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ABSTRACT

Waste-to-Energy (WtE) processes respond both to the emerging need for reducing the flow of waste
into the environment and, at the same time, to the increasing demand for energy. Despite, these evident
advantages, WtE plants still present some critical issues regarding the emissions of heavy metals into
the atmosphere, which are regulated by the environmental legislations but, concerning the European
Union, are regarded as groups of metals with no consideration of the different carcinogenic potential of
each metal. In addition, there are uncertainties on the estimation of the balance of carbon dioxide, which
depends on several factors like transportation, type of incoming waste, processes in use and secondary
emissions. Despite great improvements in air pollution control from this sector, persistent organic
pollutants are still emitted by WtE plants. Therefore, the implementation of adequate environmental
monitoring (EM) plans is essential to monitor the impact of WtE plants in their surroundings, especially
in the presence of the population, fields and pastures. In view of these considerations, this paper aims
to provide guidance on basic and novel approaches that are necessary for a comprehensive monitoring
of the impacts of a new WtE plant in terms of air quality and public health. A case study regarding the
EM plan proposed for a new WE plant will also be reported as an example.

Keywords: ambient air, soil, deposition, sediments, dioxin, heavy metals, gasification, waste
management.

1 INTRODUCTION

The increasing demand for energy that has taken place since the last century, combined with
the increasing need for reducing the flow of waste into the environment, resulted in the great
opportunity of producing energy from waste and in the development of the so-called
waste-to-energy (WtE) sector [1]. The contribution of this sector towards the achievement of
the United Nations’ Sustainable Development Goals number seven (Affordable and Clean
Energy) and eleven (Sustainable Cities and Community) has already been recognised by the
scientific literature in this field [2], [3].

Generally, WtE processes include the direct or indirect combustion of waste or
refuse-derived fuel (RDF), which is produced by aerobic treatments of the residual fraction
of municipal solid waste (MSW). Being thermal processes, both methods lead to the
generation of thermal energy from the combustion of a fuel. The latter can be directly
the RDF in the case of direct WtE plants (e.g.: incinerators) or the gas generated by the
thermal treatment of waste/RDF, i.e. the syngas [4], [5]. In this last case, WtE plants are
commonly regarded as indirect processes and include different gasification treatments,
pyrolysis and combinations of these treatments [6][8].

MSW incinerators are the first example of WtE technologies [9]. Historically, MSW
incinerators were depicted as a threat for human health, especially for their contribution in
terms of dioxin in the atmosphere. In the last decades, the WtE sector has undergone rapid
changes in the air pollution control lines to limit the emissions of dioxin, heavy metals,
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particulate matter (PM) in general, nitrogen (NOy) and sulphur (SOy) oxides [10]. Besides
the use of renewable sources, WtE was recently recognised as one of the cleanest approaches
for energy production, thanks to the improvements made in terms of air pollution control
[11]. Nowadays, modern WtE plants may include electrostatic precipitators and bag-house
filters (for PM removal), multi-stage scrubbing (to remove acids and SOy, with the optional
addition of activated carbon to remove dioxin, hydrocarbons in general and metals), selective
or non-selective catalytic reduction (for NOy removal) and, recently, selective catalytic
oxidation (for dioxin removal) [10]. Further improvements are expected by the WtE sector
from the general point of view of sustainability, especially concerning the minimisation of
the solid residues (e.g., bottom ashes) and the recovery of chemicals [12]-[16]. These
expected improvements will allow the WtE sector to comply with a vision of circular
economy. Specifically, the literature recently highlighted the positive role of indirect
combustion and bottom ash vitrification in a circular economy perspective [17].

However, some potential criticalities still exist, especially concerning the role of heavy
metals [18]. In addition, as large combustion installations that partly burn non-biogenic
fractions of waste, WtE plants generate net positive emissions of carbon dioxide (CO,) into
the atmosphere, with direct impacts on the climate. Non-biogenic CO, contributions also
derive from the use of other fossil fuels to ignite the waste and to carry out the vitrification
process of the bottom ashes, as an option to landfilling. Methane (CH4) and coke are usually
adopted for those purposes, respectively. Indirect CO, net emissions that must be considered
to complete the CO, balance derive from the transportation (positive contribution to the net
CO; generation) of waste and from the avoided emissions related to both energy recovery
strategies and the choice of performing the co-generation of thermal and electric energy
(negative CO; contribution). The net CO, generation is normally calculated as an estimate
based on standard emission factors regarding positive contributions (auxiliary fuel
combustion and waste transportation) and the negative contributions (extra thermal energy,
obtained by energy recovery strategies, and electric energy production from a reference mix
of fuels, which may be compensated by electric energy production by a steam turbine in the
plant). The CO, generated by waste oxidation can be estimated by the carbon content of
the input waste, which requires periodical characterisation. Thus, the amount of CO,
generated by a WtE plant strongly depends on the input waste, whose composition may not
be constant over time. Therefore, the estimation of CO, emissions through emission factors
is subject to a high degree of approximation. A continuous monitoring system for CO,
concentration at the stack level would reduce the degree of uncertainty and avoid performing
chemical characterisation of the input waste.

In the European Union, the emissions from WtE plants in the atmosphere are regulated by
the European Directive 2010/75/EU [19]. The authorisation processes of a WtE plant is
regulated by the European Directive 2014/52/EU [20] that reviewed the Directive
2011/92/EU [21] in several aspects: ‘purely’ procedural requirements, screening, quality and
monitoring [22]. Directives (Art. 1 of 16) shall apply to the assessment of the environmental
effects of those public and private projects which are likely to have significant effects on the
environment. This Directive describes the procedure to evaluate the Environmental Impact
Assessment (EIA) of a single project to ensure an integrated pollution prevention and control
on the environmental matrices (e.g. soil, water, air, ecosystems). A specific section of the
EIA Directive describes the EM plan with the aim to conducting cumulative exposure and
risk assessment pre- and post-intervention [23].

An EM plan should monitor the area potentially influenced by the plant and the expected
impacts as more completely as possible. All the environmental comparts that could be
influenced by the activities of the plant should be correctly identified, as well as the pollutants
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monitored. To create a reference base to compare the situation when the plant is in operation,
it is important to evaluate the pollution level before its construction. If critical impacts cannot
be excluded during the plant construction, a monitoring activity should be planned during
this phase too.

In the light of the importance of correct EM plans for the WtE sector, the present paper is
intended to provide guidance on the basic approaches that are necessary to monitor the
impacts of a new WtE plant in terms of air quality. In addition, this work presents other new
and unconventional strategies that would allow for a comprehensive monitoring of a WtE
plant from the point of view of its impacts on air quality and on the exposure to air pollutants.
Such new approach responds to the need for overcoming the uncertainties that characterise
this sector in terms of (1) the emissions of heavy metals and persistent organic pollutants
(POPs), (2) the role of secondary emissions and (3) its carbon footprint. These aspects are
here discussed also by considering the case study of the EM plan proposed for a
new WHE plant.

2 BASE APPROACH

Hereby we refer to the case study of a project for a new WtE plant located near the border
between the provinces of Trento and Bolzano (North Italy). The project consists in a thermal
treatment of industrial waste finalized to produce energy (electricity and heat), through the
technology of indirect combustion, with final vitrification of the ashes. Input of the new plant
consists in RDF (European Waste Catalogue — EWC — code 19 12 10) and in sorting
non-hazardous residues (EWC code 19 12 12) for a total amount of 95,000 t/year. Estimated
net production of electric energy is 100 GWh/year, with a maximum thermal power of
69 MW. The main stack of the WtE plant is designed 45 m high, with an internal diameter of
1.8 m. The scheme of the new plant consists in the main following parts: heating furnace,
gasifying reactor, temperature monitoring and product analysis. Moreover the thermal line is
completed by the presence of a heating recovery system, dry off-gas purification line with
catalytic removal of nitrogen oxides and spent reagent storage systems, turbo generator
with nominal capacity of 17 MW and connected vapour cycle system. The outgoing airflow
rate from the primary stack is 107,000 Nm®/h.

The EM plan proposed for the case study presented above is partly based on a
conventional monitoring scheme that considers classical environmental matrices for air
contaminants: exhaust gas, ambient air and soil. Noise pollution and other environmental
matrices like superficial water basins and groundwater are considered by the plan but are not
reported in this paper. According to the EM plan, ambient air concentrations and soil
concentrations should be measured before, during and after the construction of the plant. One
critical aspect, which may influence the significance of the monitoring activity, is the location
of the sampling points. The most appropriate strategy consists in locating the sampling points
where the highest impacts are expected. The choice of the sampling points can then be made
on the basis of the results of the dispersion modelling that is part of the environmental impact
assessment procedure. In addition to the expected hotspots, especially in the case of soil
concentrations, sensitive areas could be selected, such as kindergarten, schools and parks,
where children might be exposed to the contaminants by accidental soil ingestion. Regarding
the contaminants to monitor, concerning ambient air concentrations, heavy metals and, in
general, PM10 are the air pollutants considered by the EM plan of the case study presented
here. The choice of these air contaminants to monitor is related to the results of the dispersion
modelling and to the health impact assessment, which highlighted that the role of dioxin is
negligible with respect to that of heavy metals. The monitoring of soil concentrations
concerned a larger variety of pollutants (heavy metals, aromatics, phenols, chlorinated
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compounds, polycyclic aromatic hydrocarbons, plant protection products, dioxin and
other chemicals) according to the legislation on the concentration limit values of pollutants
in soils [24].

3 ADVANCED APPROACH

In addition to the classical monitoring approach involving stack emissions, pollutant
concentrations in ambient air and soil and noise, other techniques are very useful to
characterise the impacts of a new installation and, specifically, a new WtE. Such techniques
are not routinely included in EM plans, but their potential in deepening the understanding of
how the environment is influenced by the plant is worth consideration for future
environmental impact assessment procedures. Some methodologies would provide additional
information to measure the footprint of a WtE plant in the surroundings. Other methodologies
would overcome issues related to the WtE sector that have been recently pointed out [15].

The contribution of a WtE plant in terms of air pollutants could be evaluated by two
unconventional methodologies that have been developed in the last five years. Specifically,
two methods are particularly appropriate to monitor the influence of a plant in terms of
persistent organic pollutants (POPs). The first method consists in the characterisation of the
sediments of a pond, possibly located downwind and within a few kilometres from the plant.
By knowing the sedimentation rate of the pond and by collecting a sediment core, it is
possible to characterise and quantify the POPs that have deposited as sediments to the bottom
of the pond over the years. This method allows reconstructing the history of pollutant
contributions in the area and, through the analysis of the fingerprints of chlorinated
compounds like dioxin and through the so-called “diagnostic ratios” between different
polycyclic aromatic hydrocarbons, the identification of the dominant source(s) of POPs in
the area is made possible [25]. Indeed, every source emitting dioxin is characterised by a
specific profile of the different congeners in the exhaust off-gas of a combustion plant [26].
In spite of large approximations that must be considered on the fate of POPs in the
atmosphere and on their partition between gaseous and particle phases, the detection of a
similar profile in other environmental matrices might reveal that the most probable origin of
the contamination could be the combustion plant under observation. Another unconventional
methodology allows obtaining the same information: the characterisation of the atmospheric
depositions to soil. By placing bulk deposition samplers in the surroundings of a combustion
plant, the role of the plant can be determined by a comparison between the congener profiles
of dioxin and the fingerprint of the specific emitting activity [26]. Deposition samplers should
be placed in strategic locations, preferably close to residential areas, schools, hospitals, fields
and pastures, in order to cover all the possible routes of exposure to POPs. Indeed, in the case
of dioxin, the diet is the dominant exposure route [27], since such group of toxics tend to
accumulate in the food chain, specifically in fat tissues. This peculiarity justifies the
importance of monitoring pastures and fields [28]. For both methodologies, the quantification
of POPs can be made with high-resolution gas chromatography and mass spectrometry, after
extraction with hexane and specific purification cycles [25], [26]. Both methodologies are
included in the EM plan of the WtE plant presented here as a case study. Figure 1 presents
the location of the monitoring points chosen for the measurement of ambient air
concentrations, soil concentrations, atmospheric deposition and sediment sampling. The
monitoring points were the same for ambient air concentrations and atmospheric depositions
(A1 and A2) and are located close to the area of the plant. A1, located in a vineyard, coincides
with the cell with the highest concentration of air pollutants that results from the dispersion
model used during the environmental assessment study; A2 was chosen to characterise the
role of the plant in the industrial area where the plant is located. One monitoring point for
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soil concentration (SO1) was selected as close to the cell of maximum impact for air
pollutants, whereas the second monitoring point (SO2) was chosen to keep a playground
under observation. The monitoring point for sediment concentrations (SE1) is located in a
nearby pond.

An additional monitoring proposal concerns the speciation of the chromium released by
the stack(s) of a WtE plant. At the European level, the environmental legislation established
concentration limit values for several heavy metals emitted from incineration plants:
cadmium (Cd), thallium (TI), total chromium (Cr), arsenic (As), nickel (Ni), lead (Pb),
vanadium (Va), cobalt (Co), mercury (Hg), manganese (Mn), antimony (Sb) [19]. However,
the legislation does not specify limit values for the single heavy metals (apart from Hg), but
establishes a limit values for the sum of Cd and Tl, and for the sum of the remaining metals.
Some of the aforementioned metals are listed by the International Agency for Research on
Cancer (IARC) as carcinogenic (Cd, As, Ni) and possibly carcinogenic (Hg) to humans [29].
In addition, in the emissions from a WtE plant, Cr is composed by Cr III (not carcinogenic)
and Cr VI (carcinogen to humans). Among the metals regulated by the legislation, Cr VI and
Cd have the highest carcinogenic potentials [30]. This means that, in a worst-case scenario,
a WtE plant might emit a large proportion of Cd and Cr VI in relation to the other metals in
their respective groups and, in spite of this, would comply with the legislation. In other words,
in the absence of specific limits for carcinogenic metals, the environmental authorities of a
country/region could authorise a new plant to induce a non-acceptable cancer risk in the
population potentially exposed to the emissions.

250 500 750 1000
E— =]

m

Figure 1: Location of the monitoring points for ambient air concentrations and deposition
(A1l and A?2), soil concentrations (SO1 and SO2) and sediment sampling (SE1)
chosen for the case study; the location of the primary stack is represented
by a red dot.
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Thus, a monitoring approach consisting in periodical verifications of the concentrations
of the specific metals at the stack would help the detection of anomalous contributions
of carcinogenic metals in the atmosphere. It is worth reminding that inhalation is not the only
route of exposure to metals. Accidental soil ingestion and the diet may give non-negligible
contributions to the daily dose too [31]. Therefore, a periodical metal speciation at the stack,
which could be carried out by sampling and analysing the particulate matter released by the
plant, would allow excluding the occurrence of non-acceptable levels of carcinogenic metals
or considering the adoption of improved air pollution control technologies. The
quantification of metals could be carried out with inductively coupled plasma optical
emission spectrometry on particulate samples. Cr speciation could be determined with ion
chromatography-based US EPA method 7199 [32]. This first additional monitoring approach
is proposed within the EM plan of the WtE plant presented in Section 2.

The emissions into the atmosphere from a WtE plant usually do not only originate from
the main chimney. Secondary emissions may play a significant role in the overall mass flow
of the air pollutants released by a WtE plant. In the case study presented here, for instance,
the mass flow rate of total suspended particles (TSP) released by secondary emissions are
estimated to be almost 28% the TSP mass flow rate from the primary stack. The type of air
pollutants released and their mass flow rates vary depending on the type of secondary
emission involved. In addition, different secondary emissions may be subject to different
limit values, which depend on the nature of the processes and on the fuel used (if any). The
characterisation of the emissions from a WtE plant may be more complicated in the presence
of diffuse emissions, i.e. the release of air pollutants in the atmosphere without any
conveyance systems. However, such conditions are likely to occur in the residual municipal
solid waste treatment sector only if the plant includes an aerobic biological stage. In that case,
diffuse emissions (represented by an area source) may occur at the outlet of the air treatment
line if an open biofilter is used [33]. Given the non-negligible role of secondary emissions,
an EM plan should keep the concentrations of air pollutants under control. To this purpose,
discontinue samplings at secondary emission points might be sufficient to characterise
secondary contributions into the atmosphere.

The conventional monitoring approach usually focuses on local pollutants. However, the
carbon footprint of a WtE plant could be also easily assessed by installing a non-dispersive
infrared (NDIR) sensor for the monitoring of the concentrations of greenhouse gases at the
point of release of the exhaust gas. Given the non-negligible contributions expected from
secondary emissions, installing NDIR gas sensors also on secondary stacks would allow for
a direct measurement of the carbon footprint of the whole plant. In addition, the direct
measurement of greenhouse gases could turn useful to calibrate the average CO;-equivalent
(COy¢q) emission factors that are usually adopted to estimate the carbon footprint from
specific processes. The monitoring of CO»q concentrations (and consequently of the COseq
mass flow rates, which can be calculated from the airflow rate) at all the emission points of
a WtE plant could help detecting priorities in the adoption of strategies to reduce the
emissions of greenhouse gases, by focussing, for instance, on the transportation of waste
and/or on carbon sequestration processes.

4 CONCLUSIONS
The present paper analyses perspectives of stack and environmental monitoring of a new WtE
plant to be built in north Italy, discussing the results of the base approach (due to existing
European Directives) and to an advanced approach due to necessary improvements suggested
by the specificity of the case studied that can find broader application in the WtE field. The
advanced approach proposed includes two unconventional methodologies developed in
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the last five years to monitor the influence of a WtE plant in terms of persistent organic
pollutants (POPs), in particular the characterisation of the atmospheric depositions to soil.

In particular, the first method describes the characterisation of the sediments of a pond,
located downwind and in the neighbourhood of the plant. This allow (1) to reconstruct the
contribution of pollutants in the surrounding area and (2) to identify the dominant sources of
POPs through (1) the analyses of the fingerprints of chlorinated compounds and through (2)
the so-called “diagnostic ratios” between different polycyclic aromatic hydrocarbons.

The second methodology proposed consists in placing bulk deposition samplers in
strategic positions (e.g. public areas and buildings like schools, hospitals and parks,
residential areas, fields and pastures) in the surroundings of the plant, comparing the
congener profiles of dioxin and the fingerprint of the specific emitting activity from
the stacks.

In addition to the two unconventional methodologies we propose (1) the speciation of the
chromium released by the stacks of the WtE plant with the aim to quantify the cancerogenic
effect due to the presence of Cr VI in the total Cr emitted and (2) the specific analyses of the
emissions from secondary chimneys.

Although the application of first unconventional method is limited by the presence of a
pond in the neighbourhood of the plant, the second methodology as well as the speciation of
the chromium and the analyses of the secondary points of pollution emission can be
considered innovative approaches for the characterization of a WtE plant that aim to
minimize its environmental footprint.
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