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Abstract: Oceans represent more than 95% of the world’s biosphere and are among the richest 
sources of biodiversity on Earth. However, human activities such as shipping and construction of 
marine infrastructure pose a threat to the quality of marine ecosystems. Due to the dependence of 
most marine animals on sound for their communication, foraging, protection, and ultimately their 
survival, the effects of noise pollution from human activities are of growing concern. Life cycle 
assessment (LCA) can play a role in the understanding of how potential environmental impacts are 
related to industrial processes. However, noise pollution impacts on marine ecosystems have not 
yet been taken into account. This paper presents a first approach for the integration of noise impacts 
on marine ecosystems into the LCA framework by developing characterization factors (CF) for the 
North Sea. Noise pollution triggers a large variety of impact pathways, but as a starting point and 
proof-of-concept we assessed impacts on the avoidance behaviour of cetaceans due to pile-driving 
during the construction of offshore windfarms in the North Sea. Our approach regards the impact 
of avoidance behaviour as a temporary loss of habitat, and assumes a temporary loss of all 
individuals within that habitat from the total regional population. This was verified with an existing 
model that assessed the population-level effect of noise pollution on harbour porpoises (Phocoena 
phocoena) in the North Sea. We expanded our CF to also include other cetacean species and tested it 
in a case study of the construction of an offshore windfarm (Prinses Amalia wind park). The total 
impact of noise pollution was in the same order of magnitude as impacts on other ecosystems from 
freshwater eutrophication, freshwater ecotoxicity, terrestrial acidification, and terrestrial 
ecotoxicity. Although there are still many improvements to be made to this approach, it provides a 
basis for the implementation of noise pollution impacts in an LCA framework, and has the potential 
to be expanded to other world regions and impact pathways. 

Keywords: noise pollution; life cycle assessment; impact assessment; marine ecosystem; North Sea; 
pile-driving; harbour porpoise 

 

1. Introduction 

The world’s oceans are important for all life on Earth, including human well-being [1]. Global 
economies and communities are dependent on the natural assets and the services that oceans provide. 
Nearly three billion people rely on fish as their main source of protein [2], and more than 10% of the 
global human population depends on the fishery and aquaculture industry for their livelihood [3]. 
Oceans are also increasingly important for recreation and tourism, and crucial for international 
shipping transport [4]. Indirectly, oceans benefit human well-being by producing nearly 50% of the 
oxygen and absorbing one-third of the CO2 in our atmosphere [5]. The total economic benefits 
generated by ocean sources are estimated to be worth at least 2.5 trillion U.S. dollars each year [6]. 
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Nevertheless, humanity is mismanaging the oceans [4]. The average per capita consumption of 
fish is increasing rapidly [2], because of both capture fisheries and aquaculture. Aquaculture 
operations may lead to noise impacts on both captive species and wild species in the surrounding 
[7,8]. Simultaneously, ship traffic (including for capture fisheries) today is three times larger than it 
was two decades ago [9], and more than one-third of oil and gas comes from offshore sources [10]. 
All these industrial activities are expected to expand even further due to the growth of human 
population [2], exacerbating pressures such as overexploitation, pollution, and destruction of habitats 
[4]. At the same time, only 3.4% of marine ecosystems are under protection, of which only parts are 
effectively managed [4]. The Living Blue Planet Report 2015 by the World Wide Fund for Nature 
(WWF) presented alarming declines in marine biodiversity, estimating that average population levels 
of marine vertebrate species have a 

lmost halved over the last forty years [4]. These trends may have impacts throughout the whole 
food web and ultimately change marine ecosystem functioning in general [11]. 

One pressure that is expected to increase and is considered to be an emerging issue of great 
detriment to ecosystems is noise pollution [12,13]. In water, sound propagation is greater than light, 
and therefore marine life has evolved to use sound for communication, feeding, navigation, and for 
their perception of the environment around them [14,15]. Sound is thus of critical importance to the 
survival of marine animal species, particularly for fish and mammals [14,16]. Noise pollution can 
therefore contribute to substantial stress and loss of biodiversity [17]. Multiple studies report 
evidence of death of individuals, reductions in population numbers, decreases in species diversity, 
damage to hearing organs, increases in stress levels and disruptive behaviour, as well as habitat 
displacement [11,18–23]. Noise pollution is considered a serious threat [12,14]. However, the fact that 
underwater noise pollution is of concern for marine biodiversity has only recently reached 
recognition on both a scientific and managerial level. The International Whaling Commission (IWC) 
discusses the issue of noise impacts on whales (e.g., from pile driving) as well and gives 
recommendations regarding the problems of underwater noise in several reports (e.g., [24,25]). 
However, the impacts are still not covered in any decision-support tools. To effectively implement 
regulations on underwater noise pollution, and therefore mitigate its impacts, a good understanding 
of how potential environmental impacts are related to industrial processes is required and needs to 
be implemented in decision-support tools. A method that can be used for this purpose is life cycle 
assessment (LCA). LCA systematically assesses the environmental impacts of a product or service 
over its entire life cycle, from which opportunities for improvement can be identified [26,27]. In the 
life cycle impact assessment (LCIA) phase, the environmental significance of the emissions and used 
resources collected in the life cycle inventory is evaluated [27] with the help of characterization factors 
(CF) (see also Figure 1). LCIA quantifies the contribution of each emission or used resource to 
different environmental impacts, per unit of product or service; the functional unit (FU) [28], such as 
the environmental impact of transporting a product over a certain distance. Models characterize 
impacts via midpoint indicators (indicating the potential impact at a chosen location along the impact 
pathway), and continue towards endpoint level indicators (indicating potential ecosystem damage) 
[29]. Normally, endpoint indicators are aggregated into three areas of protection (AoP): human 
health, ecosystem quality, and resource scarcity [30]. For our purposes of method development, only 
ecosystem quality is relevant.  

Although some effort to include the impacts of noise on human health exist [31–33], there is 
currently no globally operational characterization factor (CF) for noise pollution impacts on human 
health in general and no approach exists for impacts on ecosystems. The aim of this paper is to present 
first steps towards an operational approach for integrating noise pollution impacts on marine 
ecosystems into the LCA framework, by developing preliminary CFs for noise impacts on cetaceans 
in the North Sea from pile driving. We test the relevance and applicability of this CF in a case study 
of offshore wind power production (see choice of impact pathway in Section 2.1). We are aware of 
the limitations of our study in terms of geographical and taxonomic coverage, as well as data input 
and complexity for more fine-scaled models. We, therefore, conclude this paper by making 
recommendations for urgently needed research. 
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Figure 1. Schematic flowchart for the steps of performing an LCA from the life cycle inventory to the 
different stages in the LCIA (midpoint levels, endpoint levels and aggregated endpoints. Note that in 
the endpoint impact categories only the metric relevant for ecosystem quality is given. From the 
aggregated endpoints (to the area of protection), only “ecosystem quality” (in red) is relevant for our 
purpose.  

2. Material and Methods 

2.1. Choice of Impact Pathway and Affected Species 

The marine environment contains many different species, both plants and animals, but the 
effects of underwater noise pollution have only been studied on animal species so far. As shortly 
described earlier and shown in different articles (e.g., [34–37], the effects of marine noise on marine 
species are manifold, depending on the noise source and species’ sensitivity. Anthropogenic ocean 
noise can come from many different sources, such as marine traffic, seismic exploration, sonar, 
deterrent devices, and construction work [38]. Depending on the sound intensity, the effects range 
from physical injuries and hearing loss, to masking of communication, behavioural changes, and 
increased stress levels [39]. The large range of noise sources and different effects results in a large 
variety of pathways in which the marine environment can be impacted by noise pollution. However, 
for simplicity, we will focus on one pathway to start with, i.e., one effect from one noise source on 
one species. 

From the amount of literature on noise pollution impacts available, it can be concluded that 
marine mammals, and in particular cetaceans, are the most sensitive species (e.g., [40,41]). In addition, 
they are regarded as the best bioindicator of the ocean’s acoustic tolerance limit, because of their 
exclusive dependence on acoustics for their survival [41]. Cetaceans were therefore chosen as the 
species group of interest for this study.  

The choice of noise source and its effect was based on a trade-off analysis between available 
studies, based on the quality and the quantity of their available data required in an LCA context, the 
modelling potential of the impact pathway for inclusion in an LCA framework, and the increasing 
importance of the noise source. A total of 23 studies containing quantitative data were assessed by 
assigning qualitative weights on a scale from zero to five to the different parts (data availability, 
modelling potential, etc.). A list with all studies and weights can be found in the Supplementary 
Materials (Excel file). We are aware that there are many more ecological studies describing effects of 
different noise sources on cetaceans and do not aim to perform a comprehensive analysis here. The 
highest score was found for a study that presents the impacts of pile-driving activities during the 
construction of offshore wind farms on the harbour porpoise in terms of avoidance behaviour [42]. 
This study was thus taken as a starting point. This study builds on a model that assesses the 
population consequences of disturbance (PCoD) of marine mammals [43] in order to assess the 
cumulative effects of impulsive underwater sound from the pile-driving activities during the 
construction of offshore wind farms on the harbour porpoise population in the North Sea [42]. The 
relevance of the chosen impact pathway and species is highlighted by a substantial amount of 
ecological literature related to the impacts of pile driving on harbour porpoises (see e.g., [44–48]). The 
PcOD model is also described in more detail in New et al. [49]. The model is based on case studies of 
different species (e.g., elephant seals and beaked whales) and is a further development of the PCAD 
model, in order to include other disturbances than just noise and to include effects both on the 
behaviour and the physiology of the species [50]. The PCAD model (Population Consequences of 
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Acoustic Disturbance) was originally developed by the National Research Council of the United 
States [51]. 

2.2. Constructing the Characterization Factor 

To construct a characterization factor (CF) for the avoidance behaviour of harbour porpoises due 
to pile-driving during the construction of offshore wind farms, the approach by Heinis et al. [42] was 
combined with the multi-step framework from Cucurachi et al. [31], as explained further below. In 
general, models for developing CFs for impacts on ecosystems in LCA consist of two to three parts: 
(1) a fate factor (telling us how an emission distributes in the environment); (2) an exposure factor 
(quantifying how many species/taxonomic groups are exposed and how the emission reaches them); 
and (3) an effect factor (describing the consequences of the emission on the species, e.g., death or 
reduced functionality) [30]. Often, exposure and effect factor are combined as one factor (also called 
effect factor). 

2.2.1. Sound Propagation and Fate Factor 

To determine the environmental significance of a sound emission, the amount of sound that 
reaches the receiver has to be known. The approach for determining this used by Cucurachi et al. [31] 
is slightly different from the approach used by Heinis et al. [42]. Cucurachi et al. [31] define a fate 
factor as a marginal increase of the sound pressure received, due to a marginal increase of the sound 
power emitted, compared to the ambient background level. Since for most areas the ambient 
background level is unknown in marine ecosystems, this is not a convenient approach. What the two 
approaches agree on is that the fate factor for noise pollution refers to the propagation of sound, and 
thus how much of the emitted sound reaches the receiver. Heinis et al. [42] use the sound exposure 
level (SEL) as a measure for the sound level that is received by an animal. This is defined as the 
“decibel level of the cumulative sum-of-square pressures over the duration of a sound for sustained nonpulse 
sounds where the exposure is of a constant nature” [16]. The approach from Heinis et al. [42] calculates a 
single exposure equivalent of the constant sound, and assumes that no recovery of the animal takes 
place between exposures. The sound level at the source and the propagation loss in the environment 
have to be known to calculate the SEL received by an animal. The sound level that is received by an 
animal equals the emitted sound level by the source minus the propagation loss PL due to 
environmental conditions such as salinity, temperature, and bathymetry. 

Heinis et al. [42] use the sound propagation model AQUARIUS, developed by the Netherlands 
Organisation for Applied Scientific Research (TNO), to calculate the loss of sound and subsequently 
the SELs around a sound source. They also produce sound maps to visualize the sound levels in an 
area. The AQUARIUS model, however, was unavailable to us. Other open-source sound propagation 
models are available, but require not only the sound level from the source as an input but also data 
on the bathymetry of the area, wind speed, or other environmental conditions. This data is often 
unavailable (or has high uncertainties). Therefore, we used a simplified method to calculate sound 
propagation based on only spherical spreading loss, described by Equation (1) [52].  = 20 log ( ) (dB)  (1) 

where PL is the propagation loss in dB and R is the distance from the sound source in metres.  
This is a simplification of reality due to a lack of data, but has been used before for modelling 

acoustic propagation in marine environments [53]. Source levels are generally calculated by back-
propagating measured SELs using only spherical spreading loss [52], as is the case in the study by 
Heinis et al. [42]. They assumed that for the calculation of the propagation of piling noise, the 
measurements from the Prinses Amalia wind park (PAWP) (a wind park off the coast of The 
Netherlands), as presented by de Jong and Ainslie [54], can be used as a basis for all noise estimations 
of monopile driving in the North Sea. De Jong and Ainslie [54] included noise measurements from 
other pile-driving activities at several distances between 1 km and 10 km, and found that the trend 
of spherical spreading loss provided a good fit. They measured that at a distance of 1 km, the SEL of 
the PAWP was 172 dB re 1 µPa2-s. Because we know that the received SEL at 1 km equals the emitted 
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sound level minus the propagation loss at 1 km, the value of 172 dB re 1 µPa2-s can be back-
propagated to obtain the emitted sound level. We then used this emitted sound level to calculate the 
SELs over a larger range of distances.  

2.2.2. Affected Animals and Modelling of a Midpoint Characterization Factor 

For calculating a midpoint characterization factor, the sound propagation (fate factor) is 
combined with an exposure factor, which is describing the exposure to the noise impact on a 
population due to an emission, in numbers of affected animals. In toxicity, it is common to use a 
critical level of an emission from a dose–response curve [55]. However, for noise pollution such 
curves only exist for one impact pathway: the probability of harassment from sonar on odontocetes 
and mysticetes [56]. Because neither the data nor a dose–response curve exist for our impact pathway 
of interest, we follow the approach of Heinis et al. [42] of using a threshold level of 136 dB for 
avoidance behaviour of harbour porpoises, which was derived from a study on behavioural 
responses of harbour porpoises to different sound levels [42]. Any behaviour with a response score 
of 5 or higher on the severity scale presented by [16] was considered avoidance behaviour [42]. It 
should be noted that the methodology by Southall et al. has been criticized for not being applicable 
to countries other than the U.S. because it is targeted towards its policies [48] and also because it is 
based on a few captive animals, which may insufficiently reflect the response of wild animals [57]. 
Nevertheless, we think it is still a sufficiently good approach for a first attempt at integrating noise 
impacts into an LCIA framework. 

Combining the sound propagation calculation from Equation (1) with the threshold level for 
avoidance, the avoidance distance and subsequently the avoidance area (assumed to be circular) can 
be calculated (see Equation (2)). Offshore wind farms are often constructed close to the shore, and 
thus part of the circle that the avoidance distance forms will be on land and will not affect the marine 
ecosystem. The PAWP was constructed at a distance of 26 km from the Dutch coast. By standard 
calculations for a circular area segment, and the assumption of a straight shoreline, the area of the 
part of the circle that covers land can be calculated and subtracted from the circular area to obtain the 
final avoidance area [58].  

For the effect factor for human health, Cucurachi et al. [31] looked at three aspects that are 
relevant: (1) the frequency-dependency of the perception of humans; (2) the time of day of the 
exposure; and (3) the number of humans in the exposed area. All of these can be adapted to fit marine 
species, as explained below.  

Southall et al. [16] present a method to calculate the frequency-weighting of a sound to different 
marine mammal functional hearing groups. This weighting can be applied to the sound level that an 
animal receives. We applied it to calculate the threshold levels for other species than the harbour 
porpoise, and will elaborate on this in Section 2.4.1.  

The time of day of the exposure is of less importance to marine species. Instead, we take seasonal 
variability into account, by using the number of harbour porpoises in the exposed area during 
different seasons [42,59], thus combining aspects two and three of Cucurachi et al. [31]. The 
distribution of the harbour porpoise in the North Sea is described in Geelhoed et al. [59] and shows 
that the animal density differs over four regions of the North Sea and between seasons (surveys for 
spring, summer, and late autumn/winter). 

Heinis et al. [42] then calculate the number of “harbour porpoise disturbance days” by multiplying 
the avoidance area by the population density and the total number of disturbance days (the days on 
which sound impulses take place) of the project. For an LCA framework, we regard the impact of 
avoidance behaviour as a temporary loss of habitat, and assume a temporary loss of all individuals 
within that habitat. A disturbance day is assumed to last 24 h, disregarding the actual duration of the 
noise from pile-driving during that day. During this disturbance day, all individuals within the 
avoidance area are assumed to be lost (displaced). After the disturbance day, the situation is assumed 
to be back to normal, i.e., the animals return to the area immediately. Thus, the midpoint CF is 
calculated by multiplying the avoidance area 	  (in km2) by the population density 

 (in animals per km2) and the fraction of the year that the disturbance takes place, summing 
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over season s, as shown in Equation (2) below. In order to facilitate application in LCA studies, we 
provide the CF on a yearly instead of a seasonal basis. The unit of the midpoint CF is comparable to 
the number of people that are exposed to noise by Cucurachi et al. [31].  CF = ∑ , ,     (affected animals.yr) (2) 

This characterization factor can be calculated either on a regional or local scale using data from 
Geelhoed et al. [59]. Regional in this case means for the whole North Sea ecosystem, and local 
corresponds to only one out of the four regions defined by Geelhoed et al. [59]. For many other marine 
species, however, these local distribution numbers may not be available. In that case, using 
population densities for the whole ecosystem in general, only a regional impact (i.e., on ecosystem 
level) can be calculated. This study does not look at impacts on a global scale.  

2.2.3. Endpoint Modelling 

To calculate the impact of the number of affected harbour porpoises on a population level, we 
divide the affected individuals per year by the total population of harbour porpoises in the North 
Sea, resulting in a potentially disappeared fraction of species (PDF) (the species disappear 
temporarily from the area). By multiplying this fraction by the total number of years that the 
disturbance will take place, and dividing by the total production of electricity [kWh] over a lifetime 
of the wind park, we obtain a characterization factor on the endpoint level (PDFpop·yr/kWh) (Equation 
(3)). PDF is a commonly used unit for the area of protection ecosystem quality [60–62]. We are thus 
in line with this tradition, even though our indicator indicates the disappearance within one 
population (therefore subscript “pop”, for population is added) and not across species diversity, as 
usual. Thus, essentially, the midpoint CF (Equation (2)) is divided by the total number of individuals 
found in the ecosystem, in this case the North Sea ( ), and the total production in kWh over 
the lifetime of the wind park ( ). 

, = ,	 , 	∙ 	= , ∙∑ , , ∙ , ,
, ∙  (PDFpop·yr/kWh) (3) 

In addition, ,  is the avoidance area corresponding to the specific species (km2), 
 is the number of disturbance days per year, and  is the population density i.e., 

the number of individuals per square kilometre (either locally or regionally). The division by the total 
population number transforms the absolute loss of individuals into a fraction of species that are lost 
from this population.  

2.3. Verification of the Method 

To verify whether our approach is a sensible simplification of the PCoD model or not, we 
compared the result with the results presented by Heinis et al. [42]. They present their results in a 
graph showing the harbour porpoise population reduction over harbour porpoise disturbance days (HPDD), 
for both a small and large vulnerable subpopulation (with smaller and larger HPDD numbers, 
respectively). These vulnerable sub-populations represent the part of the total population that may 
be affected, because it is likely that not the same individuals are affected each day. We compare both 
the 5th percentile (worst-case) and the median values that are shown in their results.  

2.4. Expansion to other Cetacean Species 

Although the characterization factor, as described in Section 2.2, was initially constructed for the 
impacts from noise pollution on harbour porpoises, we expanded it to other cetaceans in the North 
Sea. Potentially, it can be expanded also to other marine mammals in the North Sea. The species 
specific parameters (i) are: the avoidance area Aavoidance,i (corresponding to the species specific 
threshold for avoidance behaviour), the population density , , and the total population in 
the North Sea , . When all the species-specific characterization factors are calculated, the 
final endpoint can be obtained by taking the average of these, e.g., by taking the sum of the 
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characterization factors and dividing by the number of cetacean species, giving equal weight to all 
species. This is one of several proposed aggregation options [63] and an appropriate choice, since we 
lack information on the vulnerability of the covered species and cover only one taxon (marine 
mammals). 

2.4.1. Threshold Values 

An overview of observed behavioural responses in different studies from several cetacean 
species to different sound levels, coming from the three different sound types, is presented by 
Southall et al. [16]. They ranked these responses by severity on a scale from 1 to 9, with 5 and up 
being defined as avoidance behaviour [16,42]. Southall et al. [16] grouped the different marine 
mammal species according to their hearing capabilities. The three cetacean functional hearing groups 
and their auditory bandwidth are: low-frequency (7 Hz to 22 kHz), mid-frequency (150 Hz to 160 
kHz), and high-frequency (200 Hz to 180 kHz). We determined the threshold level for each functional 
hearing group by taking the average of the sound levels for which a behavioural response of a 
severity larger than 5 has been observed. 

The threshold levels as described above are based on observed behaviour to different sources of 
noise. To make these more relevant for noise from pile-driving, we used frequency-weighting. As 
mentioned in Section 2.2.2, the study by Southall et al. [16] provides a method to apply frequency-
weighting to a sound spectrum. The weighting functions deemphasize frequencies that are near the 
lower and upper frequency ends of the estimated hearing range of the functional hearing groups, as 
a function of the sensitivity to those frequencies [16]. The frequency-weighting curves for the cetacean 
functional hearing groups can be found in the Supplementary Materials. This weighting was applied 
to the sound spectrum of the PAWP pile-driving as presented by Heinis et al. [42]. This difference in 
the total broadband SEL due to the weighting was accounted for in the threshold levels of the three 
cetacean functional hearing groups. 

2.4.2. Abundance and Population Density Data 

We use abundance data of cetaceans in the European Atlantic shelf waters from a study by 
Hammond et al. [64], which presents data for five different cetaceans: Minke whale (Balaenoptera 
acutorostrata), bottlenose dolphin (Tursiops truncatus), whitebeaked dolphin (Lagenorhynchus 
albirostris), short-beaked common dolphin (Delphinus delphis), and the harbour porpoise (Phocoena 
phocoena). The data used can be found in the Supplementary Materials. The minke whale belongs to 
the low-frequency hearing group, the dolphins to the mid-frequency hearing group, and the porpoise 
to the high-frequency hearing group. Population densities and abundances are given for different 
segments of the European Atlantic shelf. To obtain total values for the North Sea, we only used the 
data of the segments that together make up the North Sea. For the local calculations, we used only 
the segment of the Dutch continental shelf, where the PAWP was constructed. Unfortunately, all 
measurements were taken during summer and so no seasonal variability is taken into account here 
and values are calculated only for the summer season, using Equations (2) and (3). 

2.5. Case-Study 

To compare the impacts of noise pollution, based on the present approach, with other impact 
categories, and to see if the order of magnitude of these results are reasonable, we applied the 
developed characterization factor in a small case study. A study by Arvesen et al. [65] quantified the 
impacts from the construction phase of an offshore wind farm of similar size as the PAWP, for which 
we now added the impacts of noise pollution. The input values used for this comparison are shown 
in Table 1. 

The number of disturbance days comes from the first scenario by Heinis et al. [42], where a total 
of 580 disturbance days were assumed over a construction period of 5 years, in which two wind farms 
were constructed. By splitting this value by two wind farms and a 5-year duration, we obtain the 
disturbance per year for one wind farm.  
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Table 1. Input values used for the case study of an offshore wind farm.  

Parameter Value Unit References 
Wind farm capacity 350 MW [42,65] 

Lifetime 20 Years [65] 
Full load hours 3000 Hours [65] 

Total lifetime production 2.10 × 1010 kWh Calculated 
Disturbance days per year 58 Days [42] 

Construction time 5 Years [42] 

The impacts are presented as midpoints in the study by Arvesen et al. [65]. Each impact category 
has its own unit (e.g., CO2-eq for climate change and 1,4DCB-eq for toxicity impacts) and therefore 
comparisons across impact categories are impossible. We converted all the results of Arvesen et al. 
[65] to endpoints (PDF values for all impact categories) to allow such a comparison. This was done 
by using the midpoint-to-endpoint conversion factors for the different impact categories from the 
ReCiPe method [61]. Only the impact categories that have an impact on the AoP of ecosystem quality 
were taken into account for this comparison. 

3. Results 

3.1. Sound Propagation 

The decrease of SELs with increasing distance from the sound source, calculated using the 
spherical propagation loss in Equation (1), can be seen in Figure S1 in the Supplementary Materials. 
The range for which Ainslie and de Jong [53] recommend the spherical spreading loss relation 
(between 1 km and 10 km) was found to correspond to SELs between 172 dB and 152 dB. For distances 
smaller than 1 km, the SELs rapidly increase. For distances larger than 10 km, the SELs decrease 
slowly, and almost stagnate at 130 dB for distances larger than 100 km. 

3.2. Verification of Approach 

The results of the comparison between the results from the PCoD model and our adapted 
approach, as described in Section 2.2, are shown in Figure 2. Heinis et al. [42] conclude from their 
results that the relation between absolute reduction in population and harbour porpoise disturbance 
days (HPDD) is not dependent on the size of the vulnerable sub-population and that for less than 106 

HPDDs the population reduction increases linearly.  
Figure 2a shows that for less than one million HPDD the result from the model used in this paper 

also increases linearly, with a rate that closer resembles the PCoD median results than its 5th 
percentile results. For larger numbers of HPDD (Figure 2b), the model still closely resembles the 
median results from the PCoD, and mostly underestimates the reduction in population. We therefore 
conclude that our approach is a valid simplification of the PCoD model.  
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(a) 

 
(b) 

Figure 2. (a) Absolute reduction in population over the harbour porpoise disturbance days, results 
from the PCoD model used by Heinis et al. [42] (median and 5th percentile values), using a vulnerable 
subpopulation of 30,000 harbour porpoises, and our model (in green) as described in this paper; (b) 
Absolute reduction in population over the harbour porpoise disturbance days, results from the PCoD 
model used by Heinis et al. [42] (median and 5th percentile values), using a vulnerable subpopulation 
of 129,329 harbour porpoises, and our model (in green) as described in this paper. 
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3.3. Characterization Factors 

For the case study, the midpoint (affected animals.year) and endpoint CFs are calculated for the 
five cetacean species living in the North Sea mentioned earlier, both on a local and a regional scale. 
The results are shown in Table 2. The results of the species-specific parameters previously used to 
calculate these CFs can be found in the Supplementary Materials.  

Table 2. Results of the case study: Midpoint and endpoint CFs for the five cetacean species, on both a 
local and a regional level. The local endpoint for the white-beaked data is zero, because the local 
population density provided in Hammond et al. [64] is zero. 

Functional Hearing 
Group 

Midpoint 
Local 

[ind.yr] 

Midpoint 
Regional 
[ind.yr] 

Endpoint  
Local [PDF.yr/kWh] 

Endpoint Regional 
[PDF.yr/kWh] 

Low-frequency cetaceans     
Minke whale  

(B. acutorostrata) 
49.964 80.661 9.93 × 10−13 1.60 × 10−12 

Mid-frequency cetaceans     
Bottlenose dolphin  

(T. truncatus) 
0.063 0.030 1.35 × 10−14 6.39 × 10−15 

Whitebeaked dolphin 
(L. albirostris) 

0.000 0.284 0.00 × 10 6.39 × 10−15 

Short-beaked common 
dolphin  

(D. delphis) 
0.793 0.133 3.84 × 10−14 6.39 × 10−15 

High-frequency cetaceans     
Harbour porpoise  
(Phocoena phocoena) 

280.038 288.518 2.65 × 10−13 2.73 × 10−13 

Total 2.62 × 10−13 3.79 × 10−13

3.4. Comparison with other Impact Categories 

A comparison of the regional endpoint for noise pollution to the other impact categories assessed 
by Arvesen et al. [65] is shown in Figure 3. As described in Section 2.5, we transformed the midpoint 
results of Arvesen et al. [65] to endpoints for the sake of allowing a comparison across impact 
categories. The impact of climate change calculated by Arvesen et al. [65], which represents 99.9% of 
the total environmental impact, is depicted on the left. The other impacts are expanded on the right 
to show their relative relevance.  

 

Figure 3. Impacts from the construction phase of the offshore windfarm as described in the case study 
(Section 2.5), based on Arvesen et al. [65]. On the left, the total impact is shown (depicting the 99.9% 
coming from climate change), and, on the right, the smaller impacts are expanded. The noise pollution 
is shown in dark blue. The impact scores are shown in PDF.yr, for the functional unit of 1 kWh 
produced. 
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4. Discussion 

4.1. Choice of Impact Pathway 

Offshore wind farms are known to have negative impacts on the cultural, provisioning, and 
supporting services of marine ecosystems [66]. Most environmental studies focus on the operational 
phase of offshore wind, finding both negative and positive impacts for different species (mammals, 
birds, fish, etc.) [66]. Studies that assess the impacts of the construction phase are only available for 
mammals and birds, but show mostly negative impacts [66]. Marine mammals that are near to a 
construction site where pile-driving takes place are found to be subjected to temporary hearing loss, 
increased stress levels, and avoidance behaviour leading to habitat loss [66], which can potentially 
affect a whole population, and subsequently the marine ecosystem [67]. It must be noted that pile-
driving is classified as a multiple pulse sound source [16]. The method proposed here may not be 
applicable to single-pulse sounds such as single explosions, or non-pulse sounds such as acoustic 
deterrent devices. However, it is adequate for noise from the same sound type, such as sequential 
airguns and certain sonars.  

Cetaceans were chosen as the species of interest for this paper, partly due to the amount of 
literature available on the effect of noise pollution on them (see e.g., also [44–49]). While research has 
been undertaken on a range of marine species, the focus has mainly been on cetaceans. This may be 
related to “the inherent appeal of these charismatic megafauna to the general public”, as Wright [68] puts it. 
This may therefore falsify the impression we get of which species are most affected. In addition, 
taking the most sensitive species as an indicator for the whole ecosystem may cause an 
overestimation of the total impact. 

Although the study location was not a relevant factor in the decision-making, it is important to 
note that the North Sea is an area of interest regarding noise pollution in general. Most of the ocean 
noise pollution comes from offshore industry in coastal areas, which are overall greatly affected by 
human activities [69]. Simultaneously, this is where most of marine life is located. Hence, most of the 
impacts of marine noise pollution are expected to occur in coastal areas. In addition, the North Sea is 
defined as a large marine ecosystem (LME) by the US National Oceanic and Atmospheric 
Administration (NOAA) to identify areas of the oceans for conservation purposes [70], and can 
therefore be said to be of appropriate scale for assessing the impacts of noise on marine ecosystems. A 
similar approach (with LMEs) was adopted for marine coastal eutrophication in an LCA context [71]. 

4.2. Characterization Factor Development 

4.2.1. Sound Propagation Model 

Sound propagation was calculated assuming only a loss due to spherical propagation, which is 
a significant simplification that we are aware of. We regard the development of the CFs using this 
simplified sound propagation approach as a first attempt with the aim to test whether this impact 
category bears any significance at all. We conclude that the impact is indeed relevant (as seen in 
Figure 3 in comparison with other impact categories) and therefore stress the importance of going 
beyond this first, simplistic representation of sound propagation models in the further development 
of the model. Although this is a large simplification of reality, for the case of the PAWP (which Heinis 
et al. [42] assume to be a basis for all noise estimations of monopile driving in the North Sea), it is a 
valid one: Ainslie and de Jong [53], including noise measurements from other pile-driving activities 
at several distances between 1 km and 10 km, found a good fit for spherical propagation of the loss 
estimation. They do, however, also note that this relation is only valid for the specific frequency 
bandwidth and sound type of pile-driving, and do not recommend to use it for distances beyond the 
range of their measurements [53]. Models using cylindrical spreading instead of a spherical one 
should be investigated for further model development, especially for activities taking place in 
shallow waters. 

Since the sound propagation calculation is only validated by measurements over a small range 
of distance (1 km to 10 km), it probably only holds for a small range of sound levels (172 dB to 152 
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dB). For smaller and larger distances, the SEL becomes highly sensitive. For calculations of avoidance 
areas for threshold levels outside this range, a high uncertainty must be taken into consideration. 
However, simplifications such as these are not uncommon in LCA. Each impact category struggles 
with its own set of required simplifications, for example land use uses a (often very simple) species-
area relationship, which does not fully capture the complexity of the “real” nature [72], even though 
development for increasing the complexity are also on-going. 

4.2.2. Disturbance Days 

The disturbance days parameter can be used in several ways. Heinis et al. [42] assume in their 
study that the effects of a disturbance that lasts for only a part of the day continues for at least one 
whole day (24 h) and this is also the assumption we make here. Some field studies on harbour 
porpoises, however, observed that porpoises returned to their normal behaviour as soon as the 
stressor was interrupted, while on other occasions the porpoises stayed away for up to three days (72 h) 
after the exposure [42,44]. More specific data on harbour porpoise behaviour are required for this 
variable, as well as a construction scheme of the offshore power plant; if the construction takes place 
on consecutive days, the calculated impact depends less on the number of disturbance days. 

4.2.3. Endpoint Characterization Factor 

Normalizing the number of affected animals by the total population within an area of interest to 
obtain a fraction of species (temporarily) disappeared makes the characterization factor highly 
dependent on the scale of the area of interest. A larger area of interest will result in a smaller fraction 
of potentially affected animals if the total population is larger. When comparing the results with the 
ones of the offshore wind park we get an overview of the magnitude of the impact. Losses caused by 
local to regional impacts can be expected to be larger than generic (global CFs) impacts—it is easier 
to cause a local disappearance than a global extinction of a species. This issue of scale (local vs. 
regional vs. global) is a common challenge within LCA, and it should be dealt with carefully and 
consistently across impact categories [73]. 

Moreover, when local distribution data is not available, only a regional impact can be calculated, 
by assuming the population density to be the same for the whole regional ecosystem. The density 

 and abundance  are both directly related to the total area of the ecosystem. The 
characterization factor then, essentially, becomes dependent only on the disturbance days and the 
ratio of avoidance area over total area of the ecosystem of interest. 

The proposed characterization factor assumes a ratio of 1:1 between the potentially affected 
animals and potentially disappeared animals, i.e., the animals that avoid the area disappear for the 
duration of the disturbance. This is a necessary simplification due to lack of data. The relationship 
between the potentially affected animals and the loss of animals is a topic of debate within LCA, and 
it is not uncommon to use a ratio of 1:1 as an assumption [73]. It does, however, not include the 
cumulative effects of multiple exposures to noise pollution. Although LCA does not currently include 
cumulative effects, we believe that, for the case of noise pollution especially, this is something that 
should be looked into. Not much quantitative data exists on this aspect, but for the PCoD model, an 
expert elicitation was used to provide a curve that shows the relationship between the number of 
disturbance days and the effect on survival or fertility of the individual [74,75]. These curves, 
however, are only available for a small number of species, and have a high uncertainty due to a lack 
of consensus between the experts [42]. 

4.3. Application to other Cetacean Species 

The avoidance area for low-frequency cetaceans (shown in Table S3 in the Supplementary 
Materials) is very large. This can be explained by the fact that the threshold SEL is far outside the 
validity range of the sound propagation calculation (see Section 4.2.1). The threshold SEL for high-
frequency cetaceans is also outside that range. The avoidance area, however, is of the same order of 
magnitude as that of harbour porpoises as calculated with the AQUARIUS model [42]. 
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It must be noted that, although our approach for the harbour porpoise was evaluated and found 
reasonable, it is not necessarily expandable to other species. Harbour porpoises are known to be 
highly sensitive to disturbances [76]. Because of their small size and high metabolic rate, they feed at 
high rates year-round; thus, if unable to feed for 3–4 days, starvation may occur [42]. Applying the 
same approach for all (and mostly larger and less sensitive) cetacean species is likely to overestimate 
the total impact. This could be taken into account in the ratio between the potentially affected fraction 
(PAF) and the potentially disappeared fraction (PDF), by taking another conversion relationship than 
a 1:1 relationship, as discussed in the previous section. 

From the sound spectrum of a pile strike, it can be seen that the frequency-weighting curves 
have most effect for the mid- and high-frequency hearing groups (Figure S3). The frequency-
weighting has only been used to include the sensitivity of a species to different frequencies, but has 
not been included in the sound propagation modelling. This may be something to look into in the 
future, since propagation loss is dependent on the frequency of sound [53].  

4.4. Case-Study 

When calculated with local level population densities, the endpoint for the minke whale and the 
harbour porpoise are of the same order of magnitude. Although the minke whale has a significant 
avoidance area, the ratio between animal density and total population is small. As discussed before, 
this avoidance area may most likely be invalid, due to the avoidance distance being outside of the 
valid range of the sound propagation model used. For the regional endpoint, however, this ratio does 
not affect the result and the large avoidance area results in an endpoint that is one order of magnitude 
larger than for the harbour porpoise. The dependency of the regional endpoint on the avoidance area 
can also be seen for the mid-frequency cetaceans, which are all equal due to an equal avoidance area. 
The mid-frequency cetaceans also have lower endpoints overall, due to the lower local animal density 
and avoidance area. For the white-beaked dolphin, the local animal density is zero and therefore so 
is the local endpoint. The higher total endpoint for the regional level can be explained by the 
significantly higher regional endpoint of the minke whale. 

Nearly all (99.9%) of the impact on ecosystem quality (Figure 3) comes from the climate change 
category. This is as expected, since it is a global-scale impact and is usually multiple orders of 
magnitude larger than other impact categories and is time-integrated over 100 years. When 
comparing the noise pollution impact to the other categories, it can be seen that these are of the same 
order of magnitude, with no significant differences. It must be noted, however, that one should be 
careful when comparing different impact categories and different ecosystems (terrestrial, freshwater, 
marine) because of the characteristics of the ecosystems and the scales (regional and global) at which 
the impacts are calculated, as was also discussed in the previous section.  

5. Conclusions 

The approach described in this paper is a first attempt for the inclusion of noise pollution in 
marine ecosystems in an LCA framework. Although only applied here on one impact pathway and 
only for the North Sea, it shows potential for other pathways and regions as well. Because of data 
limitations, many assumptions will have to be made for that and uncertainties will remain. In 
addition, better and more sophisticated noise propagation models will need to be investigated (e.g., 
cylindrical spreading vs. spherical spreading) and the choice and number of species considered (e.g., 
minke whales may be more sensitive than thought and also have a high CF value in our study) will 
need to be improved. However, we believe it is better to have at least some quantification of impacts 
in the noise pollution impact category in LCA than having none at all. The impacts from noise 
pollution on marine ecosystems have long been overlooked, but cannot be ignored any longer. Our 
approach contributes a valuable first step towards reducing this ignorance. 

Supplementary Materials: The following are available online at www.mdpi.com/2071-1050/9/7/1138/s1. There 
are two documents available as Supplementary Materials: A pdf file containing information on the choice of 
impact pathway, the sound propagation model we used, the abundance data for cetaceans in the North Sea, and 
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the frequency weighting curves for the different functional hearing groups of cetaceans; and an Excel file for 
details on the 23 mentioned studies that were used for choosing an impact pathway. 
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