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Abstract: At forest sites, phytotoxic tropospheric ozone (O3) can be monitored with continuously
operating, active monitors (AM) or passive, cumulative samplers (PM). For the first time, we present
evidence that the sustainability of active monitoring is better than that of passive sensors, as the
environmental, economic, and social costs are usually lower in the former than in the latter. By using
data collected in the field, environmental, social, and economic costs were analyzed. The study
considered monitoring sites at three distances from a control station in Italy (30, 400, and 750 km),
two forest types (deciduous and Mediterranean evergreen), and three time windows (5, 10, and
20 years of monitoring). AM resulted in more convenience than PM, even after 5 years, in terms of
O3 depletion, global warming, and photochemical O3 creation potential, suggesting that passive
monitoring of ozone is not environmentally sustainable, especially for long time periods. AM led to
savings ranging from a minimum of EUR 9650 in 5 years up to EUR 94,796 in 20 years in evergreen
forests. The resulting social cost of PM was always higher than that of AM. The present evaluation
will help in the decision process for the set-up of long-term forest monitoring sites dedicated to the
protection of forests from O3.

Keywords: tropospheric ozone detection; forests protection; LCA analysis; sustainability; CO2 emissions

1. Introduction

Sustainability is a holistic approach that considers ecological, social, and economic
dimensions, recognizing that all must be considered together [1]. Sustainability is usually
defined as the processes and actions through which humankind avoids the depletion of
natural resources in order to keep an ecological balance that does not allow the quality of
life of modern societies to decrease. Indeed, the evaluation of the sustainability of different
goods or services takes into account environmental, economic, and social impacts [2,3].
Environmental impact assessment includes the emissions into the environment related
with the extraction of the raw materials, manufacturing of the products, and resource
consumption [3,4]. The manufacturing, use, and disposal of a product involve a series
of inputs, in terms of energy and resources, which generates several outputs, in terms of
materials and emissions. These contribute to a wide range of impacts on ecosystems and
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human health, such as climate change, stratospheric ozone (O3) depletion, tropospheric O3
formation, eutrophication, acidification, toxicological stress on human health and ecosys-
tems, depletion of resources, water use, land use, and noise [4–7]. Life cycle assessment
(LCA) is the internationally recognized methodology to evaluate the convenience of a good
or a service in terms of environmental sustainability (8). Thanks to this methodology, it is
possible to assess the entire life cycle of a product, process, or activity to identify, quantify,
and environmentally analyze all the inputs and outputs involved in the production, use,
and disposal of that product, process, or activity [8–11].

Forest monitoring is a crucial key step in the protection of forests from different
stressors related to air pollution and climate change [12–15]. Among the air pollutants,
tropospheric O3 is of primary interest for vegetation due to its elevated phytotoxicity, even
at ambient concentrations [16]. Indeed, O3 is recognized as a major concern for plant
health, as it impacts crop yield [17], forest growth [18,19], and biodiversity [20]. Ozone is a
secondary air pollutant formed in the atmosphere under sunlight from the oxidation of
the primary pollutants, nitrogen oxides and volatile organic compounds [21]. Ozone is
still a global problem for forest productivity, as highlighted by the analysis of present and
future global scenarios [22,23]. The exposure index for forest protection against negative
impacts of background O3 currently used in Europe is the concentration-based index
AOT40, defined as the accumulated O3 dose above 40 ppb during daylight hours over the
growing season, although a new index has been proposed as more appropriate, i.e., POD1,
defined as the phytotoxic O3 dose exceeding 1 nmol m−2 s−1 of stomatal uptake, cumulated
over daylight hours during the growing season [24,25]. Both indexes require hourly data
to be calculated.

At forest sites, tropospheric O3 can be monitored with either continuously operat-
ing, mechanical, real-time active monitors or passive, cumulative, total exposure sam-
plers [26,27]. The passive system has been used since 2000 in Europe, e.g., at the Level II
forest sites of the ICP Forests network [28], while the active system is used at some ICP
Forests sites [29]. Passive samplers are characterized by uncertainties that reduce their
reliability [30,31], and low temporal resolution, from one week to one month, while POD1
and AOT40 require hourly data. This implies the need to apply functions to estimate hourly
concentrations, starting from weekly or biweekly data. Among different methods [31–34],
the ICP Forests manual recommends the use of the Loibl function [35–37] to estimate
hourly values. There are contrasting results, however, about the actual adequacy of this
function in nonhomogeneous territories [38]. The uncertainties in estimating POD1 by
passive sampling are discussed in [39], which tested the suitability of using aggregated
data instead of hourly data for PODY (POD with variable stomatal uptake threshold (Y))
calculations [39].

An assessment of the environmental impacts of the active and passive systems has
never been carried out, but can help evaluating the suitability of the two monitoring
methodologies. It is even important to consider the economic consequences of these
alternative systems, i.e., determine the cost-effectiveness of the alternative investments [40].
Financial limitations, especially in ecological programs, require a clear identification of
costs [41], and the active technique is considered more expensive; active monitors are
expensive and require electricity and a safe climate-controlled shelter for effective operation,
while passive samplers are inexpensive, easy to use, and require no electricity [42]. At
remote sites, the availability of power supply is often limited, and this has been a major
limitation to the use of the active O3 monitoring so far. Nowadays, however, solar panels
have relatively low cost and their use, supported by batteries, is a widely adopted solution
in remote meteorological stations. In addition, less trips to the forests are required for data
collection thanks to remote connection via GPRS for the active monitoring system than
for the passive approach. Hence, a comparison of the explicit costs in a defined period is
needed to evaluate the cost-effectiveness of the two systems.

To complete the evaluation of the monitoring system sustainability, we calculated the
social costs considered here as the social cost of carbon (SCC), which is among the most
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important pillars in the economics of climate change [43]. SCC is the global cost caused
by an additional ton of carbon dioxide (CO2) emissions or its equivalent [44]; for this
reason, it is often combined with LCA studies [45,46]. Indeed, estimates of SCC are used
to evaluate climate change policies and cost-benefit analysis of GHG emission reduction
projects [43,47].

The aim of the present study is to evaluate, for the first time, the sustainability of active
and passive O3 monitoring at forest plots, analyzing the data in terms of environmental,
economic, and social costs. We hypothesized that (1) the expected higher costs of active
monitoring are compensated over time, and, thus, we performed our analyses over different
time windows (i.e., 5, 10, and 20 years of monitoring); (2) differences depend on the
seasonal duration of the monitoring, and, thus, we compared two sites dominated by either
deciduous (April-to-September growing season) or Mediterranean evergreen (year-long)
trees; (3) the distance between monitoring sites and the control station could be relevant in
terms of costs, and, thus, we compared sites at 30, 400, and 750 km from the control station.

2. Materials and Methods
2.1. Description of the Two Monitoring Methods

ICP Forests establishes a specific protocol for passive O3 monitoring (PM), but it does
not recommend a specific category of samplers. Hence, this study followed the ICP Forests
manual [13] and applied the protocol to the two most common passive sampler types used
by scientists, i.e., Institutet for Vatten-och Luftvadsforskning (IVL) [48] and Ogawa & Co.,
Inc., Gifu, Japan and types [49,50].

The passive samplers are filters without any system of air control. Both Ogawa and
IVL samplers must be installed at forest sites at a height of about two meters above ground,
supported by a steel bar planted into the ground (Figure 1a A1). At least two replicates
(Figure 1a A2) must be simultaneously exposed at each site and located in protective
shelters (Figure 1a A3) in order to reduce eventual environmental disturbances. According
to the European protocol [13], the sampling is carried out on a 2-week basis and covers
the period 1 April–30 September. For Mediterranean conditions (evergreen species), it is
recommended to monitor the whole year (1 January–31 December). In the present analysis,
data collection in the evergreen Mediterranean forest was conducted every month in the
six months from October to March (when O3 concentrations are expected to be lower),
and every two weeks in the growing season from April to September (Table 1). Transport
and storage of the passive samplers before and after exposure may have an influence on
the chemical analysis; thus, the protocol described in the ICP Forests manual [13] must
be strictly followed. For quality control, at least four blank samplers per season should
be included in the standard transport and storage procedures. After sampler collection,
filters are immersed into extraction solutions placed in clean plastic vials. The vials are then
stored in a refrigerator at 4 ◦C until analysis made by ion chromatography. To prepare the
filters for analysis, the following equipment and supplies are needed: calibrated automatic
dispensing pipette (5 mL); forceps, not serrated, sharp with curved tip; IC vials (0.5 mL for
Dionex auto-sampler); caps for IC vials; syringes, 3 mL disposable; Millex-LCR13 syringe
filters [51].

In the active monitoring (AM), O3 is measured by means of an active sensor. We
used the Model 106 L (2B Technologies, Inc., Boulder, CO, USA; Figure 1b B1), which is
a common active O3 monitor in forest AM [51]. Ozone monitors must be protected by
solar radiation with a specific screen (Figure 1b B2). Data are recorded by a data logger
(Campbell scientific in our case, Figure 1b B5). The data acquisition interval is 10 s and the
average is stored every hour. Thanks to a GPR connection, data are transmitted to a file
transfer protocol (FTP) server via a GPRS modem (Figure 1b B5). In AM, air is sampled
through the sample inlet (Figure 1b B4), passing through a particle filter (Figure 1b B3) that
needs to be replaced every 3 months. A monitor calibration is required once per year. In
addition, battery replacement is required every 4 years. Power supply is assured by solar
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panels (Figure 1b B6) or mains, when present, and backup batteries to be used in case of
power failure (Figure 1b B7).

Figure 1. Schematic representation of passive (a) and active (b) ozone monitoring stations. The
passive station shows an IVL O3 sampler, the active station shows a model 106-L (2B Technologies,
Inc., Boulder, CO, USA) O3 sensor.

Table 1. Number of trips and work time (WT) for each trip from the central station to the forest site for two case studies at a
similar distance from the station, i.e., evergreen Mediterranean (EF) and deciduous (DF) forests, and three time windows,
i.e., 5, 10, and 20 years of monitoring. Simulations are based on the data collected during the 5-year project MOTTLES [29].

Passive Monitoring IVL/OGAWA Active Monitoring

Items 5 Years 10 Years 20 Years 5 Years 10 Years 20 Years

N.
Trips

WT
(h)

N.
Trips

WT
(h)

N.
Trips

WT
(h)

N.
Trips

WT
(h)

N.
Trips

WT
(h)

N.
Trips

WT
(h)

Deciduous forest
Installation 1 14.25 1 14.25 1 14.25 1 28.5 1 28.5 1 28.5

Maintenance
activity 0 0 0 0 1 14.25 20 28.5 40 28.5 80 28.5

Extraordinary
maintenance / / / 1 28.5 2 28.5 5 28.5

Data collection 60 14.25 120 14.25 240 14.25 / / /
Evergreen forest

Installation 1 14.25 1 14.25 1 14.25 1 28.5 1 28.5 1 28.5
Maintenance

activity 0 0 0 0 1 14.25 20 28.5 40 28.5 80 28.5

Extraordinary
maintenance / / / 1 28.5 2 28.5 5 28.5

Data collection 90 14.25 180 14.25 360 14.25 / / /

2.2. Analyzed Factors

To test our hypotheses, the environmental, monetary, and social analyses of the
two PM and AM systems were implemented by 2 case studies (deciduous forest—DF
and evergreen Mediterranean forest—EF with O3 monitoring over the growing seasons,
i.e., April to September and all year round, respectively) and 3 time windows (5, 10,
and 20 years of monitoring duration). The time windows were selected as low (5 years),
medium (10 years), and long-term (20 years) on the basis of the supposed average life
of the solar panel needed for power supply in the AM. To have comparable results, the
DF and EF case sites were selected at a fixed distance from the control station (a research
center in Italy). The distance of the two forest sites from the control station was 335 km for
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VEN1 (DF site in Pian del Cansiglio (Belluno), dominated by Fagus sylvatica) and 355 km
for CPZ1 (EF site in Castel Porziano (Rome), dominated by Quercus ilex). The distance is
representative because the average distance of all the 17 monitoring sites of the MOTTLES
network [29] from the control station was 400 km. Therefore, 400 km was considered as an
average distance between research center and forest plot, with a maximum and minimum
distance of 700 and 30 km, respectively. All data on materials, personnel, and travels used
for LCA, economic, and social analysis corresponded to real data collected for VEN1 and
CPZ1. Within AM, the cost in DF did not differ from the cost in EF (and, thus, only one
value was shown).

2.2.1. Definition of System Boundaries and Functional Unit

A system of pollutant monitoring is normally built to provide information, generally
related with a series of values referred to a specific time frame (e.g., average concentration
per day, maximum and minimum per hour, etc.). AM does not need laboratory analysis,
while PM does. Materials, energy, and emissions related to the activities carried out to
finalize O3 monitoring, in both AM and PM, were included in the LCA analysis. In particu-
lar, the system boundaries for both the analyzed monitoring systems included production,
installation, and maintenance of monitoring stations (including sensors, energy suppliers,
fence, etc.), energy and materials used during monitoring periods, and maintenance and
data collection activities. Travel of technicians from the research center to the plot site was
also considered. In PM, despite the simpler composition of the remote station, many travels
are required to collect the filters in the field. Travel needs are reduced with AM, given that
data collection is done by remote. The described information was classified as primary
data, being obtained by interviews to producers of monitoring systems and to researchers
and technicians who work in O3 monitoring. The background information, such as raw
material extraction, machinery, and plastics production, and electricity production and
supply, were collected by internationally recognized databases. The use of information
provided by the system monitoring can be very different depending on the activities carried
out by research centers, public health laboratories, etc. For this reason, the analysis made
in this study stops when the information on O3 concentration is available for the final user.
Moreover, the disposal of the monitoring stations was not considered due to the lack of
real experience in this field. Finally, in this study, a cradle-to-gate analysis was carried out.

All the identified inputs and outputs have to be referred to a functional unit, which
allows the comparison between the two systems. In this study, the functional unit was
defined as: “the biweekly supply of atmospheric O3 concentrations (ppb) over one year”.
It is important to underline that the chosen functional unit is based on the capacity of the
passive sampler to supply information every two weeks. The AM gives more frequent and
detailed information than the PM, but the comparison between the two systems is suitable
because they are considered as alternatives by scientists [26,29,52,53].

2.2.2. Definition of Subsystems

To implement the inventory (LCI—Life Cycle Inventory) (International Organization
for Standardization, 2006) and to clearly identify the inputs and outputs in the main phases
of life cycle, three subsystems were identified and defined in the two flow charts and system
boundaries (Figures 2 and 3): (i) the production of O3 monitors (AM) or samplers (PM);
(ii) the on-site preparation, installation, operation, and maintenance of the monitoring
system; and (iii) data collection and (only for PM) laboratory analysis.
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Figure 2. Flow chart and system boundaries for active ozone monitoring in a forest.

Figure 3. Flow chart and system boundaries for passive ozone monitoring in a forest.

→ Subsystem 1—Ozone monitor production

In this subsystem, the main processes involved in O3 monitor production were identi-
fied, and reliable data of materials and energy consumptions related with their production
were collected, mainly by interviews to producers and analysis of the products. The main
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raw materials for monitors were aluminum and steel. Active systems were more complex
than passive ones, with a higher weight and more structures and devices (such as solar pan-
els, battery). In passive systems, the plastic sensor was not considered (Figure 1a A2) due
to the difficulties in understanding the type of material used and the production process.
This missing information was considered as negligible due to the minimum weight and
related inputs and emissions. In active systems, the production processes and materials
used in the analysis were assimilated to the most suitable components/materials available
on databases.

→ Subsystem 2—Preparation, installation, operation, and on-site maintenance of the
monitoring systems

In this subsystem, the devices considered in subsystem 1 were the input, and were
added to the materials needed to install the remote monitoring station. Active systems
require electricity to work; for this reason, a photovoltaic panel with all the additional
components needed to guarantee energy supply to the active monitor (inverter, battery,
cables, supports, etc.) were considered. These inputs were not applied in the passive
system, which does not require energy in the field. In this subsystem, the travels (by car)
of technicians and researchers needed to collect samples (passive system) and to make
maintenance interventions were also considered (Table 1). The type of forest influenced the
number of travels in PM, as the number of samples to be collected in one year varied and
was higher in EF, while it did not affect AM because the number of travels for maintenance
was not related with the length of the data collection period.

→ Subsystem 3—Data supply

In this subsystem, all the processes, from information collected in the field to the raw
data available for stakeholders, were included. This subsystem was important mainly for
passive systems, because it included laboratory analysis of passive samplers. Data about
laboratory activities were obtained thanks to the available protocols and interviews with
technicians. Active samplers sent to the research center, calculation of the O3 concentration
data, and inputs related to the data transfer system were included in Subsystem 2.

For each subsystem, primary data were collected by interviews to producers of mon-
itoring systems and to researchers and technicians who work in O3 monitoring. The
background information, such as raw material extraction, machinery and plastics produc-
tion, and electricity production and supply, were collected by internationally recognized
databases (GaBI, Ecoinvent). An overall summary of the LCI, including background
processes from databases, was reported for both PM (Table 2) and AM (Table 3).

2.2.3. Life Cycle Impact Assessment (LCIA)

Data collected in LCI were implemented by software (GaBi version 7.3), and the
environmental assessment LCIA was conducted by characterization factors included in
CML 2001 (update January 2016). Six impact categories were analyzed: acidification
potential (AP), eutrophication potential (EP), global warming potential (GWP), human
toxicity potential (HTP), ozone layer depletion potential (ODP), photochemical ozone
creation potential (POCP). The results of LCIA were organized in two main categories
of emissions: (i) “travel” to the monitoring site and back for sample collection (PM) and
maintenance (both PM and AM), and (ii) “material”, which included all the components of
monitors (PM and AM) and the materials used in laboratory analysis.

2.3. Environmental Costs

The guidelines established by ISO 14,040 (International Organization for Standard-
ization, 2006) were applied to compare the environmental profile of the two methods for
forest O3 monitoring through life cycle assessment (LCA). The implementation of a com-
parative LCA for two or more services requires the definition of comparable systems and a
suitable functional unit, which will be the term of comparison. In this study, the analysis
was applied to a service (O3 monitoring) that supplies a set of information (values of O3
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concentration) for a defined period. Following ISO standards, all the required phases were
implemented, including life cycle inventory (LCI) and life cycle impact assessment (LCIA)
(International Organization for Standardization, 2006). The two systems were analyzed
by considering the same input and output categories, and excluding eventual information
available for only one of the two systems.

Table 2. Summarized inventory of inputs and outputs referred to the case study of ozone monitoring with passive sensors.
The initial acronyms in “applied processes” refer to geographic location: “RER” = Europe; “GLO” = global; “Row” = rest of
the world.

Input Amount Unit Applied Processes

Tr
av

el
(i

ns
ta

ll
at

io
n

an
d

m
ai

nt
en

an
ce

) Travels by car 800 km RER: transport, passenger car, small size,
petrol, EURO 5, <u-so>. Ecoinvent 3.3

Gasoline 40.3 kg RoW: market for petrol, low-sulfur.
Ecoinvent 3.3

Road allocation 0.6 Ecoinvent
quantity (ma) RoW: market for road. Ecoinvent 3.3

Tire consumption −0.059 kg GLO: market for tire wear emissions.
Ecoinvent 3.3

Road consumption −0.010 kg GLO: market for road wear emissions.
Ecoinvent 3.3

Brake consumption −0.005 kg GLO: market for brake wear emissions.
Ecoinvent 3.3

Ordinary maintenance of car 0.005 n GLO: market for passenger car maintenance.
Ecoinvent 3.3

Pa
ss

iv
e

se
ns

or
s Structure 10 kg RoW: sheet rolling, chromium steel.

Ecoinvent 3.3

Welding 2 m RoW:welding arc, steel.
Ecoinvent 3.3

La
bo

ra
to

ry
an

al
ys

is

T e
st

tu
be

Production 0.01 kg RoW: extrusion production, plastic pipes
<u-so>. Ecoinvent 3.3

Electricity 2.36 × 10−4 MJ GLO: market group for electricity, high voltage.
Ecoinvent 3.3

Heat 0.00683 MJ
Europe without Switzerland: market for heat,
district or industrial, other than natural gas.

Ecoinvent 3.3
Lubricants 1.43 × 10−6 kg GLO: market for lubricating oil. Ecoinvent 3.3

Waste recycling 3.68 × 10−5 kg Europe without Switzerland: market for waste
plastic, mixture. Ecoinvent 3.3

PP granulate 4.98 × 10−6 kg GLO: market for polypropylene, granulate.
Ecoinvent 3.3

Sy
ri

ng
e

Syringe production 0.0025 kg RoW: extrusion production, plastic pipes
<u-so>. Ecoinvent 3.3

Electricity 1.64 × 10−5 MJ GLO: market group for electricity, high voltage.
Ecoinvent 3.3

Heat 0.00171 MJ
Europe without Switzerland: market for heat,
district or industrial, other than natural gas.

Ecoinvent 3.3
Lubricants 3.58 × 10−7 kg GLO: market for lubricating oil. Ecoinvent 3.3

Waste recycling 9.23 × 10−6 kg Europe without Switzerland: market for waste
plastic, mixture. Ecoinvent 3.3

PP granulate 1.25 × 10−6 kg GLO: market for polypropylene, granulate.
Ecoinvent 3.3
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Table 2. Cont.

Input Amount Unit Applied Processes

Fi
lt

er
fo

r
sy

ri
ng

e

Filter for syringe production 0.0005 kg RoW: extrusion production, plastic film <u-so>.
Ecoinvent 3.3

Electricity 1.53 × 10−5 MJ GLO: market group for electricity, high voltage.
Ecoinvent 3.3

Heat 0.00011 MJ
Europe without Switzerland: market for heat,
district or industrial, other than natural gas.

Ecoinvent 3.3
Lubricants 5.25 × 10−8 kg GLO: market for lubricating oil. Ecoinvent 3.3

Waste recycling 1.21 × 10−5 kg Europe without Switzerland: market for waste
plastic, mixture. Ecoinvent 3.3

PP granulate 2.44 × 10−8 kg GLO: market for polyvinylidenchloride,
granulate. Ecoinvent 3.3

Milli-Q water 22.58 kg GLO: market for water, ultrapure.
Ecoinvent 3.3

Sulfuric acid 0.0513 kg GLO: market for sulfuric acid. Ecoinvent 3.3

Table 3. Summarized inventory of inputs and outputs referred to the case study of ozone monitoring with active sensors.
The initial acronyms in “applied processes” refer to geographic location: “RER” = Europe; “GLO” = global; “Row” = rest of
the world.

Input Amount Unit Applied Processes

Tr
av

el
(i

ns
ta

ll
at

io
n

an
d

m
ai

nt
en

an
ce

) Travels by car 800 km RoW: transport, passenger car, small size,
petrol, EURO 5, <u-so>. Ecoinvent 3.3

Gasoline 40.3 kg RoW: market for petrol, low-sulfur.
Ecoinvent 3.3

Road allocation 0.6 Ecoinvent
quantity (ma) RoW: market for road. Ecoinvent 3.3

Tire consumption −0.059 kg GLO: market for tire wear emissions.
Ecoinvent 3.3

Road consumption −0.010 kg GLO: market for road wear emissions.
Ecoinvent 3.3

Brake consumption −0.005 kg GLO: market for brake wear emissions.
Ecoinvent 3.3

Ordinary maintenance
of car 0.005 n GLO: market for passenger car maintenance.

Ecoinvent 3.3

A
ct

iv
e

m
on

it
or

St
ee

l

Steel extrusion 0.31 kg RoW: impact extrusion of steel, cold, 1 stroke
<u-so>. Ecoinvent 3.3

Compressed air 0.09 m3 GLO: market for compressed air, 700 kPa
gauge. Ecoinvent 3.3

Finite element modeling 0.31 kg GLO: market for impact extrusion of steel,
cold, 1 stroke. Ecoinvent 3.3

Modeling machine 1.22 × 10−5 kg RoW: metal working machine production,
unspecified. Ecoinvent 3.3

Allocation working factory 1.42 × 10−10 Unit GLO: market for metal working factory.
Ecoinvent 3.3

Preparatory steel treatments 0.31 kg GLO: market for impact extrusion of steel,
cold, tempering. Ecoinvent 3.3

0.31 kg GLO: market for impact extrusion of steel,
cold, initial surface treatment. Ecoinvent 3.3
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Table 3. Cont.

Input Amount Unit Applied Processes

A
lu

m
in

um

Aluminum extrusion 0.81 kg RoW: impact extrusion of aluminium, 1 stroke
<u-so>. Ecoinvent 3.3

Compressed air 0.235 m3 GLO: market for compressed air, 700 kPa
gauge. Ecoinvent 3.3

Finite element modeling 0.81 kg GLO: market for impact extrusion of
aluminum, deformation stroke. Ecoinvent 3.3

Modeling machine 3.20 × 10−5 kg RoW: metal working machine production,
unspecified. Ecoinvent 3.3

Allocation working factory 3.71 × 10−10 Unità di
lavoro

GLO: market for metal working factory.
Ecoinvent 3.3

Aluminum extrusion 0.81 kg RoW: impact extrusion of aluminum, 1 stroke
<u-so>. Ecoinvent 3.3

Preparatory aluminum
treatments

0.81 kg GLO: market for impact extrusion of
aluminum, cold, tempering. Ecoinvent 3.3

0.81 kg
GLO: market for impact extrusion of

aluminum, cold, initial surface treatment.
Ecoinvent 3.3

2.4. Economic Costs

In order to compare the costs of AM, PM-Ogawa, and PM-IVL, we defined the follow-
ing three cost categories:

- Materials. We considered the monitor devices and the complementary material
(structures, power supply tools, etc.) in the case of AM and PM.

- Personnel. The total working days were quantified on the basis of MOTTLES
activities. The unitary cost was calculated as the hourly rate of a technician effectively
employed in the MOTTLES project for the year 2017 (taxes included according to Italian
regulation).

- Travels. For installation, data collection, and maintenance, field visits by operators
are required (as explained above). Considering the average 400 km of distance between the
remote and the central sites, we calculated the total km travelled by car, and related costs.

Tables 4–6 list the components to calculate the amount of each cost category (materi-
als, personnel, and travels) for AM, PM-OGAWA, and PM-IVL divided into installation,
ordinary maintenance/data collection, and extraordinary maintenance. For AM, costs for
each item were considered as the cost effectively incurred for the installation, maintenance,
and data collection of the MOTTLES sites in 2017.

Table 4. Costs of active monitoring station items listed separately per installation, ordinary maintenance, extraordinary
maintenance, and data collection for deciduous forests (DF) and evergreen Mediterranean forests (EF). fr., frequency.

Item Cost (€) n. per Site fr. (Times/Year)

INSTALLATION
Materials/consumables

Ozone Monitor model 106-L 2bTECH 4456 1 0
Ozone Monitor enclosure 426 1 0

Ozone sensor screen 101.5 1 0
Solar screen 102 1 0
Inlet filter 4 1 0

Data acquisition system
Data logger Campbell CR 300 2100 1 0

Protective box 350 1 0
Modem 300 1 0

Support structure + power supply system with photovoltaic
panels +assembly material 3197 1 0

Sample inlet and tubing 359.3 1 0
Battery (100 Ah) 80 1 0

Personnel (hourly rate) 31.5 28.5 0
Travels 68.4 2 0

EXTRAORDINARY MAINTAINANCE
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Table 4. Cont.

Item Cost (€) n. per Site fr. (Times/Year)

Materials/consumables
Replacement parts (pump, lamp, battery) 1046.15 1 0.2

Personnel 31.5 28.5 0.2
Travels 68.4 2 0.2

ORDINARY MAINTAINANCE
Scrubber 58.7 1 1

Filter 4 1 6
Personnel 31.5 28.5 4

Travels 68.4 2 4
DATA COLLECTION

Cost for data transmission via GPRS (SIM card) 50 1 1

Table 5. Costs of passive monitoring station items with OGAWA sensors, listed separately per installation, ordinary
maintenance, and data collection for deciduous forests (DF) and evergreen Mediterranean forests (EF). Extraordinary
maintenance is not required.

Item Cost (€) n. per Site fr.

INSTALLATION
Materials/consumables

Passive sampler OGAWA with airtight storage vial
(including components) + pad 109.6 2 0

Support for sensor: steel bar 4 1 0
Personnel 31.5 14.25 0

Travels 68.4 2 0
ORDINARY MAINTAINANCE

Personnel per DF 31.5 1 12 t/y
Personnel per EF 31.5 1 18 t/y
Travels per DF 68.4 2 12 t/y
Travels per EF 68.4 2 18 t/y

121 travels (12/y) 820.8
DATA COLLECTION

Analyses and filters per DF 40.2 2 12 t/y
Analyses and filters per EF 40.2 2 18 t/y

Table 6. Total cost of passive monitoring station items with IVL sensors, listed separately per installation, ordinary
maintenance, and data collection for deciduous forests (DF) and evergreen Mediterranean forests (EF). Extraordinary
maintenance is not required.

Item Cost (€) n. per Site fr.

INSTALLATION
Materials/consumables

Passive sampler IVL with airtight storage vial
(including components) + pad 55 2 0

Support for sensor: steel bar 4 1 0
Personnel 31.5 14.25 0

Travels 68.4 2 0
ORDINARY MAINTAINANCE

Personnel per DF 31.5 1 12 t/y
Personnel per EF 31.5 1 18 t/y
Travels per DF 68.4 2 12 t/y
Travels per EF 68.4 2 18 t/y

121 travels (12/y) 820.8
DATA COLLECTION

Analyses and filters per DF 55 2 12 t/y
Analyses and filters per EF 55 2 18 t/y
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To simulate the three time scenarios, we calculated the monetary present value, PV0,
at the first year of installation (2017) of all the installations and future maintenance costs,
assuming an installation duration, T, of 5, 10, or 20 years. The present value formula is
as follows:

PV0 =
T

∑
t=1

Ct

(1 + r)t (1)

where Ct is the annual cost at the year t (5, 10, or 20 years from installation), and r is a 5%
discount rate [54]. National governments assume discount rates ranging between 3.5%
and 15%, and 5% is considered a value coherent with average market interest rates and
discounts adopted to calculate the social cost of carbon [55].

2.5. Social Costs

As for the monetary cost, we compared the present value of the social costs of annual
CO2 emissions caused by the management of the two monitoring systems. Emissions
accumulation in the atmosphere would cause loss of productivity in many economic
sectors and health-related impacts. These outcomes can be translated into monetary terms,
and thus adopted to evaluate the costs and benefits of emission reduction control. The SCC
reflects the present value of such future costs caused by an additional ton of CO2. Therefore,
it represents the monetary value of the future global damages done by emitting one more
ton of carbon today [56]. The literature supplies a strand of SCC values, depending on
climate change projection damage modeling [57]. We used the values developed by the US
EPA (Interagency Working Group on Social Cost of Greenhouse Gases, 2016), since they
are officially utilized by the US Federal Government for cost-benefit analysis [58], while
equivalent guidelines at EU levels are not yet available. EPA provides SCC at different
social discount rates; in fact, sensitivity analysis is fundamental to provide a range of future
options in a context of uncertainty about the future damages of climate change. Thus, we
calculated the total SCC over 5, 10, and 20 years of AM and PM by using SC-CO2 values
provided by EPA at a social discount rate of 5%. These values are reported in EUR 2019.

3. Results
3.1. Environmental Assessment

The environmental profiles of PM and AM were different depending on the time
window considered as the monitoring duration (Table 7). In the case of Mediterranean
evergreen forests (year-long), AM was better than PM, except for acidification (AP) and
human toxicity potential (HTP) over 5 years and AP over 10 years. In the case of deciduous
forests (April–September growing season), PM had better results than PM in EF, being the
best monitoring strategy in terms of AP and HTP in all time frames, as well as eutrophi-
cation potential (EP) over 5 years. In short, AM was generally a better option than PM in
terms of emissions for longer monitoring periods, i.e., 10–20 years and year-long growing
season, except for AP and HTP. The main reason behind these results is related to travels.
Indeed, PM requires frequent accesses to the site, which means a high number of travels
to and from the site. AM requires more instruments and materials but less resources in
terms of human presence. For these reasons, the environmental profiles are influenced
mainly by travels for PM and by materials for AM, and this is the reason why AM is better
in the longer periods while PM is better in the shorter periods. Moreover, travels are the
environmental hotspot for PM in all the impact categories, being the cause of more than
90% of total emissions in all the cases. For this reason, in some impact categories heavily
influenced by the emissions of car engines, such as global warming potential (GWP), the
environmental profile of AM was always better than that of PM, with high differences in
terms of total emissions. A detailed analysis of each impact category is found below.
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Table 7. Results of LCIA for a monitoring site at a distance of 400 km. PM, Passive monitoring; AM, active monitoring; DF,
deciduous forest; EF, evergreen Mediterranean forest. Impact categories: AP= Acidification Potential; EP= Eutrophication
Potential; GWP= Global Warming Potential; HTP= Human Toxicity Potential; ODP= Ozone layer Depletion Potential;
POCP= Petrochemical Ozone Creation Potential. For each time scenario (5, 10 and 20 years from installation), total emissions
are reported in different colours that highlight the best (green), worst (red) and intermediate (orange).

5 years 10 years 20 years
PM-DF PM-EF AM PM-DF PM-EF AM PM-DF PM-EF AM

AP
[kg SO2-Equiv.]

Travel 25.1 37.5 9.1 49.8 74.5 17.7 99.2 148.6 35.0
Material 0.8 1.1 45.7 1.5 2.2 69.0 2.9 4.3 115.5

Total 25.9 38.6 54.8 51.3 76.7 86.7 102.1 152.9 150.5
EP
[kg

Phosphate-Equiv.]

Travel 6.9 10.3 2.5 13.7 20.5 4.9 27.3 40.8 9.6
Material 0.5 0.7 7.0 0.9 1.4 8.9 1.9 2.8 12.6

Total 7.4 11.0 9.5 14.6 21.9 13.8 29.1 43.6 22.3

GWP 100 years
[kg CO2-Equiv.]

Travel 10,886 16,240 3926 21,594 32,302 7674 43,009 64,425 15,169
Material 131 193 1094 255 379 1344 503 751 1844

Total 11,018 16,433 5020 21,849 32,681 9018 43,513 65,176 17,013

HTP inf.
[kg DCB-Equiv.]

Travel 3163 4718 1141 6273 9384 2229 12,495 18,716 4407
Material 108 140 4322 171 234 5960 298 424 9235

Total 3271 4858 5463 6445 9619 8189 12,792 19,140 13,642

ODP
[kg R11-Equiv.]

Travel 1.91E-03 2.85E-03 6.89E-04 3.79E-03 5.67E-03 1.35E-03 7.55E-03 1.13E-02 2.66E-03
Material 2.04E-05 3.04E-05 1.20E-04 4.04E-05 6.03E-05 1.43E-04 8.03E-05 1.20E-04 1.90E-04

Total 1.93E-03 2.88E-03 8.09E-04 3.83E-03 5.73E-03 1.49E-03 7.63E-03 1.14E-02 2.85E-03

POCP
[kg Ethene-Equiv.]

Travel 5.3 8.0 1.9 10.6 15.9 3.8 21.1 31.7 7.5
Material 0.1 0.1 2.1 0.1 0.2 3.1 0.3 0.4 5.1

Total 5.4 8.1 4.0 10.7 16.1 6.9 21.4 32.1 12.6

3.1.1. Acidification Potential (AP)

Total emission of sulfuric acid equivalents was higher for AM than for PM in most of
the examined cases, and PM-DF was always better than PM-EF. In fact, AM was better than
PM only in the 20-year scenario when compared with PM-EF. In all cases, PM-DF was better
than AM, especially in the 5- and 10-year scenarios. The shorter the period of monitoring,
the higher the differences between AM and PM. In the 5-year monitoring, AM was 111%
higher than PM-DF and 42% higher than PM-EF, while the difference decreased over 10 and
20 years; in this last case, the value of SO2eq for AM was 47% higher than PM-DF, and
about 1% lower than PM-EF. Materials and travels had different importance in determining
the emissions of the two types of monitoring; travels were the cause of more than 97% of
total SO2eq emissions in all cases, while, in AM, materials were the environmental hotspot
for AP, being at least 76.8% of total emissions (up to 83.5% in 5-year monitoring).

3.1.2. Eutrophication Potential (EP)

The emission of Peq was the highest in PM-EF. In the passive systems, EP was mainly
related to travels (always over 93% of total emissions), while, in the AM, travels never
influenced more than 44% of the total emissions. In terms of total emissions, PM-DF
were the best for 5-years monitoring, while AM was the best for 10 and 20 years. In fact,
emissions of phosphate equivalents were 29% higher for AM than PM-DF in 5 years, while
PM-DF was 6% and 31% higher than AM after 10 and 20 years of monitoring, respectively.

3.1.3. Global Warming Potential (GWP)

This impact category was measured as the total amount of CO2eq. In all examined
cases, AM showed markedly lower emissions than PM, in both DF and EF. In the 5-year
monitoring, PM in DF showed double emission than that of AM, and PM-EF CO2eq
emitted was three times the CO2eq emitted in AM. The difference in emissions increased
over longer monitoring; in fact, after 20 years, PM in deciduous forest and in evergreen
forests was 156% and 283% higher than AM, respectively. Travels had a key role in GWP,
contributing up to 98.8% of CO2eq emissions in PM, and from 78.2% (5 years) to 89.2%
(20 years) in AM.
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3.1.4. Human Toxicity Potential (HTP)

HTP was expressed as 1,4-dichlorobenzene equivalents/kg emission (DCBeq). As for
AP, in DF, PM showed the best environmental profile in comparison with AM, which was
67%, 27%, and 7% higher after 5, 10, and 20 years of monitoring, respectively. Regarding
EF, PM was better (11% lower emissions of DCBeq) than AM in the 5-year time window,
while it is the worst in 10 and 20 years of monitoring duration (17.5% and 40% higher).
While travels related with data collection were the environmental hotspot in PM, in AM,
the highest contribution to HTP was related to the materials used in the monitoring station
(79% to 68% of total emissions from the 5-year to 20-year time window).

3.1.5. Ozone Layer Depletion Potential (ODP)

For this impact category, the potential impact was reported as trichlorofluoromethane
equivalent emissions (kg CFC-11eq), with higher emissions for PM than for AM. Overall,
CFC emissions were low, with the highest values occurring in the case of PM in every
time window and both forest types, and the highest amount of emissions concentrated on
travels (from 85% in AM to 98% in PM).

3.1.6. Photochemical Ozone Creation Potential (POCP)

This category evaluated the emission of ethene equivalent (C2H4eq) as reference for
potential photochemical oxidant creation. The emissions were lower in AM than in PM for
both forest types. The total impact of AM was from 34% (5-years) to 70% lower (20-years)
than PM in DF. In EF, the difference was higher and emissions of C2H4eq in PM were 100%,
133%, and 155% higher than in AM for 5-, 10-, and 20-year monitoring, respectively.

3.2. Economic Costs

No marked differences were observed between Ogawa and IVL passive sensors
(Figure 4). AM resulted in the most convenient system, as the costs at 5 years from
installation were 33% and 37% lower than PM in DF and 56% and 58% lower than PM in EF.
At 10 and 20 years, the monetary savings of AM were even higher, as the costs of the two
passive systems were, on average, 49% and 66% lower than PM in DF and EF at 10 years,
and 55% and 70% lower at 20 years for OG and IVL, respectively. The cost category material
varied with the type of monitoring, while travel and personnel were constant costs for both
OGAWA and IVL passive systems within the same type of forest. The cost category that
mainly affected all monitoring costs was personnel, representing between 60.2% and 75.6%
of the total cost. The personnel had the lowest cost in AM (EUR 7749, EUR 13,820, and
EUR 22,305 in 5, 10, and 20 years, respectively) and the highest cost in the two PM systems
for evergreen forests (EUR 34,870, EUR 62,192, and EUR 100,372 in 5, 10, and 20 years,
respectively). The amount of personnel cost was followed by material (13.5–35.3%) and
travels (4.5–11.5%). The lowest cost for the material was calculated for OG-DF: EUR 3898,
EUR 7561, and EUR 12,135 at 5, 10, and 20 years, respectively. The highest material cost
was calculated for AM in each time scenario, with the highest percentage over the shortest
5-year period (35.3%). Regarding the travel category, the highest costs were attributed to
both types of PM for evergreen forests: EUR 2665, EUR 4753, and EUR 7671 in the three
time windows, respectively.

3.3. Social Costs

The SCC of PM for sites at a distance of 400 km from the control station result was
always higher than the SCC of AM (Figure S1) (see Supplementary Materials). Within PM,
the SCC related with the monitoring of EF was EUR 253, 480, and 863 after 5, 10, and 20
years, respectively, i.e., ca. 50% higher than in DF, regardless of the time window. The
SCC of AM was EUR 78, 134, and 228, i.e., 60, 58, and 54% lower than PM-DF, and 74, 72,
and 69% lower than PM-EF after 5, 10, and 20 years, respectively. In total, AM showed
markedly lower CO2 equivalent emissions than PM, both in DF and EF, leading to a saving
of EUR 1563 in DF and EUR 2982 in EF after 5 years per the 400-km site. Those savings
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increased up to EUR 3185 and EUR 5890 in DF and EF after 10 years, and to EUR 5920 and
EUR 10,791 in DF and EF after 20 years.

Figure 4. Monetary costs (EUR) of the monitoring systems, i.e., passive monitoring with either IVL
(IVL) or Ogawa (OG) sensors, and active monitoring (AM) for deciduous (DF) and evergreen (EF)
forests over three time windows, i.e., 5, 10, and 20 years of monitoring.

4. Discussion

The debate between passive and active monitoring has been a pressing dilemma in
assessing air pollution at remote forest sites [26,27,29–31]. For the first time, we present
observational evidence that the sustainability of active monitoring is now better than that
of passive sensors, as the environmental, economic, and social costs are usually lower in
AM than in PM. In detail, we found a greater environmental sustainability of the active
system after 10 years from installation, while social and economic impacts of the active
system were lower, even after 5 years. The type of forest determined important differences,
as the costs of PM for Mediterranean evergreen forests were always higher than those for
deciduous forests; hence, in this forest type, the convenience of the active system is realized
earlier. These results were seriously affected by the high costs of personnel in Italy, where
our case studies were applied. Our approach warrants further studies in different countries
across a range of forest and economic conditions.

4.1. Environmental Sustainability

The results of the environmental impact assessment highlighted an important role of
personnel transport on the total amount of emissions. This is a common result obtained in
similar studies applied to different sectors, when the analyzed system has low emissions;
in these cases, secondary processes become important contributors to the total amount of
emissions [59], while, in many other cases, the role of personnel transport is negligible
in comparison with the overall emissions [60]. As travels were the major environmental
hotspot in our analysis, the influence of travel distance was further investigated by two
short-range (30 km) and long-range (750 km) scenarios to quantify the role of distance in
terms of total emissions. The LCIA was repeated for both scenarios, considering the same
LCI as the case study, changing only the travel distance. PM was almost totally influenced
by travel distance, from 93% in EP to 99% in ODP, while AM had a strong component of
other inputs (materials) that attenuated the effects of travels on total emissions (Figure S2).
In fact, in the 30-km scenario PM had a better environmental profile than AM. On the
contrary, in the 750-km scenario, AM was often better than PM. In detail, in the short-
range scenario, PM (in both EF and DF) had lower emissions than AM in acidification,
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eutrophication, human toxicity, and O3 creation potential (POCP) in all time frames, while
in ODP AM was always better than PM-EF and better than PM-DF in the 10 and 20 year
time frames; regarding total emissions of CO2eq (GWP), AM was always better than
PM-EF, but not PM-DF, in the 5- and 10-year scenarios. On the other hand, in the long-
range scenario AM had a better environmental profile than PM for eutrophication, global
warming, O3 layer depletion, and O3 creation potential in all time windows and forest
types; regarding acidification potential, PM was better than AM only in the 5- and 10-year
scenarios in deciduous forests.

4.2. Economic Sustainability

When LCA is combined with an economic analysis, results are more policy relevant, as
supported by previous studies [40,61,62]. Similar to other studies conducted in forests, e.g.,
woody product supply [63,64], the cost category that mainly affected costs in the present
study was personnel, suggesting possible different results for monitoring comparisons
conducted in countries with different labor costs. As PM requires more frequent travels
and, thus, also higher costs of personnel, the monetary cost was always lower for AM.
Despite the higher installation costs, AM led to savings ranging from a minimum of EUR
9650 in 5 years in the case of DF up to EUR 94,796 in the case of EF after 20 years. In
particular, in the short term, the personnel costs for the collection of PM data exceeded the
high cost of AM installation, confirming the convenience of AM. The cost of AM material
was lower than that of IVL-EF in the medium term, and of IVL-DF and OG-EF in the long
term, suggesting the possibility for managers to replace the passive with the active system
in both forest types. The economic convenience of the active system was confirmed in both
the long- and short-distance scenarios (Figure S3), despite the large difference among those
scenarios in terms of travel contribution to the total costs (from a maximum of 1% in the
30-km scenario to a maximum of 19.5% in the 750-km scenario).

About the passive systems, OGAWA was more convenient than IVL in every case.
Such results were related to a lower cost of data analysis; hence, results could change if
analysis would be conducted within the research center without extra costs.

4.3. Social Sustainability

Very few studies [45,65] calculated the social cost of the CO2eq. assessed by the LCA
analysis, and it is also probable that none of them included a monetary cost analysis. Then,
the present study represents a first experience in the assessment of the three pillars of
sustainability (environmental, economic, and social) in the ozone monitoring of forests.

SCC confirmed AM as the most convenient monitoring system, also, in terms of social
costs in both forest types, even after 5 years, with a higher convenience at 10 and 20 years.
This is not surprising, since SCC is directly related with the global warming potential
assessed by LCA.

By applying the distance scenario also to the social impacts, we found that the SCC
determined by AM was always lower than PM for the 750-km scenario (savings from
EUR 3158 up to EUR 20,483), since travels represented the cause of more than 90% of
total emission (Figure S1); in contrast, in the 30-km scenario, PM showed an SCC lower
than AM for DF in the medium term (10 years), and for DF and EF in the short term
(5 years). A further sensitivity analysis, considering different discount rates, was realized
in order to estimate the maximum social cost of both methods. In particular, according to
US EPA, we also considered the high-impact scenario, which considers lower-probability,
higher-impact outcomes of climate change that would be particularly harmful to society
and, thus, relevant to the public and policymakers (calculated as the 95th percentile of
the frequency distribution of SC-CO2 estimates based on a 3% discount rate). Under this
scenario, after 20 years, the SCC of AM reached EUR 2201, while PM was EUR 5544 in DF
and EUR 8301 in EF (Figure S1).
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5. Conclusions

This LCA study estimated the three types of cost associated to active or passive ozone
monitoring in forest plots. These innovative results support active O3 monitoring rather
than passive monitoring. Indeed, despite the high installation costs that make active
monitoring still little used, the costs of active monitoring are already compensated after
5 years of monitoring due to the large incidence of personnel costs on sample collection in
passive monitoring. The advantage of active monitoring is greater in the longer monitoring
windows, e.g., for the evergreen Mediterranean forests requiring all-year-long monitoring.
The advantage of AM compared to PM is driven by the lower number of trips from the
research center to forest sites. In particular, the reduced global warming potential of active
monitoring leads to social benefits quantified in terms of social cost of carbon. These
results indicated an advantage of active monitoring from an environmental, economic,
and social point of view. In addition, the active system supplies reliable hourly data that
are suitable for stomatal O3 flux estimation, supporting policymakers in assessing ozone
impacts on forests.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/environments8100104/s1, Figure S1: Environmental impacts of the two monitoring methods
passive (PM) and active (AM) in the three time frames (5, 10, 20 years) at the two scenarios (a-30 km
and b-750 Km) on the six impact categories: acidification potential (AP), Eutrophication Potential
(EP), Global Warming Potential (GWP), Human Toxicity Potential (HTP), Ozone Layer Depletion
Potential (ODP), Photochemical Ozone Creation Potential (POCP). Results for PM is separated into
the two forest types deciduous (PM-DF) and evergreen (PM-EF). Bar colours are referred with the
input category (white = material; black); Figure S2: Monetary costs (€) of the monitoring systems,
i.e., passive monitoring with either IVL (IVL) or Ogawa (OG) sensors, and active monitoring (AM)
for deciduous (DF) and evergreen (EF) forests over 5, 10 and 20 years of activity at the two distance
scenarios, i.e., 30 km and 750 km from the forest site to the control base; Figure S3: Social cost of
carbon in active (AM) and passive monitoring (PM), the latter is divided into deciduous forest (DF)
and evergreen Mediterranean forest (EF), when the monitoring site is 400, 30 or 750 km distant from
the control base, at 5, 10 and 20 years from installation, and with different discount rates (5, 3, 2.5 and
HI, high impact, e.g. 95th percentile at 3%).
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