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ABSTRACT

Nowadays, railway traffic noise is acknowledged to negatively impact the wellbeing of the whole community,
particularly in urban environments. Unfortunately, the traditional approach to support decision making in noise
reduction intervention seems to start only from the compliance to the regulations in place, rather than from the
identification of an optimal trade-off between the cost of the annoyance of the community and the cost of the
intervention. An advanced approach is proposed, which starts from any annoyance due to traffic noise, and
which aims at identifying an optimal trade-off by means of evaluation of the minimum cost for the whole
community. A case study in a railway noise-affected urban cluster of Milan, Italy, has been performed, which
is representative of any urban environment affected by traffic noise. The sensitivity analysis on the parameters
of the approach (the size of the buildings; the level of railway traffic; the cost per square meter of the acoustic
barriers) shows that the results are robust and reliable, and in the specific case a noise reduction of 15 to

25 dB is optimal for the community.
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1. Introduction

Noise is a considerable social problem as it can be considered a kind of urban pollution. The transport sector
is one of the main contributors to society’s noise problem, and the combination of increasing traffic volume
and urbanization implies that the problem would increase if no measures were taken to stem it [1, 2, 3]. Road
traffic is the largest single source of noise in the transport sector, but other means such as aircraft and trains

substantially contribute to noise emissions too [3, 4]. It is estimated that more than 20% of the EU’s population
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are exposed to higher levels of noise than those deemed acceptable [5]. The estimates of the European
population continuously exposed to values higher than 55 dB, from rail traffic, fluctuate from 10% [6] to over
44% [7], highlighting a widespread phenomenon with potentially negative effects of different extents and
natures [7, 8, 9]. Recent investigations indicate that railway noise leads to significant sleep fragmentation and
cardiovascular activations during sleep, and to subjective distress, as well as long-term effects of prolonged
exposure to noise [10]. The study by the World Health Organization (WHO) (Regional Office for Europe, NIGHT
NOISE GUIDELINES FOR EUROPE), issued in 2009 [9], indicates that “considering the scientific evidence
on the thresholds of night noise exposure indicated by Ljigntousice @S defined in the Environmental Noise
Directive (2002/49/EC), an Lpightoutsidge Of 40 dB should be the target of the night noise guideline (NNG) to protect
the public, including the most vulnerable groups such as children, the chronically ill and the elderly. Lnight outside
value of 55 dB is recommended as an interim target for the countries where the NNG cannot be achieved in
the short term for various reasons, and where policy-makers choose to adopt a stepwise approach”. Moreover,
the WHO estimates that more than 1 million healthy life years are lost every year in western Europe due to
noise exposure [11]. In order to quantitatively evaluate the impact of noise on the exposed population, some

methods of quantification of the disorder (or annoyance) are known [12], as for example, in [3, 4].

Despite the magnitude of the effects of noise, the Italian legislation [13, 14] and the literature in general do not
offer models for the quantification of the annoyance, nor do they offer useful methodologies to support
decision-making about the possible remediation interventions (i.e., interventions to reduce the acoustic
impact). These limitations are reflected in the approaches that are traditionally used to establish the means of

intervention to reduce noise in an urban context; they are characterized by the fact that:

1. The need for intervention arises only from the requirements and not by the discomfort actually suffered by
the community. This means that, in situations where the law is flawed and does not work properly, the

possibility of any intervention of noise abatement is not considered;

2. If the legislation obliges to take action to reduce the noise, the criterion to choose the best of several possible
interventions is the minimum cost. In other words, the cost curves of the different interventions are taken into
consideration and, at equal levels of noise abatement, the one that presents the minimum cost of
implementation is chosen. This means that the intervention often aims at reducing the sound level to an
acceptable level (within the parameters of law), without taking into account the benefits that a further reduction

could bring to the community.

On the other hand, the growing attention to the problem in Europe [15], with reference to the railway [16, 17],
highlights the need to overcome the legislative approach in favour of methodologies based also on finding a

trade-off between costs and benefits deriving from an intervention.

1.1 The possible interventions to reduce the acoustic impact

The negative effects of noise may be reduced through legislation, by means of requirement of less noisy
technology, or by investments, such as noise barriers, or by sanctions that punish noisier vehicles and lead to
a reduction of the noise level. Noise-reducing measures often result in a cost, for instance longer travelling

times or costs of physical measures such as noise barriers and fagade insulation [18, 19]. This, and the fact



that society also faces other needs, implies that a form of prioritization must be defined when it is necessary
to decide on resource allocation. Benefit-cost analysis (BCA) is a potential basis for decision making, but it

requires both benefits and costs to be measured in a common metric.

1.2 Noise: characteristics, social costs and evaluation

The issue about health problems raises the question of whether people are informed about the negative health
effects and their costs when they reveal their willingness to pay (WTP) in order to reduce their noise exposure.
If not, this needs to be taken into account when the benefit measures have to be calculated. To estimate the
social value of noise abatement we combine measures that reflect individuals’ preferences to reduce the noise
levels from a study of the hedonic property price with estimates for the social cost related to health effects from

noise exposure.

The A-weighted sound pressure level, measured over 24-h and usually denoted LAEQ,24h, is often used as
an indicator of noise levels. It is an energy mean level and it correlates well with the general annoyance due
to noise at a given place. A more relevant measure for sleep disturbance is the maximum level combined with
the number of occurrences (LAFmax). Different sources have different noise profiles over a 24-h period. Rail
traffic sometimes has a higher proportion of freight trains running at night, and it is therefore not unusual for
the equivalent level at night (22—06) to be higher than during the day (06—22). Rail traffic typically has a high
maximum level compared to the equivalent level; that is, the individual passages are separated, with silent
periods in between. The EU joint noise indicator LDEN is an attempt to balance the 24-h effects of traffic. This
is, in principle, a weighted equivalent level where passages in the evening and at night are counted as 5 dB
and 10 dB noisier, respectively, than is actually the case. Therefore, evening and night time noise are
penalized, in the sense that they are given more weight in the model. The evaluation of annoyance due to
traffic noise by means of questionnaires is often carried out on a 5-point scale, in accordance with ISO/TS
15666 [20]. One can also predict the number of people on the various annoyance levels according to [21],
which is based on a meta-analysis of many studies [22]. Noise does not cause any direct environmental
damage but incurs costs for society in the form of disturbances for the individual (sleep, conversation,
recreation etc.), worsened health and loss of production. The latter may be due to absence from work or
reduced capacity to work, or that if a person doesn’t sleep well at night, he is consequently less productive

than usual. The social costs of noise exposure may be divided into three groups (e.g. [23]):

1. Resource costs in the form of medical and health care. Includes costs financed by taxes and direct

payments by the individual.
2. Opportunity costs in the form of loss of production. Includes “non-market services” carried out in the
household and lost recreation time.

3. Dis-utility in the form of other negative influences resulting from noise exposure. Two examples are: the

disturbances in different forms and the increased concern about the after effects as a result of exposure.

Dis-utility is estimated by means of the WTP approach, which is usually divided into two main groups
depending on how the information is used. Preference estimates based on market data and hypothetical

market situations are called “revealed preferences” (RP) and “stated preferences” (SP), where the notations



show whether the actual or hypothetical choice is used. If individuals in the WTP studies were fully informed
of the total cost of noise exposure and if they themselves would bear the costs completely, the values from
such studies would reflect the social costs in the form of COl as well. The great majority of the WTP studies to
elicit preferences for noise abatement has employed the RP approach using the hedonic price regression
technique [24]. The “noise sensitivity depreciation index” (NSDI) has evolved as the standard measure of the
WTP of this literature. This is a measure of the percentage change in the price as a result of a unit change in
the noise level [25]. The EU project HEATCO [26], carried out in several European countries, was aimed at

estimating the WTP to reduce noise from road and railway traffic.

The evaluation technique used to derive monetary values for noise annoyance can be based on the hedonic
regression method [27]: the estimates are based on the price data from the property market and, according to

the hedonic method, the price (P) becomes a function of the various attributes that constitute the property,
P =P(L,A) (1)

where L denotes the noise attribute railway and A = [ay, ..., a,] a vector with other attributes. Let pi, i € {1, 2},

denote the marginal WTP for a reduction of the noise level from source i, which is given by,
pi = dP(L,A) / dLi (2)

Equation 2 gives the marginal WTP. To estimate the theoretically consistent welfare measure for non-marginal
changes, the demand functions should be estimated. If we assume that WTP studies do not capture the total
social cost from noise exposure, it happens that the values from these studies need to be adjusted so that also
the health effects of noise are included. In the first place, noise causes increased stress and poor sleep quality
that may lead to high blood pressure and a higher risk of cardiovascular diseases over time [28]. There is also
evidence that prolonged noise exposure not only increases the risk of myocardial infarction but also stroke.
Health costs should be evaluated by means of the impact pathway approach (IPA) since it is sanctioned in the
EU. The total social cost can therefore be derived from a combination of WTP estimates from hedonic pricing

studies with cost estimates for health effects.

With particular reference to rail transport, as reported by Brons, Nijkamp, Pels and Rietveld [29] the major
studies on the subject, until early 2000s, in 60% of cases used to refer to hedonic methods, and in the
remaining 40% of the cases to budget or similar (Cost/Benefit Index, as for example in Oertli and Wassmer
[30]); as earlier mentioned, these estimates are affected by a significant margin of uncertainty, mainly
originated by neglecting the social costs related to the effects of noise pollution on health (which is, by the

way, certified as an indissoluble link from a variety of sources, for example [31]).

Over the last 10 years, due to increased sensitivity to the problem, further studies on the economic impact of
noise reduction were conducted: among them, we comment on two which are — on our view — particularly close
to our scope, namely the paper by Swinburn, Hammer, and Neitzel [32], and the British DEFRA (Department
for Environment, Food & Rural Affairs) report [33]. In [32], the authors point out, based on a selection of primary
studies and meta-analyses, the correlation between noise levels and risk of CHD (Coronary Heart Disease)
and hypertension. Adopting several conservative estimates, they eventually provide the reader with an annual
economic benefit of 19.5 $ per person, for a reduction of exposure to noise of 5 dB if compared to the existing
scenario (which considers 200 million US people exposed to a noise level > 58 dB). However, given the

geographic and demographic differences of the US territory compared to the European one (it would also be



relevant, although neglected here for simplicity of exposition, the matter of the difference of the respective
welfare systems), we consider the content of the British DEFRA report [33] closer to the scope of our research,

and use and comment on it in the following.

Specifically referring to the rail traffic in [33], the noise-related marginal cost values per household per dB of
variation are tabulated (Annex |, Table A1.2); in order to standardize the results to our case, we consider a
family composed by 2.4 people [34] and the GBP/EUR exchange rate at 1.26. Being the population density of
Lombardy (part of Italy, around 200 inhabitants/kmz) and England (part of UK, around 200 inhabitants/kmz)
quite similar (both around 400 inhabitants/kmz), considering the less exposed area (see later in the paper,
Table 6, area B) and neglecting the effects of sleep disorder (categorized "amenity") and lost productivity
(Annex |, Table A1.4, and Annex IV of the DEFRA report), for a reduction from 72 dB to 52 dB of average daily
sound pressure level, an annual saving of about 158 €/person can be estimated, significantly higher than the

value proposed (of course, in a very different context) in [32].

However, there are a number of problems with this approach, unlike the hedonic one. The usage of resources
(money and time) for the statistical survey(s) needed to minimize the degree of uncertainty is very high: only
NGOs have means, authorization and availability for accurate data collection(s). In any case, the statistical
results provide an "average response" instead of the ideal "individual response" (or “local” response, which is
the real situation when dealing with the acoustics remediation interventions). Since the studies and databases
in the field of noise pollution are relatively recent and measurement campaigns involve a considerable expense
(for example, accurate measurement of sound pressure level along a several kilometers long urban line,
typically for 24 hours), the economic impact assessments tend to be underestimated (by not taking into account
some items); as an example, using the model proposed by DEFRA, if we would include the marginal costs of
central sleep disorder, the annual savings for reduction of 20 dB may increase by over 200%. Last but not
least, this estimate still disregards the collective impact of the noise-related disease, which is in fact a burden

even on the National Health Service.

2. An innovative approach to support the decisions of acoustics remediation

intervention

To overcome the weak points highlighted, we propose the use of a methodology applied for the first time to a

problem of acoustic reclamation. The steps of this method are schematically shown in Fig. 1.
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compliance with the standards, but also by any condition of acoustic discomfort felt by the community. The
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Fig. 1. Flow-chart of the representation of the acoustic intervention decisions

intervention can therefore be justified mainly by two reasons, one social and the other one economic;

i)

2) The criterion adopted for the choice of intervention to be carried out is no longer that of the minimum cost
of implementation, but that of the global optimum for the community. This means that not only the costs of the
specific intervention are considered, but also the benefits that arise from the intervention through the

construction of the total cost curve, which overall enables to find an absolute minimum of the total cost, carried

from the social perspective, the noise, although within the limits of the rules, can still cause

discomfort to people, as is demonstrated by several scientific studies (among others, [7, 35, 36]);

from the economic point of view, it is, moreover, known that acoustic discomfort, caused by noise,

leads to a depreciation of the buildings located in an area affected by this phenomenon. The

parameters that influence the value of a property, actually, are related to:
a) structure (number of rooms, presence of a garden etc.),
b) location (proximity to the centre of the town, proximity to public transportation etc.),

c) boundary conditions (presence of green, absence of noise, various services etc.) [37, 38];

out by the entire community. This curve is reported in Fig. 2.

1) and, in particular:
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Fig. 2. Generic representation of a total cost curve (vertical axis €) in function of the noise abatement (horizontal axis)

The breakdown of the three types of costs is the following.

Cost of acoustic remediation: it refers to the burden that has to be supported to realize a particular
intervention of noise abatement, which can be made at the source, at the receiver or on the way
of propagation. This cost grows in a nonlinear manner with the growth of the noise abatement

entity (in dB). Its size is determined on the basis of the project intervention.

Social cost of the noise: it refers to the reduction of psychophysical well-being (i.e. increase of
the discomfort) of the people and to the depreciation of the value of the properties located in
noisy areas. In Fig. 2, it is shown that when the noise reduction (dB) increases, also the benefits
for the people grow. The determination of the monetary value due to the noise abatement can

be done through the method of hedonic pricing [39].

Total cost: the sum of the cost of acoustic remediation and of the social cost of the noise indicates
the total cost due to each condition linked to intervention of noise reduction (including the
condition of non-intervention, that is, with zero noise reduction). If there are several possible
interventions, this cost would be the discriminating factor that will lead to the optimal choice of

intervention.

3. Research methodology: quantification of the noise exposure and of the

associated costs

The case study seems the most appropriate methodology to test the operation of the proposed approach in a

real context, with a high degree of detail [40] and through the transversal study of the phenomenon. The unit

of analysis is a defined environment, surrounding the railway track, in a densely populated urban area in the

outskirts of Milan, the area where the trains have not the obligation to a significant lowering of speed yet; this



unit is representative of any urban area crossed by medium speed railway. We believe that the test of the new

approach through the implementation of two different types of intervention of the acoustic reclamation is fully

representative. The test enables to understand in detail the peculiarities of the innovative approach and its

advantages compared to a traditional approach. In particular, the results of the different approaches on the

weakness areas identified in the state of the art will be highlighted and discussed:

1.

Opportunity to decide to take action to reduce the noise from any condition of acoustic discomfort

felt by a community, regardless of a legislative compulsion;

Opportunity to choose different acoustics remediations in line with the adoption of the criterion of
the minimum total cost for the community rather than the traditional criterion of the minimum cost

(supported by those who have the obligation to make the intervention) for the intervention itself;

For the sake of a simple exemplification in the rest of the paper, the selected unit of analysis is
shown in Fig. 3. It is 250 m wide (symmetrical) and 500 m long (to exemplify a standard housing
area) and it was divided into two zones in accordance with the Italian Presidential Decree of 18
November, 1998, n. 459: Regulations for the execution of the art. 11, L. 447/1995, concerning
noise pollution caused by rail traffic (Italian Official Gazette No. 2 of 4th Jan. 1999), of which we

show articles 3 and 5.

Art. 3. Zone of relevance

1. From the center-line of the external rails and for each side, areas of relevance for the

infrastructures are established with the following width:

a) 250 m for the existing infrastructures, for their variants and for the infrastructures that are newly
built alongside the existing ones; infrastructure of new construction characterized by a train
speed lower 200 km/h. This zone is divided into two parts: the first, large 100 m, nearest to
the infrastructure, named zone A; the second, large 150 m, more distant from the

infrastructure, named zone B;

Art. 5. Existing and newly constructed infrastructures with a design speed not exceeding 200 km/h

1. For existing infrastructures, their variants, infrastructures newly built alongside of existing
infrastructures and for the infrastructures of new construction with a design speed not exceeding
200 km/h, within the range set out in Article 3, the absolute limit values of the noise produced by

the infrastructure are the following:

a) 50 dB (A) Leq daytime, 40 dB (A) Leq night for schools, hospitals, nursing homes and retirement

homes; for schools is valid only the daytime limit.

b) 70 dB (A) Leq daytime, 60 dB (A) Leq night for other receptors within the zone A, mentioned in
Article 3.

c) 65 dB (A) Leq daytime, 55 dB (A) Leq night for other receptors within the zone B, mentioned in
Article 3.
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As regards the distribution of the buildings, refer to Fig. 4.

The zone taken into consideration is divided into two parts: the first, nearest to the infrastructure, of 100 m

width, named zone A; the second, more distant from the infrastructure, of 150 m width, named zone B.
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Fig. 4. Distribution of the buildings

The area of the land occupied by the residential buildings was considered (based on the average distribution

of the buildings in an urban area densely populated) 51,200 m?, divided as follows between the two bands:

Sector A (100 m): 20,480 m?



Sector B (150 m): 60% of 51,200 m” = 30,720 m?

A reasonable assumption in the investigated area, can be that the buildings are on average composed of 5
floors and occupied by 1 person every 40 m?. The inhabitants of the various sectors will be distributed as

follows:
Sector A: 20,480 * 5/40 = 2,560
Sector B: 30,720 * 5/40 = 3,840
for a total of 6,400 inhabitants

It is required to quantify the noise exposure of all the buildings along the railway line to determine the need
and the size of an acoustics remediation. It was considered appropriate to avoid unnecessary costs of
phonometric detection because the study is intended to provide a rough estimate of the benefit of an acoustic
remediation. For this purpose, we have used a simulation of RFI (Italian Railway Network) that provides the
sound power emitted per meter by any kind of train travelling at a speed of 100 km/h in transit on the line [41].
We consider valid this value even if some overnight trains travel at a slower speed; clearly this assumption
represents a worsening of the case study compared to the reality. The noise is mainly generated by the contact
between wheel and rail and, the rails being a fixed element, the noise will depend on the kind of train that
passes through the zone of interest; the simulation has enabled the grouping of the 30 types of commercial
trains transiting through the Italian territory in 11 classes of trains called "j" (characterized by a homogeneous
sound emission) presented in Table 1, of which we consider only those of the trains operating in the urban

area exemplified later.

Table 1. Acoustic classes of trains and related power levels

Noise Indicative Commercial codes of trains Power levels [Lwm,; in dB(A)/m] for each Overall power
classes of length of octave band levels
trains trains A
Bands: 63Hz 125Hz 250Hz 500Hz 1kHz [Lwm,j in dB(A)/m]
2kHz 4kHz 8kHz

1 30 diesel traction 30.037.6 47.2 57.3 58.7 55.0 51.542.5 62.7

2 200 DIR/IR 33.439.151.255.560.362.6 57.147.8 66.3

3 200 E/EN 37.049.358.3 63.964.264.461.052.0 70.1

4 300 ETR450/460/480 28.432.741.4 451 49.9 59.2 55.0 44.0 61.5

5 300 ETR 500 29.7 33.7 44.2 48.6 53.7 60.3 54.3 43.7 62.5

6 300 IC 33.337.6 48.552.7 59.4 64.4 58.2 48.1 66.9

7 80 REG 33.539.7 51.0 55.5 58.0 59.9 55.8 47.7 64.4

8 80 TAF (REG-MET) 28.437.0 46.4 52.3 54.6 54.2 52.0 45.8 60.2

9 550 freight train 40.2 50.2 60.3 68.5 70.5 69.6 65.6 56.0 75.6




10 30 diesel traction 35.547.958.7 63.6 65.4 62.1 57.7 47.2 69.6

11 80 metropolitan 35.344.554.558.861.660.357.649.4 66.5

By the number of transits per time slot (Tab. 5), it is possible to determine the average length of the trains in

the two following slots:
- daylight exposure:

(200 *10 + 200 * 5+ 300 *2 + 300 *39 + 300 * 36 + 80 * 52 + 550 *10) / (10 + 5+ 2 + 39 + 36 + 52 + 10) =
232.21m

- night exposure:

(200 +200*2+300*5+300*4+80*9+500*7)/(1+2+4+5+7+9)=26857m
- So the average length will be:

(23,221 * 16 + 26,857 * 8) / 24 = 586,392 / 24 = 24,433 m

As we have taken into consideration standard but not precise lengths, which are variable by the number of
wagons/coaches, we could consider acceptable an approximated average length of 250 m (which is equal to

half of the considered stretch).

Knowing the power levels, it is possible to calculate the equivalent sound pressure level, given that the train,
that is supposed to be 250 m long, can be considered something in between a linear and a point source
(depending on the ratio length of the source/distance from the observer). However, starting from the data of
the RFI simulation (i.e., sound power per unit length emitted by any kind of train in transit), the linear source is
treated as a sequence of point sources: the linear source will be divided into 150 point sources, in which we
suppose it is "concentrated" an equivalent length of 1.67 m and homogeneous as for the sound emission
(which is consistent with the available data from RFI; see Table 1). According to this, if we multiply the specific

acoustic power
Ly/mj dB(A)/m 3)

by the length of the various sources, we get the characteristic power (3) of every single point source "i" for any

kind of train "j", expressed in dB (A):
power of the point source L,,y;;x 1.67 dB(A) 4)

So itis possible to turn the sound power level of every single point source "i" into the sound pressure level (4),

being in conditions that can be assimilated to an open field (external environment, without walls or obstacles):
Lp/m,i,j = Lw/m,i,j X 1 - 8 - ZOLOg(di,k) dB(A) (5)

where d;is the average distance between the point source "i" and the buildings taken into consideration, divided

into "k" zones.

In order to determine the distances to take into consideration for the assessment of the equivalent level of

sound pressure, we ground on some assumptions:



The estimate must be conservative but simple to make in order to allow future replicability;

The train produces acoustic pressure certainly before arriving in correspondence of the minimum distance
from the observer, but it is complex to estimate the entire equivalent exposure because we do not have
the mathematical functional forms of Lp; but, according to the first assumption, we deem more relevant

the step of crossing in which at least one point of the train is facing the observer;

During the crossing phase mentioned in assumption 2, it is possible to highlight a phase of exposure
increase (from the moment in which the head of the train is in correspondence with the observer to the
moment in which the centre of the train is in correspondence with the observer, which is around 3 sec), a
peak phase and a phase of decreasing (until the tail of the train is in correspondence with the observer).
In practice, we consider only 9 seconds of "relevant" exposure or, in other words, the 9 sec in which the

train (250 m long) passes in front of the observer;

We suppose to associate the three phases of assumption 3 with a rough estimate of the contributions

made on the distance between the observer and the middle of the train.
For the zone A (fig. 5):
phase 1: d = 135 m; phase 2: 50 m; phase 3: 135 m
For the zone B (fig. 6):

phase 1: d = 215 m; phase 2: 175 m; phase 3: 215 m
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Fig. 5. Position of the observer in the zone A
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Fig. 6. Position of the observer in the zone B

Tables 2A and 2B present the detail of the quantifications for the two analyzed zones, as the sum of the

contributions in frequency.

win
1

Table 2A. Levels of sound pressure related to every single point source “i” at the distances dxfrom rails (centre-lines of

zone A)
p | | Levels of sound pressure related to every single
; : ower levels
Noise classes of Commercial codes of point source “i” at the distance d
trains trains [Lw/m,j in dB(A)Im]
[Lp,ij in dB(A)]
di,1=135m di,2=50m di,3=135m
1 diesel traction 62.7 53.89 62.52 53.89
2 DIR/IR 66.3 59.89 68.52 59.89
3 E/EN 70.1 66.23 74.85 66.23
4 ETR 450/460/480 61.5 51.89 60.52 51.89
5 ETR 500 62.5 53.56 62.19 53.56
6 IC 66.9 60.89 69.52 60.89
7 REG 64.4 56.73 65.35 56.73
8 TAF (REG-MET) 60.2 49.73 58.35 49.73
9 freight train 75.6 75.39 84.02 75.39
10 diesel traction 69.6 65.39 74.02 65.39




11 metropolitan 66.5 60.23 68.85 60.23

win
I

Table 2B. Levels of sound pressure related to every single point source “i” at the distances dxfrom rails (centre-lines of

the zone B)
Levels of sound pressure related to every
Noise classes of Commercial codes of Power levels single point source “i” at the distance dj
trains trains [Lum; in dB(A)/m] (L, in dB(A)]
dis=215m dis=175m dig=215m
1 diesel traction 62.7 49.85 51.64 49.85
2 DIR/IR 66.3 55.85 57.64 55.85
3 E/EN 70.1 62.18 63.97 62.18
4 ETR 450/460/480 61.5 47.85 49.64 47.85
5 ETR 500 62.5 49.52 51.31 49.52
6 IC 66.9 56.85 58.64 56.85
7 REG 64.4 52.68 54.47 52.68
8 TAF (REG-MET) 60.2 45.68 47 .47 45.68
9 freight train 75.6 71.35 73.14 71.35
10 diesel traction 69.6 61.35 63.14 61.35
1 metropolitan 66.5 56.18 57.97 56.18

Applying the formula (6), it is possible to calculate the value of the equivalent pressure level at the distance
d4y=50m and at the distance d, = 175m.

Lyija, = 10Log (10 10 + 1010 + 10 10) dB(A) (6)

Table 3. Levels of sound pressure Lp,i,j,dix [dB(A)], at a distance di

Noise classes of Levels of sound pressure,
. Commercial codes of trains
trains Lp,i,j,di [dB(A)], at a distance d
dy =50 m (zone A) d>=175m (zone B)
1 diesel traction 63.57 55.3
2 DIR/IR 69.57 61.3




3 E/EN 75.91 67.64
4 ETR450/460/480 61.57 53.3
5 ETR 500 63.24 54.97
6 IC 70.57 62.3
7 REG 66.41 58.14
8 TAF (REG-MET) 59.41 51.14
9 freight train 85.07 76.8
10 diesel traction 75.07 66.8
11 metropolitan 69.91 61.64

It is now possible to add the contributions of the 150 point sources in which is divided the j-th sound source

"train", to get the corresponding level of the total sound pressure:
Lpid

p.
Lyjtor = 10Log (150 X 10—10"> dB(A) -

The final result is shown in Table 4.

Table 4. Levels of sound pressure Lp,j [dB(A)], at a distance d

Noise classes of

trains Commercial codes of trains Levels of sound pressure L,; [dB(A)], at a distance di
di=50 m (zone A) d>=175m (zone B)

1 diesel traction 85.33 77.06

2 DIR/IR 91.33 83.06

3 E/EN 97.67 89.4

4 ETR450/460/480 83.33 75.06

5 ETR 500 85 76.73

6 IC 92.33 84.06

7 REG 88.17 79.9

8 TAF (REG-MET) 81.17 72.9




9 freight train 106.83 98.56
10 diesel traction 96.83 88.56
11 metropolitan 91.67 83.4

It is possible to get the equivalent level of the sound pressure, knowing the following:

a) The time taken by a train to cover the 500 m of the concerned area,

b) The number of transits for every acoustic class of the trains.

The time taken by a point source to cover the 500 m of the concerned area can be estimated at approximately
18 seconds. The noise increases gradually when the train enters the concerned area and decreases gradually
when it exits; as soon as the first point source overlooks the considered area, after 0.09 seconds the second
point source arrives and so on; therefore, after 9 s all the 250 point sources (concentrated) will be present in
the considered area, rising to the maximum value of noise, which will remain for another 9 s, when the first
point source will exit from the considered area. The trend of the noise therefore has a ramp that lasts 9 s, then
it remains at a constant value for 9 s and finally it decreases for another 9 s. Although the overall duration of
exposure lasts 27 s, since the decrease compensates for the increase, it can be considered a constant
emission of each train in transit equal to the maximum value for a duration of 18 s. It is believed that this

modeling is sufficiently realistic and appropriate to assess the overall exposure. The average number of transits

was provided by RFI, and the data, divided into the daytime and nighttime, are presented in Table 5.

Table 5. Number of transits for hourly band

Noise classes of . i
Commercial codes of trains

Number of transits for hourly band

trains

daylight exposure night exposure
(h 6.00 + h 22.00) (h 22.00 + h 6.00)

1 diesel traction - -

2 DIR/IR 10 1

3 E/EN 5 2

4 ETR 450/460/480 2 -

5 ETR 500 39 5

6 IC 36 4

7 REG 52 9




8 TAF (REG-MET) - -

9 freight train 10 7
10 diesel traction - -
11 metropolitan - -

The level of the equivalent sound pressure, L, can be calculated by the formula (8):

Lyito
Leg = 10Log (% x Y, (10—'[’1’0t " x t,-)) dB(A) (8)

where:

- T is the period of observation (day, night)

- {jis the travel time of the j-th train in the considered area during the period of observation
= Lyt is the sound pressure level of the j-th train during the period of observation

The level of equivalent pressure obtained for each individual band is presented in Table 6.

Table 6. Equivalent level of sound pressure per band

Legra) 7 [dB(A)]
BAND OF RELEVANCE
Daylight exposure (h 6.00 + h 22.00) Night exposure (h 22.00 + h 6.00)
A [0-100 m] 79.96 80.57
B [100-250 m] 71.69 72.3

4. Results

Following the evaluation of the quantitative exposure to the noise, and the observation of the acoustic
discomfort inside the houses of the unit of analysis, the implementation of the innovative approach is

presented.

Step 1: Identification of possible disturbance due to noise.

In addition to the comparison with the values of Table 7, the levels of the equivalent pressure for each individual

band (Tab. 7) are compared with a general condition of acoustic wellbeing which allows a maximum value of



noise exposure equal to 55 dB (see Fig. 1 [29]). If we compare the values, we can observe a clear situation of

discomfort.

Step 2: Calculation of the curve of the total cost of all the possible interventions.

Once we have identified the opportunity to intervene, it is necessary to make a list that includes all the available
interventions to reduce the noise. Due to the frequency of the utilization and its average cost, the analysis is

focused on only two interventions:
1) Acoustic barriers;
2) Windows ventilated with high insulation.

Comparing the cost curves of the two considered interventions (Fig. 7), and given the needs in terms of noise
reduction (up to 25 dB), it is observed that the choice of the acoustic barriers is significantly more economic
than the choice resulting from the ventilated windows with high insulation. For this reason, through the use of
the traditional approach, the intervention of realization of the acoustic barrier as intervention of acoustic

reclamation is chosen and accordingly implemented.

2000000
[€11800000
1600000 |
1400000
1200000 |
1000000 |
800000
600000 -
400000 -
200000
0

[dB]

Legend:
cost of the barriers: === cost of the windows:

Fig. 7. Curve of the cost (expressed in €) attributed to the acoustic remediation, in function of the noise reduction

The evaluation of these two interventions has been made by calculating the curves of the total costs and taking
into account both the cost of implementation of the intervention and the benefit resulting from the reduction of
the noise. The benefit of the intervention from a social point of view has been assessed by the method of the
hedonic prices [39]; it has been assessed through interviews with real estate agents, being equivalent to the
depreciation of the buildings located in the area concerned by the acoustic discomfort, ceteris paribus (that is,

the respondents have been explicitly asked to refer only to the portion of depreciation due to noise, possibly



regardless additional problems often connected as view, safety, air quality; this was particularly crucial for the

closest buildings, rather irrelevant for the remaining ones, i.e. the majority of them).

The evaluation result is shown in Fig. 8 and in Fig. 9.
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Fig. 8. Curve of the total cost (expressed in €) obtained by the use of the acoustics barrier in function of the noise

reduction
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Fig. 9. Curve of the total cost (expressed in €) obtained by the use of ventilated windows, in function of the noise

reduction

Step 3: Identification of the best opportunity for intervention.



The curve of the total cost related to the acoustic barrier has its minimum point in correspondence with a
reduction of 25 dB, with a total cost that is equal to €288,971.

The curve of the total cost related to the ventilated windows with a high insulation has instead its minimum

point of correspondence with a reduction of 20 dB, corresponding to a total cost that is equal to €1,114,905.

Comparing the total cost curves (Figs. 8 and 9) as a selection criterion proposed by the innovative approach,
the choice falls on the acoustic barriers. This implies the immediate knowledge of the dimensional

characteristics of the barrier that minimizes the total cost, determined under construction of the total cost curve:

*+ 500 m in length (i.e., the length of the area concerned; adjacent areas are, in turn, considered as protected

by barriers 500 m long);

* 7 min height.

Step 4: Comparison between the intervention with the lowest total cost and the current legislation.

Since the choice has fallen on the acoustic barrier with a reduction of 25 dB, the values of the equivalent noise

levels become the following (Tab. 7).

Table 7. Equivalent sound levels divided in bands after the acoustics intervention selected by the innovative approach

Leqea, T [dB(A)]
BAND OF RELEVANCE Daylight exposure Night exposure
(h 6.00 + h 22.00) (h 22.00 + h 6.00)
A [0-100 m] 54.6 dB(A) 55.2 dB(A)
B [100-250 m] 47.0 dB(A) 47.6 dB(A)

The comparison between the values of Table 7 and the absolute limit values of the input (Tab. 6) highlights
that in the unit of analysis of the case study, after the intervention of acoustic reclamation, the limit values are

respected in all segments.

Step 5: Implementation of the chosen intervention.

The operation can be realized.

5. Sensitivity analysis

In order to identify any unexpected fluctuations in the results of the approach in terms of the critical variables

that can affect the choice of the means of the intervention, a sensitivity analysis has been carried out.



In the presented case study, the following variables seem to be quite significant:
- Total extension of the buildings in the unit of analysis;

- Level of the traffic rail on which the equivalent sound pressure levels depend;
- Cost of the acoustics barriers.

Assuming a change of the dimensions of the housing of the 20%, we obtain the total cost curves shown in Fig.
10.
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Fig. 10. Curves of total cost (expressed in €) at the variation of the flat dimensions.

These curves have their lowest point corresponding to the following values:
- Total cost: reduction of 25 dB with a cost of €288,971;

- Total cost (+ 20%): reduction of 25 dB with a cost of €298,885;

- Total cost (- 20%): reduction of 20 dB with a cost of €279,057.

Assuming a change of the rail traffic level by 10%, we obtain the total cost curves represented in Fig. 11.
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Fig. 11. Curves of total cost at the variation of the rail traffic level.

These curves have their lowest point corresponding to the following values:

- Total cost: reduction of 25 dB with a cost of €288,971;

- Total cost (+ 10%): reduction of 25 dB with a cost of €496,729;

- Total cost (- 10%): reduction of 20 dB with a cost of €155,389.

Assuming a change of the cost of the acoustic barriers of 20%, we obtain the total cost curves represented in
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Fig. 12. Curves of total cost at the variation of the cost of the acoustic barriers



These curves have their lowest point corresponding to the following values:
- Total cost: reduction of 25 dB with a cost of €288,971;
- Total cost (+ 20%): reduction of 20 dB with a cost of €316,351;

- Total costs (- 20%): reduction of 25 dB with a cost of €241,091.

Comparing the three sensitivity analyses, it is evident that the critical variable is the level of the rail traffic as
limited variations of it determine consistent variations of the parameters used in the analysis of the total cost
taking the minimum point to a cost of €496,729 in case of a 10% increase of rail traffic and to a cost of €155,389
in case of a 10% reduction. However, the approach is valid to propose an abatement intervention bigger or
equal to 20 dB.

If we look at the results obtained in the case study using the two different approaches (traditional and

innovative), we can observe that:

1) As we could imagine, considering only the cost of the curves, we have cost curves lower than those
built on the total costs. This is evident as the innovative approach aims at considering also the social

costs of the noise for a more accurate analysis;

2) The innovative approach based on the use of the total cost curve enables to get a more detailed
solution with a minimum commitment of resources. To get this, the real estate depreciation of the
buildings located in noisy areas is included in the social cost of the noise. Moreover, if we calculate
the total cost curve, we get the intervention most convenient for the entire community on the basis of

specific local features (and not just based on the threshold values of the legislation);

3) From a practical point of view, the innovative approach, once the type of intervention has been
established, gives also a detailed indication on how to make the intervention. Actually, just in the point
where the total cost curve has a minimum, you can identify the optimal abatement expressed in dB.
Starting from this abatement, it is possible to determine precisely the extent of the intervention to be

carried out (barrier height, type of windows etc.).
As far as the uncertainty of the results is concerned, there is a twofold issue.

On the one hand, the exact value of the optimal abatement expressed in dB cannot be determined, which is
in fact not the scope of the paper: the paper is rather aimed at identifying a reasonable range of values that
significantly improve the living conditions of the community. This range has to be interpreted wisely by the

decision makers, and given the shape of the curves provided, can be rather easily identified and agreed.

On the other hand, we estimate that the range within which the minimum value is positioned can be considered
definitely restricted because of the reduced size of the urban area covered by the study (500 meters along the
railway, 250 meters of adjacencies); and this will always happen in case of application of the decision approach
to areas where the parameters uniformity (positional characteristics, constructions, amenities, etc.) is proper
enough. Of course, this implies little generalization on the “values” nationwide or even region-wide, that is, in

case there is no remarkable parameters uniformity (positional characteristics, constructions, amenities, etc.)



of the real estate external to the perimeter of study. Summing up, a clusterization of areas would be necessary
in order to generalize our results nationwide or region-wide, so as to implement the proposed approach to
comparable areas (which could, in principle, be characterized by different optimal noise exposure and kind of

intervention).

In the conclusion, then, we refer to “community” as the number of people experiencing a comparable (positional

characteristics, constructions, amenities, etc.) situation in terms of areas they live in.

6. Discussion and conclusions

In conclusion, we can say that the study carried out has allowed us to define a new and innovative approach
to determine, through the total cost curve, a noise abatement intervention good for the community. The
traditional approach, shown in the shaded portion of Fig. 1, addresses the problem of noise pollution from a
purely regulatory compliance. It measures, in fact, the pressure levels equivalent to each zone exposed to
noise, and compares them with those limits set by the Presidential Decree of 18 November, 1998. Any
intervention, resulting in such measures, only relates to the installation of sound barriers, because they remain
the property of the railway company, while other interventions, such as the insulated windows, would remain
the property of the exposed population. Conversely, the innovative approach starts from a situation of distress
of the exposed population: that discomfort may be due to an annoying noise and/or to the depreciation of
buildings in the area. Then it analyzes the boundary conditions, the applicable legislation and the existing and
available interventions, and thus identifies several possible forms of acoustics remediation. Due to the

frequency of utilization and its average cost, our case study has been focused on only two interventions:
1) Acoustic barriers,
2) Insulated windows.

The results of the innovative method put in evidence that the total cost curve related to the acoustic barrier is
considerably lower than that of the windows with a high insulation, and that the point of maximum benefit for
the community can be reached by breaking down 20 dB in the case of the windows and 25 dB in the case of
the barrier. Anyway, the choice of the acoustic barrier is significantly more economical than the resulting

ventilated windows of high-insulation.

The definition of an innovative approach and its application in a real case have enabled to overcome the

limitations of the traditional approaches:

- In case the conditions of the acoustic discomfort are not out of the limits imposed by the legislation,

no interventions are considered necessary;
- The choice of the way to make the intervention (based only on its cost);
- The lack of guidance on how to intervene.

Actually, the previous approaches took into consideration only the cost of the interventions necessary to fulfill
the law requirements, without considering other factors such as the minor annoyance of the people and its
social cost. Finally, the previous approach, once the intervention to be taken was decided, did not specify

anything about the size, the structure and the level of the reduction. In summary, the innovative approach



proposes the overcoming of the legislative approach in the railway sector in favour of methods based on finding

a trade-off between costs and benefits of the intervention [15-17].
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