.
(2012) according to the classical LCIA characterisation scheme
(Pennington et al., 2004), as shown in Eq. (1):

CFicr =Y (FFics < EFicy)- 2
icf

Thus, the CFs for each of the defined spatial and archetypal
situations of emission were calculated by multiplying the FF and

Table 2.3
Specific parameters and sources used in the archetypal context.

Parameter Source of the data (elaboration from)

EASA (2009)
Hijmans et al. (2005)
Saha et al. (2010)

Ambient sound level [dB]
Temperature [°C]
Humidity [%]

Ambient pressure [kPa] SO (1993)

Average propagation This report
height [m]

Distance [m] This report

Population density Eurostat, 2007; Analysis of spatially-defined data in the
[people/km?] spatial context

Reference area [km?] Eurostat, 2007; Analysis of spatially-defined data in the
spatial context
Number of exposed Eurostat, 2007; Analysis of spatially-defined data in the
subjects spatial context
Use of protective measures Concha-Barrientos et al. (2004)
Rate of use of protective Concha-Barrientos et al. (2004)
measures
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the EF at a certain centre-frequency (i), time (c), and location (f).
The quantity which expresses the CF is person x Pa/W, which
would correspond to s+m™> using the SI standard units (Heijungs,
2005). If we consider that a sound emission, i.e. m;, is inventoried
in units of sound energy (in J), the noise impact on humans (HN)
can be expressed by the quantity person x Paxs, or using the SI
unit kg/m=s.

The background conditions of a situation of exposure constitute the
basis for the calculation of the fate factor (FF) described in Cucurachi
etal. (2012):

Cret « 10(Dc f*Au.f)/ZO' 3

/Wamb,

The FF is measured in Pa/W and defines the conversion of a source
sound power in watt (W) to a target sound pressure in pascal (Pa).
The fate factor reflects a marginal increase in the total ambient sound
power of octave-band i at time ¢, and at location f due to the fact that
a functional unit was introduced into the system, evaluated at the back-
ground level Wamb,z; taken into consideration the directivity of sound
(D¢y) and the various possible attenuations A;.. No differentiation for
centre-octave band was considered for the background, due to a limited
availability of suitably differentiated data. The detailed elaboration of
the calculations of the parameters considered for the FF, including the
background sound power, is provided in Section 2 of Supplementary
material 1 of this contribution.

The effect factor was defined by Cucurachi et al. (2012) as:

I:Fi.c,f =

EF,; = Np x 1040720, 4

The unit of the effect factor is person. Ny represents the population
size at the exposure compartment f at a certain time of the day c, ¢; is
the penalty (in dB) to be added to account for the A-level scale (ISO,
1996), B, represents the weighting of the sound emission (in dB) for
the time of the day the emission took place. All parameters and model-
ling choices are described in Supporting Material 1 to this contribution.

2.4. Indoory/localised occupational sound emissions

The CF defined for the calculation of outdoor emissions was extend-
ed to the case of sound emissions taking place indoors (see Section 3 of
Supplementary material 1). The expansion refers to the definition of an
indoor/localised occupational compartment of sound emissions (indoor
compartment, from now on). It models the exposure to sound emissions
which take place in an indoor environment (e.g. a print shop, a produc-
tion line in a factory) or to sound emissions which are localised at a
specific site (e.g. a construction site). The sound emissions considered
here can be defined as “occupational”. Therefore, they are specifically
oriented at investigating the effects of sound emissions (and noise) on
e.g., operators of plants, builders, musicians and, in general, all the
categories of workers operating with equipment which produces a
sound energy of constant or variable intensity and which are subject
to serious health burdens (Concha-Barrientos et al., 2004; Stewart
etal, 2011).

We extended the fate factor described in Cucurachi et al. (2012) to
the indoor compartment with the introduction of a term R, which
represents the refraction of sound indoors. The fate factor may be re-
written as:

Cref % 10[Dcf+R,_f—A,Ef]/zo_ 5

FFi.r =
el /Wamb, ;

The unit of the fate factor is Pa/W and maintains the exact same
meaning as described in Section 3. R represents the reverberant compo-
nent of sound in a space (i.e. room or localised site), measured in dB. It

expresses the acoustic properties of a room (or site), as a function of its
specific absorption properties and its surface (Schroeder, 2007).

The effect factor defined by Cucurachi et al. (2012) still holds for the
indoor compartment of emissions. In this case, the main difference is the
interpretation of the day/evening/night penalty B.. In the indoor
compartment, in fact, it does not refer to the sleep disturbance of indi-
viduals, since they are at work and typically not asleep. The penalty
here refers to the disruption of the regular biological clock as deter-
mined by evening and night working hours (WHO, 2001). The value
of Nf reported in the formula for the effect factor (see Supplementary
material 1) represents in the indoor case the number of workers ex-
posed to the sound emission.

3. Results: characterisation factors and sensitivity analysis

3.1. Definition and quantification of characterisation factors for noise
impacts on humans

A total of 248 CFs was calculated for the defined archetypal and
spatial contexts, based on the modelling decisions previously described
and detailed in Supplementary material 1 to this contribution. The CFs
are representative of a vast array of possible conditions of emission.

To support also the needs of a practitioner that would have complete
information on all sound emissions in a life cycle, we introduced
an extra CF in the system, in order to leave the user the possibility of
defining a “user-defined” context of emission. If enough information is
available, one could directly input the location-specific parameters
into the model, and have a customised characterisation factor as a result.
According to the information available, the practitioner may choose to
use 10-by-10-km maps and/or archetypes for different phases of a life
cycle, or, alternatively, define site-specific customised conditions. The
calculation sheet for the development of localised user-defined CFs is
provided in Supplementary material 4.

3.1.1. CFs under archetypal conditions

The fixed parameters reported in Table 3.1, allowed for the calcula-
tion of all the archetypal CFs, and are representative of the full set of
dimensions defined in Section 2.1. The case of either unspecified
frequency ranges, or unspecified time, or unspecified space, and all
possible permutations of the three cases also needed to be defined.
In some cases it was decided to take a regular mean or a weighted
(i.e. with a probability index) value of parameters across dimensions.
Given the impossibility of averaging several values of the background
sound power level across different dimensions, due to the logarithmic
scale used for the measurement of the parameters, a pessimistic
approach was considered and the maximum value in all cases was
selected. The underlying assumption is that the protection of the health
of the target should be paramount also at the modelling phase, thus the
background levels shall be in all cases the worst among day, evening
and night conditions.

The following assumptions were made:

Unspecified frequency: in this case, the central 1000 Hz frequency
was selected for the calculations as it is the central frequency range
for which no extra penalty has to be added in the calculation of
sound emissions in dBA (ISO, 1996). This frequency band is central
in the sound spectrum and provides a sufficient representation of a
sound, if unspecified. Input parameters for time and place did not
change.

Unspecified time: an average value of 7.5 dB was considered for penalty
{3 for day, evening and night emissions. For the calculation of the other
parameters, values were dimensioned according to the probability of
emissions taking place during different parts of the day. It was decided
to adopt a pessimistic view over reality, and therefore the highest
probability-weight was attached to “night-parameters”, then
to “evening parameters”, and a lower weight was assigned to
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Table 3.1
Parameters defined for the archetypal case.

Place Time Wamb [dB] T[°C] Rh [%] P [Pa] h [m] d [m] p [person/m?] S [m?] Nf [people] Pr [dB] ] QO
Urban Day 77 20 30 101325 3 10 200 20 4000 - - -
Urban Evening 82 16 60 101325 3 10 375 20 7500 - - -
Urban Night 84 12.8 60 101325 3 10 450 20 9000 - - -
Urban Unspecified 84 15.2 54 101325 3 10 3775 20 7550 - - -
Suburban Day 69 20 30 101.325 3 10 66.7 30 2000 - - -
Suburban Evening 75 16 60 101.325 3 10 1334 30 4000 - - -
Suburban Night 75 12.8 60 101.325 3 10 1334 30 4000 - - -
Suburban Unspecified 75 15.2 54 101.325 3 10 120 30 3600 - - -
Rural Day 62 20 40 101325 3 100 50 10 500 - - -
Rural Evening 68 16 70 101325 3 100 100 10 1000 - - -
Rural Night 68 12.8 70 101325 3 100 100 10 1000 - - -
Rural Unspecified 68 152 64 101325 3 100 90 10 900 - - -
Industrial Day 84 20 30 101325 3 10 66.7 30 2000 - - -
Industrial Evening 82 16 60 101325 3 10 50 30 1500 - - -
Industrial Night 78 12.8 60 101325 3 10 334 30 1000 - - -
Industrial Unspecified 84 15.2 54 101325 3 10 45 30 1350 - - -
Indoor Day 63 25 40 101325 3 1 0.033333 300 10 5 03 0.05
Indoor Evening 61 25 40 101325 3 1 0.026667 300 8 5 03 0.05
Indoor Night 58 25 40 101325 3 1 0.02 300 6 5 03 0.05
Indoor Unspecified 63 25 40 101325 - 1 0.024667 300 10 5 03 0.05
Unspecified Day 84 20 325 101325 3 325 94.5 22.5 2125 - - -
Unspecified Evening 82 16 62.5 101325 3 325 155.6 22.5 3500 - - -
Unspecified Night 84 128 62.5 101325 3 325 166.7 225 3750 - - -
Unspecified Unspecified 84 15.2 52.5 101325 3 325 1389 225 3125

“day-parameters”. The maximum background sound power level
was chosen.
Unspecified place: the values of the system parameters were
averaged across the 4 different outdoor places of emissions, differ-
entiated per day, evening and night, with unaltered values for the
frequency. The maximum background sound power level was
chosen.
Unspecified time and place: the values of the system parameters
were averaged, without any additional weight, across places and
times of sound emission considering the 12 different outdoor
contexts of emissions. Emissions across places and time were
assumed to be equally probable. Emissions taking place indoors
were excluded from the calculations, in light of the definition
given of the indoor compartment in Section 2.4. The maximum
background sound power level was chosen across the 12 different
outdoor contexts.

« Unspecified frequency and time: the values of the system parame-
ters were averaged across day, evening and night for each of the
defined places of emission. The maximum background sound
power level across day, evening, and night was chosen.

» Unspecified frequency and unspecified space: the central 1000 Hz
frequency was selected for the frequency, together with an aver-
age of all-day, all-evening and all-night values respectively. The
maximum background sound power level of all-day, all-evening
and all-night values, respectively, was chosen.

» Unspecified frequency, unspecified time and unspecified space:
the central 1000 Hz frequency was selected for the frequency,
and the values of all other parameters were averaged across 12
possible outdoor combinations of dimensions. The maximum
sound power level across all the possible outdoor combinations
was chosen.

The results of the calculations of the CFs for the 248 possible
combinations of the dimensions of sound emissions are reported in
Supplementary material 3 to this contribution.

If we focus on sound emissions at the central frequency of 1000 Hz
(in Fig. 3.1), it is possible to notice that the highest impact relates to
emissions taking place indoors, and at night, while those taking place
during the day in a rural area are the least impacting. The case of

unspecified emissions at an unspecified time scores lower than emis-
sions taking place during the day.

The trends reported for the lowest available octave band of 63 Hz
follow a similar trend as described above for emissions at 1000 Hz.
Fig. 3.2 reports the CFs for emissions in all archetypal compartments
at 63 Hz.

At urban locations and at day time the CFs change at varying
frequencies (Fig. 3.3), and the highest impact results at 2000 Hz.

3.1.2. Maps of CFs for EU27

In the spatial context, 32 maps of CFs with a 10-km? grid were
produced (see Supplementary material 1). They refer to emissions
taking place in EU27. Raster data was collected and analysed for all
the defined parameters. CFs are provided for eight centre-frequencies
(ie. from 63 to 8000 Hz) for day, evening, night and unspecified time.
In this case, the value of Wamb for the unspecified case was calculated
as a mean of the Wamb value for day, evening, and night.

For the case of unspecified frequency of emission, we recommend
considering the use of the CFs calculated at the central frequency of
1000 Hz.

We will focus the analysis on emissions at 63 Hz and compare those
taking place during day, evening, night or during an unspecified time
(Fig. 3.4). Following the colouring scale, the least affected areas are
shown in green, while the most affected are represented in dark red.
From the comparison of the maps it is clear that metropolitan areas
are the most sound-intensive locations, regardless of the time of the
emission.

Areas around bigger cities (e.g. Greater London area) are the ones
which show the highest values of CFs. Areas with CFs values close to
zero, or equal to zero, correspond to areas where attenuations are so
dominant to attenuate any effect of the sound emission. The model
adopted shows sensitivity to changes in emissions at different centre-
frequency ranges. The mean for CFs at 63 Hz during day time is 1757.05
person x Pa/W, with a standard deviation of 2634.63 person x Pa/W.
CFs for emissions taking place at night have the highest impact, with an
average of 7098.74 person x Pa/W and a standard deviation of 9134.29
person x Pa/W. During the evening the CFs at 63 Hz have a mean
of 2070.34 person x Pa/W and a standard deviation of 2827.88
person x Pa/W. In the case of unspecified time of emission, a mean of
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Fig. 3.1. Characterisation factor (in person-Pa/W) at 1000 Hz. In the figure: urb = urban; sub = suburban; rur = rural; ind = industrial; idr = indoor; u = unspecified;

d = day; e = evening; n = night.

2650.87 person x Pa/W was calculated, with a standard deviation of
3632.74 person x Pa/W.

At the same frequency, i.e. 63 Hz, CFs for day and evening have in all
cases a lower value than CFs for night and unspecified time. In Fig. 3.5
the difference is shown graphically. The highest differences are visible
(in red) around areas with higher population density and higher back-
ground sound levels.

3.2. Global sensitivity analysis applied to the noise impact model

For the calculation of CFs in both archetypal and spatial cases, it was
necessary to fix factors to a central value, either using data from the
literature or extrapolating data from the spatial analysis. We are
conscious that this decision introduces extra uncertainty into the overall
model. While it can be accepted that uncertainty is an intrinsic feature
of complex models (Couclelis, 2003), it does not exclude that much
can be done to manage and resolve uncertainties where possible. As
stated before in this report, spatial calculations are also the results of
assumptions and of the extension of characteristics defined for a specific
area to a greater or smaller area of reference. Therefore, they are also
uncertain.

We decided to corroborate the proposed model and calculations by
applying global sensitivity analysis (i.e. considering at once the full
range of input factors). For each parameter a sample distribution was
chosen as shown below (Table 3.2). We used the Monte Carlo method
(Caflisch, 1998) with quasi-random sampling to calculate 1000 samples
of each of the thirteen uncertain input factors considered in the noise
LCIA model. The sampling technique was selected to avoid clusters
and gaps, which may occur in samples generated randomly (Saltelli
et al., 2008). The quasi-random samples are random in the sense that
they are distributed uniformly across the entire sample space, but the
selection algorithm keeps the newly selected points away from the
already-selected ones, thus avoiding the phenomenon of discrepancy
(ie. the lumpiness of a sequence of points in a multidimensional
space; Saltelli et al., 2008).

Sensitivity analysis was conducted and the noise impact framework
was implemented in the software SIMLAB (Saltelli et al., 2004). The
variance-based method extended Fourier amplitude sensitivity testing
(eFAST, Saltelli et al., 2004, 2008 pp. 164-166) was used to study how
the variance of the output of the proposed model would depend on
the uncertain input factors (Saltelli et al, 2008). Variance-based
methods are based on the decomposition of the variance of a model
output such as V(Y) = V[E(Y|X;)] + E[V(Y]X;)], for any generic input
variable X; (Tarantola et al, 2002). For every input variable, eFAST
provides both the first-order sensitivity index (S;, i.e. the direct contri-
bution to the variance of each parameter) and the total-order sensitivity
index of each input parameter (Syj, i.e. the sum of all the sensitivity
indices, including all the interaction effects, involving that parameter).
Table 3.3 shows the first and total order indices for the noise impact
model calculated using eFAST. Each of the first order indices, i.e. S;
indicates by how much the output variance could be reduced if any
input X could be fixed to a nominal value (Saltelli et al., 2008), thus it
is equal to V[E(Y|X;)]/V(Y). The total sensitivity index Syj is a measure
of the overall effect of factor X; on the output, including also all the inter-
actions. It corresponds to the expected variance that is left when all
factors are fixed (Saltelli et al, 2008); thus, Sy; = V[E(Y|X,))]/V(Y),
where X_; indicates that all factors are considered but X; (Tarantola
et al,, 2002). The calculation of Syj allows identifying non-influential
factors in a model, rather than prioritising the most influential ones.

The indices were calculated both for the final CFs but also for the EF
and FF. For the EF, the penalty 3 has the highest S index. For instance, the
result would suggest that the size of the penalty matters in the overall
result, therefore the model is sensitive to the extra values in dB added
to day, evening and night emissions. The directivity of sound (D), the
background sound power (Lw), and the distance from source to receiver
(d) contribute to most of the variance of the FF. The uncertainty of the
attenuation factor included in the model could be reduced if the direc-
tion of propagation of sound, the actual background sound power at
the location, and the actual distance were known. In this case, the sum
of the S;s does not equal to 1, which suggests higher order interactions
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Fig. 3.2. Characterisation factor (in person-Pa/W) at 63 Hz. In the figure: urb = urban; sub = suburban; rur = rural; ind = industrial; idr = indoor; u = unspecified; d = day; e =

evening; n = night.

among parameters, which suggests that the model is non-additive and
non-linear (Saltelli et al., 2008).

As for the CF, which is a product of the FF and the he EF, a similar
set of parameters resulted as being statistically important, with the
addition of the frequency of emissions (Freq) appearing to be the
most relevant values.

The Sy; (Table 3.3) confirms that higher-order interactions are present
and need to be taken into account for the complete understanding of the
model. As Saltelli et al. (1997) propose, a set of input parameters with
total sensitivity index greater than 0.8 can be regarded as ‘very impor-
tant’, between 0.5 and 0.8 as ‘important’, between 0.5 and 0.3 as
‘unimportant’, and less than 0.3 ‘irrelevant’. In the case of our model,
interactions highlight how all the included parameters are important,
because of the higher order interactions between them. The distance d

from the source to the receiver is still the most influential value, together
with the directivity index D and the penalty 3 (i.e. Sy; = 0.89). The
frequency of the sound emission comes right after with a St of 0.88.

3.3. A possible transition to the endpoint

So far we have dealt with a model that stops at the midpoint of the
impact pathway. Sound emissions have been characterised using the
impact assessment model detailed in Cucurachi et al. (2012). The results
relate to the sound pressure that, for the time the functional unit under
study is active in the product system under study, each individual
experiences at a certain location, time of the day, and with a certain
frequency of emission (see Heijungs and Suh, 2002 on the computational
structure of LCA). In order to more easily compare the impacts from
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Fig. 3.3. Characterisation factor (in person-Pa/W) in a urban area during day time at eight centre-octaves and unspecified frequency.
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Fig. 3.4. Characterisation factor in map at 63 Hz for day, evening, night and unspecified time, at 63 Hz for EU27.

sound emissions to those of other emissions, it may be interesting to
move to the endpoint level.
The human noise midpoint, HNmidpoino may be defined as

HNpnidgpoint = Z Z Z m; . x CF s 6
T

where m;; represents the inventory quantity in joules as calculated
in Section 2.1, and CF;s refer to the characterisation factors, in
person x pascal x s, for the relative specific i, ¢, and f conditions
of emission/exposure, as calculated and detailed in the previous
sections.

In order to move to the endpoint, it is necessary to find the suitable
conversion factor that converts the HNpjigpoine in person x Pa x s, to a
quantity in a unit, such as the DALY scale, which would allow for the com-
parison of noise impacts to other impacts to the human health area of
protection. Hence, the human health endpoint in DALYS, HHendpoint
may be calculated using a certain mid to end conversion factor, in
DALY/person x Pa x s, as

HHendpo int = HNmidpoint X midtoend 7
and, consequently,

HH :
mid,,end = _cndeoint 8

Nmidpo int

In order to quantify the mid_to_end conversion factor, it is necessary
to refer to studies that have calculated the HHenapoine fOr a certain
geographical extent for which enough data is available, using a certain

disability weight. A study from WHO (2011) on the burdens of disease
from noise calculated the impact from environmental noise in DALYs
from a considerable part of the EU, with some exceptions due to lack
of exposure data. The study provides sufficient data for The
Netherlands that can be used for the purpose of this contribution
to quantify the conversion factor from midpoint human noise to
endpoint human health. A total of 25,000 DALYs was calculated
for the sole nocturnal exposure to noise with a disability weight
of 0.07. For The Netherlands, Hollander et al. (1999) calculate the
burden from environmental noise using a disability weight of 0.01
for severe annoyance and sleep disturbance. The study calculates
a total of 28,690 DALYs lost due to residential noise as a function
of the two combined environmental factors.

In order to calculate the mid_to_end conversion factor for the case of
The Netherlands, the HNpidpoint N€€ds to be calculated. To this end, we
resorted to the spatially-explicit CFs described and calculated in
Sections 2 and 3 of this contribution. By means of ArcGIS (ESRI, 2012),
we calculated the HNpigpoine as a function of the background sound
pressure L95 provided by EASA (2009). Due to data limitations, we
considered the sound pressure level L95 as unspecified in terms of fre-
quency, but differentiated per time (i.e. day, evening, night), and
location (i.e. The Netherlands). The corresponding background sound
power level was calculated as described in Supplementary material 1
of this contribution, and converted to a quantity in joules considering
a time frame of 1 year. We did not consider here any specific functional
unit or life cycle, but the sound power background level as calculated for
The Netherlands as a function of all active static and moving sources of
sound emissions, and normalised for a 1 year time frame.

A total of 7.82E + 8 person x Pa x s was calculated: respectively,
3.18E + 8 for day, 2.67E + 08 for evening, and 1.96E + 8 for night
emissions. For comparison, we calculated the value of mid_to_end
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applying Eq. (7) and using both the DALYs totals as calculated by
Hollander et al. (1999) for day evening and night emissions, and the
DALYs calculated by the WHO (2011) for the same geographical extent.
The mid_to_end conversion factor as calculated using Hollander et al.
(1999) amount to 2.9061E —5 DALY/person x Pa x s. Alternatively, a
value of 2.13E —4 DALY/person x Pa x s was found applying the WHO
(2011) assumptions for the evening condition.

4. Conclusions, future agenda and potential expansion of the model

This contribution proposes CFs which are immediately usable for the
calculation of the impact of noise on humans at a midpoint level for any
sound-emitting source, or combination of emitting sources. The meth-
odology can be also applied with minor adjustments (e.g. frequency of
interest, number of exposed subjects) to target systems other than
human beings. The provided CFs can be implemented in any of the
available LCA databases for impact-assessment systems.

The calculations are based on the assumption that the level of detail
of CFs may be more or less of interest for practitioners and researchers,
based on the amount of information that is available to them in a specific
case. In total, 248 potential CFs were calculated (i.e. 32 spatial and 216
archetypal). Most life cycles will require the use of multiple CFs and
even the combination of both spatial and non-spatial factors, based on
the amount of data that is available and on the complexity of the system
under study. The additional possibility of using user-defined values as
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input is allowed for the expansion of contexts of emissions and their
adaptation to the specific needs.

The CFs are applicable to life-cycle aggregated sound emissions,
measured in joules. The goal of the methodology is not to support
the quantification of noise emissions in a life cycle of a complex product
system. The procedure for obtaining these frequency-, time-, and
location-specific data from dB that belong to individual unit processes
has been described by Cucurachi et al. (2012). The standard databases
with process data for LCA do not contain noise emissions, thus more
investigations are needed at the inventory level to use the characterisa-
tion factors as elaborated in the present work. The literature provides
already enough information to analyse specific cases, such as the
proposed CNOSSOS report (European Commission, 2012). Nevertheless,
we will demonstrate the use of the CFs in a future case study.

The CFs provided are in person x pascal/W, or s*m~>. The measure
provides a midpoint characterisation factor for the impact of noise on
humans. The quantification of the amount of DALYs that are associated
with the quantity expressed by the midpoint CFs may be used to
provide a measure of the noise impacts at an endpoint level. The calcu-
lation of the DALYs associated with noise has been extrapolated from
past studies by studying data from surveys on noise annoyance and
level of disturbances (Miedema and Vos, 1998; Miiller-Wenk, 2004;
WHO, 2011). The conversion of person x pascal x s in the DALY scale
was proposed with reference to the case of The Netherlands, for which
sufficient information was available. Itsubo and Inaba (2008) developed
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Fig. 3.5. Difference between CF at 63 Hz night and CF at 63 Hz unspecified.


image of Fig.�3.5

290 S. Cucurachi, R. Heijungs / Science of the Total Environment 468-469 (2014) 280-291

Table 3.2
Description of uncertain input factors.

Statistical definition of parameters

Parameter Symbol Distribution Mean ° or left Standard
[unit] bound® or discrete  deviation®
values® or right bound” or
discrete values®
Ambient Lw Normal 20 10
sound
power level
[dB]
Frequency fm Discrete [63; 125; 250; 500;  [0.1; 0.1;
[Hz] (equiprobable) 1000; 2000; 4000;  0.15;0.15; 0.15;
8000] 0.15; 0.1; 0.1]
Temperature T Uniform 0 25
[deg]
Relative Rh Uniform 10 90
humidity [%]
Pressure [kPa] P Uniform 10 101325
Average h LogUniform 2 8
propagation
height [m]
Distance [m] d LogUniform 5 50
Reference area S LogUniform 5 30
[km?]
Number of Nf Normal 1000 300
people
Directivity D Discrete [3;6;9] [0.7; 0.15; 0.15]
[dB]
Frequency a Discrete [—26.2; —16.1; [0.1; 0.1; 0.15;
penalty [dB] —86; —3.2;0;1.2; 0.15;0.15; 0.15;
1;1.1] 0.1;0.1]
Time penalty {3 Triangular ¢ [0; 5; 10] -
[dB]
Ground G Uniform 0 1
composition
coefficient

2 The mean and standard deviation are provided in the case of normal, lognormal, and
loguniform distributions.

b Left bound and right bound are provided for uniform distributions.

¢ Discrete values are provided for discrete and triangular distributions.

4" The time penalty > was assumed triangularly distributed, according to the pessimistic
approach used in the calculations, according to which a higher penalty was attributed to
emissions taking place at night.

a damage function for noise impacts associating the corresponding
value in DALYs with a sound energy emission in joules for Japan.
These results may provide an interesting basis for comparison, once
suitable inventory data is available at the right level of geographical
specification also for Japan. We intend to go towards this direction,
also making use of the results available in the literature of the impacts
of noise on health (see for instance, Fyhri and Kleboe, 2009; Pirrera
et al., 2010). The assumption of linearity allowed for the quantification
of a conversion factor, but may introduce uncertainty that needs to be
further investigated into the calculations. The comparison of results in
a complete case study involving also the study of other environmental
impacts in a complete product system is under development within
the LC-IMPACT project of the EU (www.lc-impact.eu) and will certainly
be a test bed for our methodology.

The result of the global sensitivity analysis allowed for a better com-
prehension of the model structure when parameters are independent.
The first order and total order sensitivity indices that we calculated
already provide an idea of the areas where investments may be made
to reduce uncertainty. We saw, in fact, that it is risky to fix some values
to a central value without carefully thinking over their contribution to
the variance of the output and the high-order interactions between a
parameter and the others. The results provide a good basis on which
to expand the analysis of the framework and through which to improve
data collection. The limited availability of data (e.g. only one trustable
source for background sound levels) and the highly-localised nature of
the impacts may pose a challenge to the collection of information for

some of the parameters. As stated in Borgonovo et al. (2012), without
a proper sensitivity analysis one is exposed to the so-called black-box
effect, namely the risk of not fully understanding the behaviour of the
model on which analyses and decisions are based. The use of global
sensitivity analysis techniques should become standard practice also
in the LCIA development. Several applications of sensitivity analysis
techniques have, in fact, improved the understanding and the perfor-
mance of complex environmental systems (see, for instance, Fassé
et al, 2003; Borgonovo et al, 2012). As was shown in the case of
noise, the development of spatially-explicit CFs does not statim reduce
uncertainties. In our case, the lack of data did not allow us to go to a
finer resolution than 10 km?. In order to also evaluate the right scale
of spatial definition for the development of maps of CFs, a global sensi-
tivity analysis should be conducted. The application of sensitivity analy-
sis to environmental risks and impacts may have to handle a large set of
input data, especially in the case of spatially and temporally-variable
systems. Techniques have been developed to overcome such issues
through the use of meta-models (Marrel et al., 2011). In this context, a
Gaussian process model as developed by Marrel et al. (2011) can and
should be used to calculate sensitivity indices (or index maps) and
process uncertainties also in the case of high dimensional output of a
model, as are characterisation maps in LCIA.
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Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2013.07.080.

Table 3.3
First and total order sensitivity indices.

First order indices Total order indices
(S (Smy)
Input variable (Xj)/model output (Y) EF FF CF EF FF CF

Lw 0.050 0.129 0.118 0436 0.804 0.746
Freq 0.092 0.005 0.106 0.791 0.102 0.874
T 0.075 0.071 0.032 0689 0.655 0.354
P 0.035 0.077 0.091 0406 0.761 0.778
Rh 0.083 0.045 0.042 0750 0477 0.460
h 0.066 0.017 0.067 0625 0.243 0.626
d 0.061 0.103 0.108 0.554 0.857 0.882
S 0.080 0.042 0.059 0719 0330 0.584
Nf 0.035 0.023 0.084 0404 0325 0.723
D 0.075 0248 0.113 0.600 0.907 0.891
(4 0.099 0.088 0.002 0814 0.768 0.799
B 0.217 0.009 0.108 0911 0217 0.883
G 0.033 0.028 0.048 0386 0329 0477
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