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Abstract: Despite the improvements made in recent decades on the emission control of waste
combustion plants, the chronically low public acceptance still influences the strategical choices of
local authorities, who may decide to export waste to other regions instead of treating waste locally in
a waste-to-energy (WtE) plant. The present paper proposes a method to identify a more sustainable
solution between local waste treatment and the export of waste. To do this, two waste-management
scenarios were compared: (1) an in situ WtE scenario, considering a WtE plant in a region of about
500,000 inhabitants; and (2) an ex situ WtE scenario, considering the road transportation of waste to a
WHE plant located in another region. This method yields an estimation of the maximum distance that
trucks may cover to balance the emissions of the air pollutants released in the in situ WtE scenario.
The methodology is based on the COPERT emission model and on emission factors of WtE processes.
The results show that the maximum distance is limited by the emissions of polycyclic aromatic
hydrocarbons by road trucks. Finally, the paper discusses the results considering the energy efficiency
of WHE processes and proposes alternative WHE strategies to increase the level of public acceptance.

Keywords: waste incineration; air pollution; energy recovery; emissions; road transportation;
environmental assessment

1. Introduction

Besides pursuing the principles of the Waste Framework Directive, the European
Union (EU) member states must implement actions to meet the requirements imposed by
the Landfill Directive [1]. This directive establishes that the amount of municipal solid
waste (MSW) landfilled must be limited to 10% by 2035. Thus, member states have the
following (non-mutually exclusive) options [2,3]:

To fully embrace the waste hierarchy principles and reduce MSW production by
re-organizing the supply chains and enhance resource efficiency;

2. Toimprove the selective collection of MSW by investing in communication campaigns,
adopting more persuasive tariff schemes, re-organizing waste collection and investing
in research and recycling facilities;

3.  To reduce the volume of residual MSW (rMSW) produced and, preferably, recover
energy from it.

The transition towards ambitious “zero waste” targets cannot do without the advan-
tages given by waste-to-energy (WtE) processes in terms of waste reduction and energy
recovery. In a broad context, WtE may refer to every process generating energy from
waste, including anaerobic digestion (AD) and the direct or indirect combustion of waste,
respectively, as well as the incineration and gasification of waste-derived syngas. The
present paper focuses only on MSW and combustion processes. The latter aims to reduce
the amount of rMSW landfilled and, meanwhile, recover energy from it. The advantages of
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the AD of food waste have been broadly discussed in the literature [4-6]. AD was proved to
not contribute to the significant emissions of air pollutants, especially if the target produces
bio-methane instead of burning biogas locally in a combined heat and power generator.
On the other hand, waste combustion inevitably generates high emission rates of toxic air
pollutants. Depending on the mass fraction of waste with a fossil origin, waste combustion
offers a higher contribution to climate change [7]. However, the energy recovery from WtE
processes avoids resorting to conventional sources of energy that may contribute more to
global warming [8].

Despite the fact that the WtE sector is crucial in waste management and in integrated
waste-management plans [9,10], public acceptance of W1E facilities is still negatively influ-
enced by “not in my backyard” (NIMBY) syndrome [11,12]. The reasons for the chronically
low public acceptance of WtE plants are mainly related to past levels of emissions of toxic
compounds released by waste combustion, especially dioxin (PCDD/Fs) and dioxin-like
polychlorinated biphenyls (dl-PCBs). In recent decades, the WtE sector has considerably
improved from the point of view of air pollution control [13]. In the EU, the PCDD/F and
dI-PCB concentration limit values at the stack of a WtE plant are now limited to 0.1 ngp.tgq,
Nm? for both groups of pollutants [14]. Large combustion plants (like MSW incinerators or
gasifiers burning syngas from waste conversion) are regarded as point emissions sources:
indeed, exhaust gas is released by one or more stacks, whose height and diameter are
designed to minimize the impact on the surrounding areas. Compared to other emission
activities located at ground levels (e.g., road traffic), the exhaust gas exiting the stack(s) is
directed upwards due to the relatively high velocity of the gas. This condition helps the
dispersion of the air pollutants within the atmosphere, compared to diffuse sources at the
ground [15]. Conversely, road traffic is characterized by a multitude of emissions sources
that are located at ground level and are usually in the proximity of people, who are directly
exposed to the inhalation of traffic-related air pollutants [16,17].

Both sectors also contribute to net greenhouse gas (GHG) emissions. In spite of
the increasing share of electric vehicles, road transportation still mainly relies on fossil
fuels. In the EU, for instance, battery electric vehicles (BEVs) only accounted for 0.4%
of the total passenger cars on roads in 2019 [18]. In addition, the use of BEVs does not
guarantee that the electric energy used to charge them is generated by renewable sources.
Residual MSW (rMSW), on the other hand, is a mixture of materials with fossil, biogenic
and inert origins [19]. Biogenic waste mainly includes ligno-cellulosic materials and, in
the case of untreated rMSW, food waste [20]. Contrarily to the fuel mix adopted by the
road transportation sector worldwide, the share of materials with a non-biogenic origin
is generally lower. According to Pfadt-Trilling [21], in the USA, the mass fraction of
non-biogenic material in the input waste to MSW incinerators ranges between 35% and
45%. Higher values may occur, reflecting situations where a highly efficient and selective
collection of MSW has been implemented. In this case, the higher content of fossil carbon is
balanced by the lower amount of rMSW sent to WE plants, thanks to the higher interception
rate of recyclable fractions through selective collection. The EU is aware of the crucial role
of the WHE sector in recovering energy and replacing energy production processes based
on fossil fuels. For this reason, the EU has excluded MSW incineration from the European
Emission Trading System [22].

According to the EU Waste Framework Directive [23], member states are obliged to
prepare waste-management plans to define the current situation, future targets, strategies
and measures to meet the targets. This directive also allows local/regional authorities to
prepare waste-management plans instead of a whole country. The choices made during the
preparation of a waste-management plan may influence the local air quality of an area if, for
example, the local authority is planning the construction of an MSW incinerator or to trans-
fer waste to other destinations. In the EU, according to Directive 2008/50/EC [24], member
states must also prepare air-quality plans in the areas/regions where the ambient-air-
concentration limit values of the regulated pollutants are exceeded. In addition, decisions
on waste management may positively or negatively affect the achievement of the EU clean



Resources 2022, 11, 96

30f11

air targets set for 2030 [25]. When planning air-quality strategies, atmospheric emission
inventories are fundamental tools that provide key information to carry out atmospheric-
dispersion modeling [26]. The latter, upon its turn, is crucial to assess both the present
situation and the expected one in terms of air quality [27,28].

The present paper aims to highlight the extent to which the export of MSW may be
sustainable for a province/region in terms of the emissions of local and global air pollutants,
compared to in situ MSW incineration. This approach is based on a comparison of the
emissions from road transportation and MSW incineration. It is expected to help decision
makers when elaborating waste-management plans and facing the possible opposition of a
part of the population to new WHE facilities. This approach shows the close relationship
with local atmospheric emission inventories and air-quality plans.

The present paper compares two scenarios for WtE treatment in a small region with a
hypothetical resident population of about 500,000 inhabitants. The first scenario considers
that the rIMSW produced in the region is sent to a local MSW incinerator to generate electric
energy (in situ WtE). The second scenario considers that the rIMSW produced in the area is
transferred to an MSW incinerator located in an adjacent region (ex situ WtE). Trucks are as-
sumed to be the means of transportation of the waste to the outer destination. Quantitative
estimations are formulated to evaluate the sustainability of exporting waste compared to in
situ WtE, in terms of the emissions of air pollutants and GHGs. The paper also formulates
qualitative considerations on possible additional comparisons, considering other variables,
such as the electric-energy-conversion efficiency of WtE plants and alternatives to the
conventional and centralized direct/indirect combustion of waste.

2. Materials and Methods
2.1. Reference WtE Plant

The first step in comparing in situ and ex situ WtE processes is to consider a reference
WIE plant. To do this, a survey on WtE plants was carried out considering Italian waste
facilities in operation when the present paper was written. The survey focused on mid-sized
WIE plants (50,000-150,000 t/y of input waste), representing a small Italian region/province.
The survey selected WE plants based on the same combustion technology (moving grate
incineration) to avoid misleading conclusions in terms of conversion efficiency and exhaust
airflow rate. For each WtE plant, the data considered in the survey refer to the maximum
input waste capacity, the type of input waste authorized for processing, the exhaust airflow
rate authorized, the nominal combustion power, the maximum electric power generated
and the net-to-gross ratio of the electric energy generated (to account for the WtE plant’s
self-consumption). The WtE plants included in the survey were selected on the basis of
the public availability of the environmental authorizations released by the environmental
protection agencies in charge. The WtE plants considered are presented in Table 1.

Based on the data reported, an input waste capacity of 100,000 t/y was selected for the
reference WtE plant. The exhaust airflow rate was estimated by multiplying the reference
input waste capacity by the average of the ratios between the exhaust airflow rate and the
input waste capacity of each plant. The resulting exhaust airflow rate was 88,435 Nm?>/h.



Resources 2022, 11, 96

40f11

Table 1. Results of the survey on the mid-sized Italian moving grate incinerators in operation at the
time the present paper was written.

Maximum Net-to-Gross

Input Waste Exhaust Nominal Electric Power Ratio of
Location Capacit [t/y] Waste Type Airflow Rate Combustion Generated Electric Reference
pacity Iy [Nm®3/h] Power [MW] Energy
[MW]
Generated
rMSW and special waste
Bolzano 130,000 assimilated to MSW 106,000 60 15 0.85 [29]
rMSW), special waste
Piacenza 120,000 assimilated to MSW, 99,500 454 12 na, [30]
treated medical waste
and sewage sludge
. rMSW and special waste
Forli 120,000 assimilated to MSW 120,000 46.5 10.6 0.79 [31]
rMSW, special waste
Rimini 127,000 assimilated to MSW and 100,000 46.5 10.5 0.77 [32]
treated medical waste
) rMSW and special waste
Terni 100,000 assimilated to MSW 100,000 52 12.5 0.84 [33]
rMSW, special waste
Como 100,000 assimilated to MSW and 100,000 39 6 0.68 [34]
medical waste
. rMSW and special waste
Siena 70,000 assimilated to MSW 45,000 279 8.4 0.84 [35]
Taranto 100,000 SRF 100,000 20 12.25 0.82 [36]

n.a.: not available.

2.2. Emission Calculation
2.2.1. WtE Plant

The emission factors (EFs) of the air pollutants related to municipal waste incineration
in Europe (EFyy;g ;, expressed as g/t) were retrieved from the latest version of the Emis-
sion Inventory Guidebook (2019), prepared by the European Monitoring and Evaluation
Program/European Environment Agency (EMEP/EEA), which is the European reference
document for emission calculations from several civil and industrial sectors [37]. The
emission inventory includes the EFs of the following pollutants: nitrogen oxides (NOx),
carbon monoxide (CO), volatile organic compounds (VOCs), sulfur dioxide (SO,), ammo-
nia (NH3), total suspended particles (here regarded as particulate matter, PM, for direct
comparison with traffic-related emissions), lead (Pb), cadmium (Cd), mercury (Hg), arsenic
(As), chromium (Cr), copper (Cu), nickel (Ni), selenium (Se), zinc (Zn), PCBs, PCDD/Fs,
polycyclic aromatic hydrocarbons (PAHs), such as benzo(a)pyrene, benzo(b)fluoranthene,
benzo(k)fluoranthene, indeno(1,2,3-c,d)pyrene, and hexachlorobenzene (HCB).

The emission inventory does not include any EFs of greenhouse gases (GHGs), whose
net emissions depend on the composition of the input waste and on the combustion
efficiency. Thus, the EFs of carbon dioxide (CO;) related to the oxidation of fossil carbon
was calculated separately, based on the work of Vigano et al. [38]. After taking 20 waste
samples on the two lines of an Italian waste incinerator, the authors measured an average
waste mass fraction of fossil origin of 0.152 and a carbon content in the waste of fossil
origin of 783 g/kg. The resulting mass content of fossil carbon in the total waste mass was
119 g/kg. Assuming the conversion to CO and organic pollutants is neglectable compared
to the CO, formation, the complete oxidation of one mole of carbon generates one mole of
COy,. Considering the molecular mass of CO; (44 g/mol) and the atomic mass of carbon
(12 g/mol), the CO, EFs from the WE plant can be easily estimated as follows:

445 k
EFwir,co, = Xroo 5" 10008 (1)

mol

where X;c is the mass content of fossil carbon in the total waste mass (g/kg). The complete
set of EFyy; ; values proposed for municipal waste incineration is presented in Table 2.
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Table 2. EFs of municipal waste incineration in Europe, expressed as grams of pollutant per ton of
input waste [37,38].

Pollutant EFyyg ; [g/t]
NOx 1.07 x 102
CcO 4.10 x 10!

VOCs 5.90 x 10°
SO, 8.70 x 101
NH; 3.00 x 10°
PM 3.00 x 10°
Pb 5.80 x 1072
Cd 460 x 1073
Hg 1.88 x 1072
As 6.20 x 1073

Cr 1.64 x 1072
Cu 1.37 x 1072
Ni 2.16 x 1072
Se 1.17 x 1072
Zn 245 x 1072

PCBs 3.40 x 10~°

PCDD/Fs 5.25 x 1078
PAHs 474 x 107°
HCB 452 x 107>
CO, 3.12 x 10%

For each i-th pollutant, the emission from the reference WtE plant (E;, expressed as
t/y) can be calculated as follows:

et
E; = EFyE,;-Q-10 6§ )

where Q is the input waste mass flow rate (t/y).

2.2.2. Road Transportation

The estimation of the emissions from road transportation is a necessary step to calculate
the maximum distance that makes the ex situ WtE scenario as sustainable in terms of the
emissions of GHGs and local air pollutants of the region where the waste is generated. The
maximum distance d,,;, ; (km), intended as the maximum distance for which the emission
of the i-th pollutant is sustainable, can be estimated as follows:

2-E;-1008
N- (EFi,fl =+ EFi,e)

®)

dmax,i =

where E; is the emission rate of the i-th pollutant released by the WtE plant (t/y) as
calculated in Section 2.2.1, N is the number of trips needed to transfer the waste to the WtE
plant of destination (1/y), EF; g is the EF of the i-th pollutant related to a truck fully loaded
with waste (g/km) and EF;, is the EF of the i-th pollutant related to an empty truck (g/km).
The use of two different EFs of road transportation (EF; 7 and EF;,) is necessary to account
for the additional contribution given by the waste load of the emissions of each truck.

EFs of transportation by trucks were retrieved by COPERT (version 5.5.1) software [39].
COPERT is the reference algorithm used for the calculation of vehicle emissions in the EU.
Its development is supported by the EEA. COPERT yields estimations of the exhaust (hot,
cold and evaporative) and non-exhaust emissions of several pollutants under different
driving conditions (urban peak, urban off-peak, rural and highway routes, as well as
user-defined slopes and vehicle loads). COPERT differentiates between different categories
of vehicles (passenger cars, light commercial vehicles, trucks, buses, mopeds, motorcycles,
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quads and mini-cars), subdivided into a total of 432 vehicle classes [39]. The pollutants
regarded by COPERT are the same as those included in the EMEP/EEA Emission Inventory
Guidebook [37], except for HCB, for which an EF is not provided. Thus, HCB was excluded
from the comparison.

COPERT computes the emissions of the selected pollutants from a user-defined dataset
of vehicles, fuels, speeds and driving modes, basing its calculation on a wide database of
EFs and correction factors.

For simplicity, the following assumptions were made when estimating the emissions
from waste transportation by trucks:

the route from the collection area to the WtE plant is the same in both directions;
the slope of the route from the collection area to the WtE plant and vice versa is
assumed to be null;

e the same type of trucks was used during every trip, specifically, 26 t diesel-fueled
trucks (maximum gross weight) with a 16 t capacity, belonging to the latest European
emission standard, i.e., EURO VI [40].

In this study, the EFs considered hot exhaust, cold-start and (for PM) non-exhaust
emissions. Evaporative emissions were only relevant for gasoline-fueled vehicles [39]; thus,
they were neglected in the present paper. The CO, EFs were calculated according to the
COPERT methodology, which considers the contribution of fuel combustion, lube oil and
urea consumption by NOx abatement technologies in EURO VI trucks [37]. The CO,, CHy
and N>O EFs were combined in a CO,-equivalent (COxq) EF, considering the latest global
warming potentials for CHy and N,O on a 100-year horizon: 21 and 310, respectively [41].

The EFs considered in the present article are reported in Table 3. The PM EFs include
the contribution of non-exhaust particles generated by tire, brake and road-surface wear [39].
Variations to these basic conditions can be easily made by selecting the most proper
correction factors in COPERT for any specific situation to be modeled.

Table 3. Values of the COPERT EFs of the selected pollutants and referred to 26 t trucks in full-load
(EF;p) and empty (EF; ) conditions [39].

Pollutant EF; g [g/km] EF;, [g/km]
NOx 1.94 x 10~1 2.88 x 107!
CcoO 1.34 x 1071 1.48 x 1071

VOCs 2.79 x 1072 2.73 x 1072
S0, 0 0
NH; 1.50 x 1071 1.15 x 1071
PM 7.03 x 1072 391 x 1075
Pb 3.50 x 107 2.00 x 10~7
cd 1.36 x 107° 1.00 x 10~°
Hg 8.42 x 1077 5.00 x 107
As 2.81 x 107° 1.60 x 1075

Cr 5.67 x 1074 3.17 x 1074
Cu 423 x 107 2.30 x 10~°
Ni 6.33 x 1077 3.00 x 1077
Se 244 x 1074 129 x 1074
7n 8.00 x 10714 8.00 x 10~ 14

PCBs 400 x 10713 400 x 10~10

PCDD/Fs 1.38 x 105 1.38 x 10>
PAHs 1.50 x 1071 1.15 x 1071

COseq 8.17 x 107 5.81 x 102

Because the SO, EF is null, thanks to the desulfurization of diesel fuel, this pollutant
was excluded from the comparison. Based on the reference amount of waste to be treated
(100,000 t/y) and a truck load capacity equal to 16 t, the total number of round trips needed
in a year (N) was 6250.
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As presented in Tables 2 and 3, the fingerprints of waste incineration and road trans-
portation are particularly different, because each sector contributes differently to the emis-
sions of the specific pollutants considered. What both sectors have in common is a large
contribution to CO,¢q emissions, which account for 96.7% and 99.9% of the emissions
from MSW incineration and road transportation, respectively. Figure 1 provides a visual
representation of the frequency distributions of the EFs of local air pollutants in the case
of MSW incineration and transportation by the trucks considered in this work. The EFs
considered for road transportation are the mean values between EF; g and EF;,, because
the route is assumed to be the same in both directions.

10 x 10°
10 % 10"
10 x 10°
10 % 10°
10 x 10"
10 % 10°
10 % 10° -
10 % 107
10 x 10"
10 10
10 x 10"
10% 10"
10 % 16"
10 x 107 8 8 L
FEFLS ARSI T QQ%ZQQQ* &
X

EF frequency distribution [-]

® MSW incineration O Transportation by trucks

Figure 1. Comparison between the frequency distribution of the EFs related to waste incineration
and the transportation by trucks (results expressed in logarithmic scale).

For both sectors, the highest EFs were related to NOx, followed by CO. The lowest EFs
were related to PCBs and PCDD/Fs. The remaining pollutants had different weights be-
tween the two sectors. In particular, PAHs contribute to 0.0025% of the total emissions from
road transportation and to only 0.000004% of the total emissions from MSW incineration.

2.3. Energy Conversion Efficiency

If the energy conversion efficiency of the ex situ WtE plant is relatively high, it may
be possible that the joint contribution of the ex situ WtE plant and waste transportation to
the emission of air pollutants is equal or lower than the contribution of a local (though less
efficient) WtE plant. To account for this possibility, the comparison between the in situ and
ex situ WtE scenarios considered WtE plants with the same conversion efficiency initially.
A second comparison determined d,,,,, ; in the hypothesis that: (1) the ex situ WtE plant
is characterized by the highest net-to-gross electric energy ratio reported in Table 1 (0.85);
and (2) the in situ WtE plant is characterized by the lowest net-to-gross electric energy ratio
reported in Table 1 (0.68).

3. Results and Discussion

Equations (2) and (3) yield the calculation of the distance (d,,,, ;) between the collection
area and the WtE plant located outside the region where the waste is generated, at which
the pollutant-specific emissions from waste transportation equalize the respective emissions
from a local WtE plant. The results of the calculations are presented in Table 4. The same
WIE plant was assumed for the in situ and ex situ scenarios.
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Table 4. Results of the calculations of the distance (d,;,, ;) at which the transportation-related emission
of the i-th pollutant equalizes the emission of the same pollutant from a local WtE plant (E;).

Pollutant E; [tly] dax,i [km]
NOx 1.07 x 10% 71,074
Cco 4.10 x 10° 4648

VOCs 5.90 x 1071 3423
NH; 3.00 x 1071 5333
PM 3.00 x 1071 362
Pb 5.80 x 1073 16,965
Ccd 460 x 1074 267,636
Hg 1.88 x 1073 254,915
As 6.20 x 1074 147,839

Cr 1.64 x 1073 11,900
Cu 1.37 x 1073 496
Ni 2.16 x 1073 105,850
Se 117 x 1073 401,286
7n 245 x 1073 2100

PCBs 34 x 10710 680,000

PCDD/Fs 525 x 1077 4196
PAHs 474 x 10 55

COseq 3.25 x 103 747

As expected, the d;;;x values were dependent on the pollutant, because road trans-
portation and waste incineration contribute differently to the emissions of the specific
pollutants considered in this work (Figure 1). Up to a distance of 400 km, waste trans-
portation contributed more than waste incineration for only two pollutants: PM and PAHs.
In terms of the local emissions of air pollutants, the transportation of waste to an outer
destination would be absolutely preferable if the distance between the collection area and
the destination was lower than the lowest d;,,x value reported in Table 4 (55 km). Despite
the relatively low waste mass fraction with fossil origins (15.2%) found by Vigano et al. [38],
non-biogenic CO; emissions from MSW incineration were significantly higher compared
to road transportation, allowing trucks to cover a round trip of almost 1500 km without
exceeding the COy.q emitted by a hypothetical in- situ WtE plant. This means that, from
the point of view of global pollutants, the in situ WtE scenario may not be seen as clearly
preferable.

The previous considerations of dy;;y obviously identifies the preferable solution to
minimize the atmospheric emissions of local and global pollutants, only with regards to
the province/region where waste is produced. If the ex situ WtE process was carried out
in an MSW incinerator with the same characteristics of the in situ WtE scenario, the joint
contribution of the two adjacent regions would be higher than the in situ scenario, due
to the additional contribution of waste transportation. However, two WtE plants may
have different conversion efficiencies. Considering the assumption made in Section 2.3, to
generate the same amount of electric energy, the in situ WtE plant should burn 25% more
MSW than the ex situ WtE plant. This would result in 25% higher atmospheric emissions
from the in situ WtE plant. Consequently, the d,,,, values reported in Table 4 should be
increased by 25%. In a future context, the carbon footprint and the emissions of local
pollutants in the ex situ WtE scenario could be reduced by using part of the electric energy
generated by the plant to feed battery electric vehicles, replacing the current vehicle fleets
and remaining mainly based on combustion engines. This environmental assessment could
be improved by considering the potential heat recovery and the consequent production and
distribution of heat to the population living in the vicinity of WtE plants. Public acceptance
might also be influenced by the energy potential of the waste produced in the reference
region, which could be estimated with a recent methodology [42]. Communicating this
information to the population may generate positive or negative responses in case the
calorific power of the waste is relatively high or low, respectively. In the first case, people
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might show more interest in an additional source of energy, especially during worldwide
energy crises. This could incentivize people to further improve the selective collection of
waste, which increases the calorific power of rMSW, decreases the production of rMSW,
and thus increases the energy efficiency of rMSW combustion.

It is worth highlighting that this comparison does not consider the additional en-
vironmental impacts induced by the ex- situ WtE plant that takes charge of the waste
transported from the reference region. Indeed, the ex situ WtE plant may already treat
the waste generated locally. However, the environmental impact of a WtE plant must be
assessed at its maximum capacity during the evaluation of the project. Thus, the ex situ
WIE plant would not generate unexpected impacts when accepting the additional amount
of waste transported from the reference region.

It is also necessary to point out that such a comparison does not consider the poten-
tial adverse effects on human health deriving from exposure to toxic air pollutants. As
mentioned above, MSW incineration and road transportation are characterized by differ-
ent mechanisms of the emission and dispersion of air pollutants in the atmosphere. A
detailed air-pollutant-dispersion study should be carried out to estimate the potential risks
to health. Dispersion calculations should appropriately consider a complete meteorological
characterization of the area for at least one year. Point (i.e, the stacks of the WtE plant),
linear or volumetric sources (i.e., road traffic) should be accurately defined. Finally, land
use data, presence of population and, if necessary, orography should be included in the
modeling activity.

Local authorities and decision makers may consider alternative WtE approaches to
reduce the expected environmental impacts, as proposed by Ragazzi et al. [43]. A first
approach may consider the construction of smaller WtE plants in the area, instead of
one full-scale WtE plant. Each small-scale plant would release lower fluxes of pollutants
compared to a single full-scale plant. This would induce proportionally lower impacts
on health, provided that the main characteristics of the emissions (e.g., release height,
exhaust-gas velocity and temperature) are kept as close as possible to the full-scale plant.
However, this approach would require higher investment costs and land consumption
with respect to a single full-scale plant. A second alternative is preferable: it consists of the
gasification of waste with a transformation of the syngas into fuels and chemicals. This
approach would avoid local syngas combustion, would create substitutes for fossil fuels,
recover chemicals for industrial and commercial use and increase the public acceptance of
WIE technologies.

4. Conclusions

The comparison made in the present paper between the in situ and ex situ WtE scenar-
ios revealed that the role of the road transportation of waste must be considered during the
elaboration of waste-management plans. The results showed that waste transportation and
waste combustion in an outer WtE plant would be absolutely preferable, only if the latter is
located within a maximum distance that could be calculated with the methodology devel-
oped in the present paper. PAH emissions are the limiting factors that define the maximum
distance covered by waste transportation to consider an ex situ WtE plant to be a more
sustainable approach than an in situ WtE. However, such a distance could be increased
if the energy efficiency of the outer WtE plant is expected to be higher than the energy
efficiency of the potential in situ WtE plant. Regarding this last point, the methodology
presented here may also help identify cases where NIMBY syndrome is technically justified,
providing scientific evidence to support the worries of the local population. However, ex
situ scenarios might be complicated because of the need for local administrations to draw
up convenient contracts with waste -management or transportation companies.

The methodology developed in this study could be adapted to every context to support
decision makers when planning future waste-management strategies. This methodology
could be applied to different WtE processes, which can be compared to assess the environ-
mental convenience of different in situ and ex situ scenarios. This may be an interesting
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future development of this research. Another possible future development consists of a
deeper assessment of WtE scenarios, not only based on emissions, but also on the popula-
tion’s exposure to air pollutants. This deeper evaluation may identify the most virtuous
transportation routes from the point of view of the population exposure and account for
the cumulative risk induced by both transportation and the operation of the WtE plant.
Finally, two alternatives to the conventional idea of waste incineration with energy re-
covery were discussed as possible options to increase the public acceptance of the WtE sector.
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