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No Matter – How?
Dealing with Matter-less Stressors in LCA of Wind Energy
Systems

Stefano Cucurachi, Coen C. van der Giesen, Reinout Heijungs, and Geert R. de Snoo

Summary

The portfolio of impacts that are quantified in life cycle assessment (LCA) has grown to
include rather different stressors than those that were the focus of early LCAs. Some of the
newest life cycle impact assessment (LCIA) models are still in an early phase of development
and have not yet been included in any LCA study. This is the case for sound emissions and
noise impacts, which have been only recently modeled. Sound emissions are matter-less,
time dependent, and bound to the physical properties of waves. The way sound emissions
and the relative noise impacts are modeled in LCA can show how new or existing matter-
less impacts can be addressed. In this study, we analyze, through the example of sound
emissions, the specific features of a matter-less impact that does not stem from the use of a
kilogram of matter, nor is related to the emission of a kilogram of matter. We take as a case
study the production of energy by means of wind turbines, contradicting the commonly
held assumption that windmills have no emissions during use. We show how to account
for sound emissions in the life cycle inventory phase of the life cycle of a wind turbine and
then calculate the relative impacts using a noise LCIA model.
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Introduction

When conducting a life cycle assessment (LCA) activities
which are related to and affected by a functional unit should
be included in the life cycle inventory (LCI), and then in the
life cycle impact assessment (LCIA) (Rugani et al. 2012). Orig-
inally, only impacts (and activities) related to physical extrac-
tions and emissions, thus to material inputs and outputs from
a product system, were modeled in LCA (Udo de Haes et al.
2004). During the last decade, however, researchers expanded
the boundaries of LCA, also allowing other impacts to be in-
cluded in the cases in which the relationship to a functional
unit is not mediated by the extraction/emission pattern.

A number of stressors (i.e., pressures on the environment)
that are included or recommended for inclusion in the LCA
framework are not substance induced, nor directly related to
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emissions and physical exchanges of matter with the environ-
ment. Stressors such as noise or light pollution are forms of
matter-less emissions, which cannot be directly accounted for
by, for example, respiration or food consumption. In particu-
lar, we define here as matter-less stressors those that are not
related to a release of a certain quantity of matter (e.g., kg of
carbon dioxide). Moreover, the damage such stressors deter-
mine involves a mix of physio- and psychological conditions of
exposure that make their analysis rather situation specific. The
process of modeling such matter-less impacts has not developed
as fast as that of the traditional substance-induced impact cat-
egories. The reasons behind this slower pace of development
reflects the difficulty of modeling the stressors in a way that ac-
commodates the computational structure of LCA (see Heijungs
and Suh 2002) or the level of knowledge of the mechanisms
that determine their impacts (see Cucurachi et al. 2012).
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Examples of matter-less stressors, for which methodological
attempts have already been made, include land use (Milá i
Canals and de Baan 2015; de Baan et al. 2013; Brandão and Milá
i Canals 2013), noise (Cucurachi et al. 2012; Cucurachi and
Heijungs 2014), and thermal pollution (Verones et al. 2010).
In other cases, matter-less impacts have been related to the
exchange of a certain quantity of matter between the ecosphere
and the biosphere. This is the case of the introduction of exotic
species by means of freight transport of goods, as described by
Hanafiah and colleagues (2013), and the impacts of ionizing
radiation resulting from the release of radioactive substances
(Frischknecht et al. 2000).

The case of noise (see Cucurachi et al. 2012; Cucurachi
and Heijungs 2014) is used in this study as an exemplar model
type to illustrate how to deal with matter-less emissions and
impacts. We analyze the case of wind turbines to test the ap-
plicability of a noise-impact method and to further understand
the importance of the analysis of emerging impacts in the field
of LCA. Whereas existing LCA studies show that upstream
processes in the life cycle contribute the most to emissions and
impacts (see, e.g., Dolan and Heath 2012), we show that it is
now possible to quantify the noise impacts of wind turbines dur-
ing their operation and during other phases of their life cycle
phases in which sound is emitted. The operation of this type
of system produces emissions that are not related to a release
of matter, but do have, just like, for example, toxic emissions,
an impact on the population living in the area surrounding a
turbine.

The remainder of the article is organized as follows. We first
clarify the specificities of matter-less stressors for the LCI and
LCIA phases of LCA. We then quantify noise emissions and
show the impact of noise for configurations of wind turbines that
vary by physical (e.g., height of the hub) and local conditions
(e.g., wind speed). The article closes with concluding remarks
regarding the importance of noise in the life cycle of wind
turbines.

The Input, the Output for Matter-less
Stressors

The Inventory Analysis and the Relationship
to a Functional Unit

In LCA, the study of a life cycle of a product system scales
all inputs to the functional unit that best represent the goal and
scope of the system under analysis. The usual way to proceed in
the LCI phase is to detail the conversion of inputs (e.g., prod-
ucts, waste, and resources) into outputs (e.g., products, waste,
and residuals to the environment; Curran [2012]). For some
unit processes and/or stressors, the relationship between inputs
and outputs is not immediately obvious. We show that, in some
cases, before an emission can be recorded in the inventory table,
it is necessary to define a further emission-specific conversion
factor that allows for similar emissions across the life cycle to be
compared. In general, the LCI phase deals with the represen-

tation of the relationship between flows of inputs and outputs
and unit processes. Using a simple representation, one could
describe a unit process as in figure 1.

To express all resource inputs and emissions per unit of prod-
uct following the notation introduced in figure 1, the process
must be multiplied by a scaling factor 1/D. Note that this scaling
factor has the dimension of time. It can be interpreted as the
time it takes for the unit process operating at full production vol-
ume to produce 1 unit of product (Heijungs and Suh 2002). The
resource input then becomes B × 1

D and the emission E × 1
D .

These results are in kg. For the case of C, and considering, as
in the example, a land-use input, we would proceed by calcu-
lating C × 1

D , thus with the dimension square meters× years
(yr) (Brandão and Milá i Canals 2013). So far, this works fine,
because products, mass, and area are aggregable quantities. Let
us consider a matter-less output, see, for example, F in figure 1.
If we consider the example of sound, the output is typically
expressed in decibels (dB), which, in contrast, may not be ag-
gregated by simple addition because the unit is logarithmic. As a
result, dB is inconvenient for the purely linear aggregations and
additions that are common in LCA. It must be first converted
into an energy unit (the joule) to be aggregable. The amount
of sound thus becomes g (F ) × 1

D , where g(F) is a transforma-
tion function (Cucurachi et al. 2012; Cucurachi and Heijungs
2014). This result is in watts (W) × yr, which corresponds to
joules (J).

The crucial element of this whole discussion is in the func-
tion g, which transforms a nonmaterial elementary flow (i.e.,
an input or output flow to a unit process or product system
originating or ending up in the environmental system) that
is nonaggregable into an aggregable one. The transformation
function g is defined according to the local conditions of the
system under study and to the specific properties (i.e., physical
or otherwise) of the matter-less emission under consideration.
Several local parameters (e.g., production rate of a system, speed
of a vehicle) may be needed according to the type of matter-less
emission under consideration.

Life Cycle Impact Assessment

Once the LCI phase is concluded, if enough information
has been stored in the LCI, a suitable impact assessment model
for a matter-less stressor thus would have to take into account
a series of emission-specific properties and solve all potential
nonlinearities. Nonlinear cause-effect curves are common also
for other material impact pathways. The impact score for that
specific impact category under consideration would be obtained
simply by multiplying the characterization factor by the related
inventory item. For some matter-less impacts that are highly
localized (e.g., that depend on population density or the am-
bient pH), time specific (e.g., that depend on the time of the
day or the year), or property specific (e.g., that depend on the
frequency or polarization), a system of characterization factors
will be needed to represent all possible conditions of fate, effect,
exposure, and damage.
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Figure 1 Inputs and outputs of a unit process in the LCI phase. The flows here include a time-based property, in contrast to the usual
LCA practice where the flows are written as amounts (“kg”, “product”, and so on). LCI = life cycle inventory; kg = kilogram.

The Life Cycle of a Wind Turbine

Wind Energy, Wind Turbines, and their Impacts in Life
Cycle Assessment

Wind turbines are considered a promising “sustainable” en-
ergy source for our energy supply portfolio and have become
one of the most often cited sources of electricity generation
to address, for example, climate-change issues (Doblinger and
Soppe 2013; GWEC 2013). With the exception of direct solar
heat and light, wind energy is believed to have the least adverse
environmental impacts of all renewable energy technologies
(Premalatha et al. 2014). Though these features of wind power
are promising, the use of kinetic energy for the production of
power does not come free of impacts.

Within the field of LCA, Dolan and Heath (2012) identi-
fied 240 LCA studies that have investigated the environmental
impacts of electricity from on- and offshore wind farms. To
our knowledge, none of these studies accounted for the im-
pacts during the use phase of the wind turbine, apart from the
impacts related to the maintenance and lubrication of compo-
nents. Researchers thus assume that wind turbines do not have
any direct measurable environmental impact related to their op-
eration. However, a variety of potential environmental effects
have been related to wind turbines in analyses outside of LCAs.
These include noise, electromagnetic interference, visual im-
pacts, impacts on wildlife, and, the more recently investigated,
impacts on local weather and surface temperature (Boyle 2004;
Walsh-Thomas et al. 2012; Zhou et al. 2012; Premalatha et al.
2014; Vautard et al. 2014).

Recent developments in LCIA (see Cucurachi et al. 2012;
Cucurachi and Heijungs 2014) allow one to quantify sound
emissions related to any sound-emitting source, including static
sources (e.g., a wind turbine), and mobile sources (e.g., trans-
portation means) in all life cycle stages. Noise is the most fre-
quently identified issue related to the setting up of a wind farm
(Tabassum-Abbasi 2014).

Goal and Scope of the Study

The goal of the current study is to evaluate the impacts
of sound emissions from resource extraction to operation for

wind turbines next to commonly measured impacts. We com-
plement the inventory of the recent study by Caduff and col-
leagues (2012) with inventory data regarding the emission of
sound and with the background data provided by the ecoinvent
database version 2.2 (Frischknecht et al. 2005). A variety of
wind turbine configurations are compared to show how prone
to variability sound emissions and impacts are, depending on
the local conditions under study. The LCA software CMLCA
version 5.2 (Heijungs 2013) was used to model the different
configurations and perform the analysis and calculations.

System Definition and Relationship
to the Functional Unit

The model defined by Caduff and colleagues (2012) uses
scaling and size equations to identify the relationship between
a certain configuration of wind turbine and the elementary
flows (e.g., materials used and assembly of a component of the
generator). Basic wind power equations are used to calculate
the produced electricity per year (i.e., in kilowatt-hours per year
[kWh/yr]) at different nominal powers and similar hub heights
and diameters. A functional unit of 1 kWh was selected. In
the current study, we adopt a similar system definition as in
Caduff and colleagues (2012) and include in the analysis the
following phases of the life cycle: resource extraction; material
manufacturing and processing; production of the components;
transport to the erection site; turbine maintenance and disposal;
and turbine operation (see figure 2 below).

Because of lack of specific data, we excluded from the anal-
ysis the energy for the assembly of components and for the
decommissioning of the wind turbine (see Caduff et al. 2012).
Inventory data for resource extraction, transportation of com-
ponents, material manufacturing, disposal, and land use were
associated to each of the components of the wind turbine
(i.e., rotor, nacelle, tower, foundation, cables, and electro-
box) according to the indication of Caduff and colleagues
(2012).

In this study, we selected a number of representative con-
figurations based on the availability of sound emissions data
for models of wind turbines analyzed in Caduff and col-
leagues (2012). Varied local conditions were defined in order
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Figure 2 System flow chart: definition of elementary flows and input-output relationships. Boxes represent processes, arrows represent
products.

to highlight the influence on sound emissions of different local
conditions of wind speeds and revolutions per minute (RpM),
also for systems with the same nominal power, but different
hub heights and diameters. The defined configurations are re-
ported in table 1 and were used to calculate the total poten-
tially produced electricity following the engineering approach
detailed in Caduff and colleagues (2012). As reported in table
1, higher wind speeds correspond to a lower time to produce
1 kWh of energy. We report in table 1 also the capacity fac-
tors obtained applying the calculation procedure described in
Caduff and colleagues (2012). The average capacity factor for
the analyzed wind turbines was 22%, in line with the aver-
age European value reported by Boccard (2010) and Arvesen
and Hertwich (2012) for onshore installations. Installations at
lower wind speeds at hub height resulted in a lower capacity
factor (see, e.g., configurations [A11] and [A38] in table 1).
Further assumptions related to the physical relationships (e.g.,
efficiency factors and losses) between engineering parameters
and the inventories were maintained.

The study by Caduff and colleagues (2012) was comple-
mented with information related to the sound emissions of the
wind turbines. We obtained sound power levels from the study
by Zanetta (2008), in which experimental and extrapolated

data are provided for a variety of configurations of wind turbine.
The sound power level of a source is expressed in dB relative
to a reference sound power of 1 picowatt (i.e., 10–12 W).This
quantity is commonly used to account for the logarithmic per-
ception of sound by humans. The corresponding sound power
is the amount of sound energy a source emits by converting a
different kind of energy (e.g., mechanical) into sound energy,
with the loudness of the sound depending on how rapidly such
a conversion takes places (see Blackstock [2000] for a thorough
study). For a sound source, unlike sound pressure, sound power is
neither room dependent nor distance dependent. Sound power
is a measure of the sound energy produced versus time, thus it
has units of J per second (i.e., W). In the life cycle under study,
both the mechanical and aerodynamic specifications of the tur-
bines contribute to the sound power levels reached by the wind
turbine (Pedersen and Waye 2004). As a modeling simplifica-
tion, we assume a constant speed of operation of the turbines,
thus no variation over time of the sound power. Later, at the
LCIA phase, the time component of the emission (i.e., related
to the conversion factor previously introduced) contributes
to the identification of the time in which the wind turbine
operates. It also accounts for the intermittency of the energy
flows determined by the mechanical motion that determines

Cucurachi et al., Matter-less Stressors in LCA 73
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Table 1 Configurations of wind turbine considered in this study

Produced Time for the
Wind Revolutions electricity system to produce

Nominal Powera speed per minute Hub height per year Capacity functional unit
Configuration [kW] [m/s] Diameter [m] [1/min] [m] [kWh/yr]b factor [%] of 1 kWh [s]

[A1] 500 8 37 30 56 7.50E+05 17 42
[A2] 500 8 40.3 38 65 8.35E+05 19 38
[A3] 500 10 40.3 38 65 1.63E+06 37 19
[A4] 600 8 44 34.5 78 9.20E+05 18 34
[A5] 600 9.5 44 34.5 65 1.67E+06 32 19
[A6] 600 8 44 34.5 65 9.95E+05 19 32
[A7] 600 8 46 25 56 1.16E+06 22 27
[A8] 600 9.5 46 25 56 1.94E+06 37 16
[A9] 600 8 42 28.2 56 9.66E+05 18 33
[A10] 600 8 48 23 56 1.26E+06 24 25
[A11] 800 5 48 29.5 56 3.08E+05 4 102
[A12] 800 6 48 29.5 56 5.33E+05 8 59
[A13] 800 7 48 29.5 56 8.46E+05 12 37
[A14] 800 8 48 29.5 56 1.26E+06 18 25
[A15] 800 9 48 29.5 56 1.80E+06 26 18
[A16] 800 10 48 29.5 56 2.47E+06 35 13
[A17] 1,500 10 70 19 65 4.92E+06 37 6
[A18] 1,500 8 66 22 67 2.21E+06 17 14
[A19] 1,500 10 70.5 20 65 4.99E+06 38 6
[A20] 1,500 8 70.5 20 65 2.55E+06 19 12
[A21] 1,500 8 77 18 100 2.53E+06 19 12
[A22] 1,500 10 70 19 65 4.92E+06 37 6
[A23] 1,500 9 70.5 20 56 3.88E+06 30 8
[A24] 1,500 8 70.5 20 65 2.55E+06 19 12
[A25] 1,500 8 77 18 56 3.25E+06 25 10
[A26] 1,500 8.4 77 18 56 3.76E+06 29 8
[A27] 1,500 10 70 19 65 4.92E+06 37 6
[A28] 1,500 8 64 17.3 80 1.93E+06 15 16
[A29] 1,500 8 72 17.3 64 2.68E+06 20 12
[A30] 1,500 7.7 82 14.4 93.6 2.64E+06 20 12
[A31] 1,500 8.3 70 19 114 2.21E+06 17 14
[A32] 1,500 10 70 19 56 5.24E+06 40 6
[A33] 1,650 8 82 14.4 93.6 2.96E+06 20 11
[A34] 2,000 6 71 20 64 1.10E+06 6 29
[A35] 2,000 8 71 20 64 2.61E+06 15 12
[A36] 2,000 9 71 20 64 3.71E+06 21 8
[A37] 2,000 10 71 20 64 5.09E+06 29 6
[A38] 2,000 6 82 19 85 1.30E+06 7 24
[A39] 2,000 7 82 19 85 2.06E+06 12 15
[A40] 2,000 8 82 19 85 3.08E+06 18 10
[A41] 2,000 7 82 17.1 80 2.12E+06 12 15
[A42] 2,000 7.6 92.5 15 80 3.45E+06 20 9
[A43] 3,000 8 104 15.3 56 5.93E+06 23 5

Note: Local and technical specifications determine the effective electricity produced by each system.
aThe nominal power indicates maximum power that can be safely converted by the wind turbine.
bThe output electricity produced by the wind turbine is calculated based on the engineering equations reported in Caduff and colleagues (2012).
kW = kilowatts; m/s = meters per second; m = meters; l/min = liters per minute; kWh/yr = kilowatt-hours per year; kWh = kilowatt-hours; s = seconds.

the sound emission (i.e., the turning of the blades). In the LCIA
phase, the variation of sound pressure resulting from local con-
ditions is also introduced (see Cucurachi et al. [2012] for more
details).

Process Data and Assumptions

Given the emphasis of the current study on introducing
sound emissions and noise impacts in an LCA, the inventory

74 Journal of Industrial Ecology



R E S E A R C H A N D A N A LYS I S

data were based on the existing LCI from Caduff and colleagues
(2012). We used the modeling principles reported in the main
body and supplementary information of Caduff and colleagues
(2012) to define the configurations of interest reported in Table
1. The analysis of the use phase of all the 43 configurations of
wind turbine was complemented in the current study with their
relative sound emissions.

Inventory of Sound Emissions

In the life cycle of each wind turbine, data availability al-
lowed us to associate sound emissions to the following processes
in the life cycle: transportation of components by freight train
and lorry; transportation by passenger car for the maintenance
of the turbine; excavation of the foundations of the wind tur-
bine; and actual operation of the system.

As recommended by Cucurachi and Heijungs (2014), we
collected for each of the relevant sound-emitting phases of the
wind turbine life cycle the respective sound power levels. Sound
power levels were differentiated where possible in octave bands
and expressed in the logarithmic dB scale. In order to obtain
a sound energy in J, the following transformation function was
applied (Cucurachi et al. 2012) (equation 1):

m =
(

10−12 × 10
Lw
10

)
× t (1)

where m represents the sound energy in J to be inventoried
at the LCI stage, Lw represents the sound power level in dB,
and t represents the time in seconds in which a certain process
is working for the output under study (thus implicitly for the
functional unit) at a specific time of the day and at a specific
location. Emissions are recorded at a specific center-frequency
band, time of the day, and location. The sound power level
Lw depends only on the center-frequency band and does not
change according to the time of the day and location. The time
t is calculated based on the input-output rate of production
of the process under study and varies per time of the day and
location. The factor 10−12 has a unit of W.

Transportation

At different phases during the life cycle of a wind turbine, a
variety of basic components need to be transported, for exam-
ple, from the production site to the assembly site. This study
included transportation by freight train, lorry, and passenger
vehicle. Sound power levels for each transportation mode were
calculated based on Common Noise Assessment Methods in
Europe and attributed to the transportation modes used in the
study (CNOSSOS-EU; Kephalopoulos et al. 2012).

Transport demands (i.e., the amount of tonne-kilometers per
person-kilometers [tkm/pkm] of each transport mode per func-
tional unit) from Caduff and colleagues (2012) and ecoinvent
were used. The process of transportation of goods has, in the
ecoinvent database, the unit of tkm or pkm, which represents
the transport of 1 tonne of goods/person by a given transport
mode over a distance of 1 kilometer (km). For each of the

various transport modes, different assumptions and calculations
were necessary to associate to a tkm/pkm the relative time t
necessary to transport a certain good/person for the functional
unit under analysis (i.e., 1 kWh). Details of the calculations
are reported in the Supporting Information available on the
Journal’s website. All the calculated values of sound energy in
J were associated as environmental extensions to the operation
of each transportation mode in CMLCA.

Excavation of Foundations

In the process of excavation of the foundation work for a
wind turbine, the time calculated corresponds to the time nec-
essary for a hydraulic digger to excavate the material for the
foundation. The process of excavation by hydraulic digger was
selected from the ecoinvent database. The sound power level
for the hydraulic excavator was defined according to the coun-
cil directive 2005/88/EC of the European Commission (EC)
(EU 2005) and represents the maximum sound power level
permitted for excavator loaders. A combined sound energy of
9.064 × 10–01 J per cubic meter was calculated and associated
in CMLCA to the environmental extensions related to the
excavation process.

Use Phase of the Wind Turbine

We selected 43 configurations reported in table 1. For the
configuration of 3,000 kW (i.e., identified with configuration
number 43 in table 1), we assumed similar sound power levels
as for the 3,600-kW configuration reported by Zanetta (2008).
In order to measure the time necessary for the wind turbine to
produce 1 kWh, the total produced electricity over the 20-year
lifetime of the wind turbine was calculated for each configura-
tion. Time in seconds per 1 kWh was then obtained, and the
respective sound energy per octave-band center frequency was
recorded as an environmental extension of each wind turbine
during the use phase (see the Supporting Information on the
Web). Sound energy values were recorded assuming the instal-
lation of the turbine in a rural location and at an unspecified
time of the day. The conditions defined in Cucurachi and Hei-
jungs (2014) apply to the archetypes used. Archetypes refer
to classes with specific features, thus to representative condi-
tions of frequency of the sound emitted, time of the day of the
emission, and location of the emission.

Inventory of Other Elementary Flows

Other processes in the life cycle were selected from ecoin-
vent based on the indications in Caduff and colleagues (2012).
Calculations are reported in the Supporting Information on the
Web. A lifetime of 20 years was assumed also for all components
of the wind turbine: nacelle; rotor; tower; foundation; cables;
and electronic box. The total electricity produced per year,
and per lifetime of the generator, was calculated using stan-
dard equations of wind power systems (see Caduff et al. 2012;
Table 1, p. 4727).
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Characterization of the Inventory

The latest update of the CML-IA database of midpoint char-
acterization methods was used (Van Oers 2013). Inventory data
were characterized (ISO 2006) using the CML-IA characteriza-
tion factors. We complemented the CML-IA method with the
noise impact assessment method for the quantification of the
impacts of noise on humans and characterization factors as pro-
vided by Cucurachi and Heijungs (2014). The method provides
a list of characterization factors of sound emitted at specific fre-
quency bands, time of the day, and locations. It was not possible
to define, at the time of the analysis, a specific country of instal-
lation of the wind turbine; therefore, only illustrative locations
of emissions (and exposure) were considered. Other inventory
items were characterized according to the CML-IA list.

Results

Analysis of Noise Impacts on Humans

The noise results after characterization are expressed in units
of person × pascal × second and indicate, at the midpoint level,
the amount of sound pressure each person exposed to a sound
power would receive per second, integrated over the full life cy-
cle. The results links, according to the traditional International
Organization for Standardization (ISO) 14044 characterization
scheme (ISO 2006), the inventory item m specified at the in-
ventory stage with the specific characterization factors defined
for different center-frequency bands, times of the day, and lo-
cations of emission. The resulting human-noise impacts ranged
between 15,000 and 43,900 person × pascal × second, respec-
tively the total noise impact values for configuration [A37] and
[A41] (see figure 3 below). The lowest score was obtained for
the configuration at a nominal power of 2,000 kilowatt-hours
(kW), with a wind speed of 10 meters per second (m/s), a diam-
eter of blades of 71 meters (m), a height of the hub of 64 m, and
a total speed of 20 RpM. Conversely, the highest score was ob-
tained for the wind turbine with a nominal power of 2,000 kW,
a wind speed of 7 m/s, speed of 17 RpM, a height of the hub of
80 m, and a diameter of the wind turbine of 82 m.

The results do not suggest a clear pattern that links the noise
impacts to specific values of nominal power, rotational speed,
and hub heights. The calculation of the Pearson correlation
coefficient did not highlight any strong correlation for the data
representing the 43 configurations. A significant negative cor-
relation of –0.5 was found only between the wind speed and the
noise impacts, suggesting an increase of noise impacts at lower
wind speeds. The wind speed is directly related with the time
that the wind turbine needs to obtain a functional unit, thus to
obtain 1 kWh of electricity.

The analysis of the relative contributions in the life cycle
allows the identification of the most relevant processes in con-
tributing to the noise impacts for each configuration. As shown
in figure 3, the share of noise impacts attributable to transporta-
tion by freight train ranged between 1% and 10% of the total
impacts. The impacts determined by transportation by lorry

ranged between 4% and 24% of the total noise impact. The
operation of the wind turbines dominates the remaining of the
impact per functional unit (see figure 3 below). The excavation
of a foundation and the use of a passenger car for the mainte-
nance of the wind turbines contributed to approximately 1%
of the total noise impacts for all configurations. The combined
contribution of transportation determined 34% of the overall
impact for configuration [A11].

During the use phase in the life cycle of a wind turbine,
sound is emitted by the functioning of the mechanical com-
ponents (e.g., yaw motors) and by the aerodynamic flow of air
around the blades and tower (Pedersen and Waye 2004). Aero-
dynamic sound emissions determining a “whooshing” sound are
highly variable and dependent upon the technical features of
the wind turbine and upon the local atmospheric conditions
(e.g., wind speed, RpM). According to the literature, the dom-
inant component is usually in the range of 500 to 1,000 Hertz
(Hz) (see Pedersen and Waye 2004). For the case of trans-
portation, emissions in the urban and suburban contexts at
around 1,000 Hz represented the dominant source of impacts.
For the operation phase of the wind turbines, frequencies in
the range of 500 to 2,000 Hz were the highest contributors to
the total noise impacts for the smaller-sized configurations. At
increasing nominal power, frequencies in the lower range of
the spectrum (<500 Hz) contributed the most to the impact,
suggesting the prevalence of humming sounds determined by
the rotations of the blades. According to Bolin and colleagues
(2011) and Møller and Pedersen (2011), the relative amount of
low-frequency noise is higher for large turbines than for smaller
ones with a prevalence of annoyance and sleep disturbance
perceived at or below 250 Hz. In the case of the biggest con-
figuration considered in our analysis, the dominating frequency
was 63 Hz (see the Supporting Information on the Web for a
detailed presentation of results).

In all cases, the operation phase contributed to noise im-
pacts at least as much as the transportation-based sources of
sound. Although bigger designs have a lower impact per func-
tional unit, the frequency content of the emission highlights
an interesting policy outcome. Big turbines are linked to sound
emitted at lower frequencies, and such frequencies determine
the majority of complaints in areas that are close to human
settlements.

In figure 4 below, we take the wind turbine with the biggest
nominal power of 3,000 as a reference and compare the resulting
noise impacts with other turbines. Impacts are normalized to the
reference impact. Four configurations score higher noise impacts
than the reference. The results confirm that no clear pattern can
be devised by solely looking at the nominal power of the turbine
under study; thus, the biggest turbine in the set considered does
not necessarily carry the highest impact, as shown by Caduff
and colleagues (2012), for other traditional impact categories.

Analysis of Other Impacts

The results obtained by applying the CML-IA impact cat-
egories to the configurations are reported in detail in the
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Figure 3 Share of the noise impacts determined by the operation of the wind turbine, by transportation by means of freight train, and
transportation by means of lorry. The remaining sound-emitting sources accounted for approximately 1% of the total and are not reported
in the figure.

Figure 4 Noise impacts at different configurations compared to the impact score of the wind turbine with a nominal power of 3,000 kW
[A43]. Impacts are normalized to the impacts of this configuration. kW = kilowatts. The values following the configuration names at the top
of the graph indicate the nominal power and the subsequent letters indicate the sequential order at similar nominal powers. A negative
value indicates that the wind turbine configuration has higher noise impacts than the wind turbine with a nominal power of 3,000 kW.

Supporting Information on the Web and by accessing the
project file in CMLCA. We focus here on the performance
of a selection of configurations, using one configuration per
each class of nominal power. The worst and best performers in
terms of noise impacts (i.e., [A37] and [A40]) are also included.
Table 2 reports the results for this selection of configurations.

In the selection of CML-IA impact categories reported in
table 2, configurations [A37] and [A43] result as best perform-
ers (see the Supporting Information on the Web for further
details on the other configurations). The worst performer per
functional unit is the configuration with a nominal power of
800 kW [A11]. The local environmental conditions strongly
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Table 2 Selection of CML-IA impacts for a number of configurations

Power [kW] 500 600 800 1,500 1,650 2,000 2,000 3,000
Unit

Configuration [A1] [A8] [A11] [A17] [A33] [A37] [A40] [A43] [per KWh]

Impact categories
FSET 1.21E-01 5.11E-02 2.91E-01b 4.15E-02 6.87E-02 3.00E-02a 4.96E-02 4.65E-02 kg
GW20a 3.37E-02 1.67E-02 9.88E-02 1.22E-02 2.02E-02 1.15E-02 1.89E-02 1.08E-02 kg
GW100a 3.01E-02 1.50E-02 8.87E-02 1.09E-02 1.81E-02 1.03E-02 1.69E-02 9.74E-03 kg
TAE 7.30E-06 5.54E-06 2.92E-05 3.61E-06 5.99E-06 3.48E-06 5.75E-06 2.00E-06 kg
MAE 2.64E-02 1.23E-02 6.83E-02 1.00E-02 1.66E-02 7.22E-03 1.19E-02 1.01E-02 kBq
FAE 5.21E-02 2.28E-02 1.29E-01 1.87E-02 3.11E-02 1.34E-02 2.22E-02 2.00E-02 kg
OD 1.52E-09 1.23E-09 6.41E-09 7.18E-10 1.19E-09 6.25E-10 1.03E-09 5.42E-10 kg
HT 1.54E-01 5.92E-02 3.21E-01 4.45E-02 7.37E-02 3.33E-02 5.49E-02 6.80E-02 kg
Low NOx PO

(Europe)
9.32E-06 3.73E-06 2.25E-05 3.22E-06 5.34E-06 2.89E-06 4.77E-06 2.75E-06 kg

High NOx PO
(Europe)

1.04E-05 5.35E-06 3.05E-05 4.25E-06 7.05E-06 3.58E-06 5.91E-06 3.24E-06 kg

Malodourous air
(global)

5.07E+02 2.20E+02 1.29E+03 1.83E+02 3.03E+02 1.66E+02 2.74E+02 1.51E+02 kg

Ionising radiation
(global)

1.05E-10 5.67E-11 3.15E-10 3.82E-11 6.33E-11 3.45E-11 5.70E-11 3.68E-11 kg

Depletion of abiotic
resources (global)

–2.20E-04 –1.10E-04 –6.30E-04 –7.94E-05 –1.30E-04 –7.24E-05 –1.20E-04 –6.83E-05 kg

Note: See the Supporting Information on the Web for the complete list of results.
aBold numbers indicate lowest values in the selection.
bItalicized numbers indicate highest values in the selection.
kW = kilowatts; FSET = freshwater sedimental eco-toxicity (measured with the global freshwater sedimental ecotoxicity potential with a time horizon
of 20 years); GW20a and GW100a = global warming measured, respectively, with the global warming potential with a time horizon of 20 years and 100
years; TAE = terrestrial eco-toxicity (measured with the global terrestrial eco-toxicity potential with a time horizon of 20 years); FAE = freshwater aquatic
eco-toxicity (measured with the global freshwater aquatic eco-toxicity potential with a time horizon of 20 years); OD = ozone layer depletion (measured
with the global ozone depletion potential with a time horizon of 20 years); HT = human toxicity (measured with the global human toxicity potential
with a time horizon of 20 years); low NOx PO = photochemical oxidation low NOx; MAE = marine aquatic eco-toxicity; kWh = kilowatt-hours; kg =
kilograms; kBq = kilobecquerel.

influence the performance of this wind turbine. The calculated
wind speed at hub height is low, corresponding to a low ca-
pacity factor. As a result, the impacts per functional unit are,
in most cases, an order of magnitude higher than the other
configurations. For the case of noise impacts, this configuration
performs 10% better than [A30]. Such a result is owing to the
lower sound power level for the corresponding nominal power,
local conditions of wind speed, and physical parameters of the
turbine. These results are contrary to the widespread view that
smaller wind turbines carry higher impacts under all local con-
ditions (i.e., of wind speed, hub height, RpM, and diameter).
The score of the contributions to the global warming impact
are in line with those found in the review by Arvesen and Her-
twich (2012). Values of Pearson correlation around 0.7 were
found between noise impacts and the other impacts reported in
table 2.

Concluding Remarks

We presented a detailed analysis of the case study of wind
turbines, which includes, for the first time, the evaluation of the
impacts of sound emissions across all phases of the life cycle of

a wind turbine. Through the test case of the wind turbine, we
have shown in detail how sound emissions may be associated
with a variety of processes in a life cycle, from extraction of
resources to operation, and how these can be modeled. The
selection of the life cycle of a wind turbine allowed assessments
of the impacts of an emerging technology, on which a great
deal of hope is put in future energy scenarios (see, e.g., Krewitt
et al. 2009; SSREN 2011). We show that it is important to
also include in the analysis those impacts that are related to
the operation phase of the life cycle. Similar conclusions may
be drawn for other emerging technologies (e.g., electric cars),
which are claimed to have negligible impacts during their use.
Some of these impacts will prove to be non-negligible when a
suitable method becomes available to quantify them.

The results show that it is now possible to compare the
human-related noise performance of systems with a similar
functional unit and similar definitions. Variations in local con-
ditions (e.g., wind speed) are important to quantify the noise
impact.

For the other impacts considered, the local conditions do
not seem to have a strong influence on the entity of the impacts
and the conclusion of Caduff and colleagues (2012) holds; thus,
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bigger wind turbines have lower impacts per functional unit (see
the review of Arvesen and Hertwich [2012]).

Previous studies of noise in the context of LCA focused on
the transportation sector (see, e.g., Althaus et al. 2009a, 2009b).
In the current study, we showed that it is possible to associate
noise emissions during the operation of the system and also to
transportation and excavation in the background system. Such
an approach permits the inclusion of the study of noise impacts
in LCA in line with other impact categories. Characterization
factors for noise impacts quantified in a variety of representative
contexts could now be potentially included in LCA databases
(e.g., ecoinvent) and regularly used in case studies.

The limits of the currently available LCA studies of wind
turbines are amply discussed by Arvesen and Hertwich (2012)
and are outside the scope of the current study. We only note
that particular attention should be given to the modeling of an
accurate capacity factor that best represents the location when
the system operates. Selecting too high capacity factors influ-
ences the meaning of results. The inventory of the wind turbine
configurations was composed using data already available in the
study of Caduff and colleagues (2012), and therefore uncertain-
ties and limitations in that research may be assumed for the
current study. For the case of sound emissions, the quality of
data varied. The availability of a report specifically oriented
toward the operation phase of wind turbines allowed for an
accurate modeling of sound power levels at specific local con-
ditions, but limited the number of considered configurations to
just a set of 43. For other configurations, a case-by-case analysis
would be needed. For sound emissions from different transport
modes, it was possible to use the CNOSSOS reference report
(Kephalopoulos et al. 2012), which also allows for an accurate
modeling of sound power levels. For the excavation of the foun-
dations, the data found were not detailed in terms of frequency
bands; thus, it was not possible to give this extra nuance in
the specification of the characterization of the emission data.
The selection of the sound power level as a measure of sound
emissions proved to be a reasonable modeling expedient, which
simplifies the collection of sound emission data.

From a methodological standpoint, the criteria used for the
inventory of sound emissions may serve as a basis for the devel-
opment of other types of matter-less physical impacts in LCA
that, like sound and noise, do not stem from the extraction
or release of a kg of matter. The process of linearization and
inventory of sound emissions by means of a time-based fac-
tor provides indications on how other physical impacts may
be analogously modeled. In order to open up the LCA frame-
work to new impacts that do not have the traditional extrac-
tion/emission features, these indications may come handy to
approach the modeling phase, especially in the case of matter-
less emissions and impacts. LCA, however, should not aim to
measure all possible impacts, and guidelines should be followed
on which impacts to include and to which to give priority (see
Cucurachi et al. 2012). For an assessment, especially at a very
local level of detail, other decision-support tools in the envi-
ronmental sciences would be more suitable and would provide
less uncertain results.

The ongoing modeling effort to provide LCA with a growing
level of spatial detail (see, e.g., Mutel et al. 2011) and temporal
detail (Tessum et al. 2012) will certainly help giving the LCA
framework the possibility to portray a wide variety of local con-
ditions of emission and exposure. However, this current study
shows how difficult it is to model geographical differences when
no specific information is available on the location in which cer-
tain emissions took place. In principle, the model by Cucurachi
and Heijungs (2014) provides spatially explicit characterization
factors for the European Union (EU). The use of such factors
in the current study was of limited interest because it was not
possible to specifically relate emissions to a certain location. In
future studies, if extra information on the specific location of
a wind turbine is available to the practitioner, those location-
specific characterization factors may be used. However, even
then we should check the balance between the added value of
a regionalized approach and the added efforts to do the analysis
(cf. Heijungs 2012).
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emissions for transportation processes and the excavation of the foundation with a hydraulic digger.

Supporting Information S2: This supporting information S2 provides extensive detail related to the inventory assumptions
and the calculations used in this study.
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(b) a CMLCA file that contains the full data set used for the case study. All wind turbine configurations modeled in the
study are reported.
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