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Abstract

Waste-to-energy (WtE) processes, or the combustion of refuse-derived fuel (RDF) for energy
generation, has the potential to reduce landfill volume while providing a renewable energy source.
We aimed to systematically review and summarise current evidence on the potential health effects
(benefits and risks) of exposure to WtE/RDF-related combustion emissions.

We searched PubMed and Google Scholar using terms related to health and WtE/RDF
combustion emissions, following PRISMA guidelines. Two authors independently screened titles,
abstracts and then full-texts of original, peer-reviewed research articles published until 20th March
2020, plus their relevant references. Overall quality of included epidemiological studies were rated
using an amended Navigation framework.

We found 19 articles from 269 search results that met our inclusion criteria, including two
epidemiological studies, five environmental monitoring studies, seven health impact or risk
assessments (HIA/HRA), and five life-cycle assessments. We found a dearth of health studies
related to the impacts of exposure to WtE emissions. The limited evidence suggests that
well-designed and operated WtE facilities using sorted feedstock (RDF) are critical to reduce
potential adverse health (cancer and non-cancer) impacts, due to lower hazardous
combustion-related emissions, compared to landfill or unsorted incineration. Poorly fed WtE
facilities may emit concentrated toxins with serious potential health risks, such as dioxins/furans
and heavy metals; these toxins may remain problematic in bottom ash as a combustion by-product.
Most modelling studies estimate that electricity (per unit) generated from WtE generally emits less
health-relevant air pollutants (also less greenhouse gases) than from combustion of fossil fuels (e.g.
coal). Some modelled estimates vary due to model sensitivity for type of waste processed, model
inputs used, and facility operational conditions.

We conclude that rigorous assessment (e.g. HRA including sensitivity analyses) of WtE
facility/technological characteristics and refuse type used is necessary when planning/proposing
facilities to protect human health as the technology is adopted worldwide.

© 2020 The Author(s). Published by IOP Publishing Ltd
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ADCO address concentration

CO; eq. carbon dioxide equivalent

CR cancer risk

CRP carcinogenic risk potential

DALYs disability adjusted life years

EBD environmental burden of disease

GWP global warming potential

HAPs hazardous air pollutants

HCl hydrogen chloride

HI hazard index

HQ hazard quotient

HIA/HRA health impact/risk assessment

IARC International Agency for Research on
Cancer

ILCR increased lifetime cancer risk

LCA life cycle assessment

MSW municipal solid waste

NHL non-Hodgkin’s lymphoma

NOy nitrogen oxides

OR odds ratio

PAH polyaromatic hydrocarbons

PM particulate matter

PNC particle number concentration

PCDD/Fs polychlorinated dibenzo-p-dioxins
and dibenzofurans

Rc excess cancer risk

RDF refuse-derived fuel

RR relative risk

SOy sulfur oxides

SO, sulfur dioxide

UFPs ultrafine particles

UK United Kingdom

WtE waste-to-energy

YLL years of life lost

1. Introduction

Global waste generation has been estimated to double
in the decade from 2015 to 2025, from 3 to over 6
million tonnes of waste per day; this rate is expected
to continue into the next century, when the estim-
ate increases to 11 million tonnes per day (World
Energy Council 2016). In parallel, the world is facing
an energy sustainability crisis. Heightened electricity
consumption increases energy demand, while con-
versely, greenhouse-gas emissions must be curbed to
mitigate climate change. Sustainable energy and waste
management requires policies that promote a ‘circu-
lar economy’, balancing product life cycles (from pro-
duction to disposal), and that minimise adverse eco-
nomic, environmental, and societal impacts (Beyene
et al 2018, IEA Bioenergy 2018). A circular economy
reuses and recycles goods, where possible, restoring
and regenerating products, components and mater-
ials to be at their highest utility and value at all
times (IEA Bioenergy 2018). The process of waste-
to-energy (WtE; also known as ‘energy-from-waste’)
supports a circular economy by reducing landfill
volume from municipal solid waste (MSW) by up to
80%, while also generating energy such as through
combustion for turbine-driven electricity (Beyene
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et al 2018, U.S. Energy Information Administration
2018).

Combustion of MSW is the most established
method of energy recovery through WtE worldwide,
accounting for nearly 90% of the WtE sector (Clean
Energy Finance Corporation 2015, World Energy
Council 2016). MSW includes domestic, commer-
cial and institutional waste such as plastics, rubbers,
wood, metals and paper, which may be combustible
or recyclable. The combustible component of MSW
is known as refuse-derived fuel (RDF), and is used
in a thermal process (incineration, pyrolysis, or gas-
ification) to generate electricity, or heat, fuel gases,
and solids as primary recovery products (Beyene et al
2018). From a health perspective, the WtE process
may have advantages compared to waste manage-
ment practices that solely rely on landfill sites that are
associated with contamination of the air (e.g. volat-
ile organic compounds) alongside water and soils
(Vrijheid 2000). However, the WtE process may emit
higher concentrations of carbon dioxide (CO;), sul-
fur dioxide (SO,), and nitrogen oxides (NOy) per
unit electricity produced compared to other forms
of energy such as natural gas or renewables (O’Brien
2006). The WtE process involves the combustion
of RDF components for which emissions may also
include persistent organic pollutants such as dioxins
(Albores et al 2016). This concern is offset, to some
extent, in modern, well-run WtE plants that emit
lower concentrations of these pollutants compared to
coal and oil-fired power plants or traditional incin-
eration of MSW (US EPA 2016). Hence, WtE pro-
cesses may have both beneficial and adverse impacts
on the emission of airborne toxins, and consequently
on health, relative to alternative waste disposal and
energy generation processes.

The WtE sector is already well established in
Europe and provides up to 8% of electricity and up to
15% of domestic heating needs (World Energy Coun-
cil 2016, Zafar 2018). As of 2008, 475 European WtE
plants processed an average of 59 million tonnes of
MSW creating revenue of US$4.5 billion each year
(Zafar 2018). In Scandinavia, Denmark repurposes
54% of its MSW as RDF (Zafar 2018). Meanwhile
Sweden, which has employed WtE since the 1940s, is
aiming to match the repurposing of 99% of its local
MSW (two million tonnes annually) with an equi-
valent amount of imported MSW as RDF (Fredén
2018). In 2012, approximately 600 WtE plants across
35 different countries were estimated to combust 130
million tonnes of MSW (Hoornweg and Bhada-Tata
2012), with the sector growing at a compounded
annual rate of nearly 10% (World Energy Council
2016). Outside of Europe, the process is being adop-
ted with eagerness, using the established Waste Incin-
eration Directive (WID 2000/76/EC) of the European
Commission as a guide for monitoring and regu-
lating WtE emissions (Clean Energy Finance Cor-
poration 2016). In 2016, the USA alone operated
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71 WtE plants generating approximately 14 billion
KWh of electricity from 30 million tonnes of RDF
(U.S. Energy Information Administration 2018). In
the Asia-Pacific region, China is the fastest growing
adopter of WtE, recently planning 125 new plants
to double national capacity (World Energy Council
2016, Zafar 2018). China, one of the major importers
of MSW, has restricted imports of certain materials
(e.g. plastics, paper) to reduce local widespread envir-
onmental contamination (Retamal et al 2019), chal-
lenging major exporters of MSW such as Australia
(Cheng and Hu 2010, Downes and Dominish 2018).
Responding to this challenge, Australia has estimated
that a national shift towards WtE presents an oppor-
tunity to repurpose 20+ million tonnes of MSW oth-
erwise going to landfill annually and avoid 9 million
tonnes of CO, (equivalent) emissions by replacing
fossil-fuel combustion while meeting 2% of national
baseload electricity demand (Clean Energy Finance
Corporation 2016). Hence, it is timely to consider the
place of WtE in the energy transitions landscape and,
in particular, to consider its impact on air quality and
health.

Despite the growing global interest in WtE,
the public health implications of combusting RDF
remains little studied. There has been no previous sys-
tematic literature review of the health impacts asso-
ciated with WtE, although several reviews on muni-
cipal waste incineration have been published. In 2019,
a systematic review on the evidence of health effects
from waste incineration (2002 to 2017) was pub-
lished in response to several new incinerators pro-
posed for use within Australia (Tait et al 2020). The
literature review, which did not include WtE facilities,
concluded that the available evidence likely under-
estimated the health effects of exposure to incinera-
tion emissions due to most studies being of low qual-
ity and only examining a limited subset of poten-
tial exposure and disease pathways (Tait et al 2020).
Other earlier reviews on the health impacts or risks of
incineration and resulting emissions have focused on
hazardous (industrial) or unsorted (municipal) solid
waste, rather than sorted RDF for WtE. These reviews
concluded that the evidence is insufficient to support
an association between a specific waste incineration
process and adverse health effects (Vrijheid 2000, Hu
and Shy 2001, Giusti 2009, Porta et al 2009, Cordioli
etal 2013). Associations between exposure to emis-
sions and health outcomes such as increased risk of
lung/throat cancer or ischaemic heart disease (Hu and
Shy 2001), as well as non-Hodgkin’s lymphoma and
soft-tissue sarcoma (Giusti 2009), have been reported,
however, the findings are inconsistent. The reason
for this has been suggested to be due to poor meth-
ods of exposure characterisation which have relied
on distance from source or self-reporting exposure,
rather than measured or modelled pollutant con-
centrations (Hu and Shy 2001, Cordioli et al 2013,
Hoek et al 2018, Tait et al 2020). More consistent
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associations have been reported between exposure to
emissions and elevated biomarkers of organic chem-
icals or heavy metals in urine and blood (Hu and Shy
2001).

In their review on MSW incineration without
energy recovery (i.e. not WtE), Tait etal (2020),
recommended future studies be conducted on the
health impacts of WtE, including studying content
and volume of feedstock (waste), combustion spe-
cifications, consideration of multiple exposure path-
ways, reporting of a larger array of health outcomes,
and controlling for potential confounding factors
(Tait et al 2020). Other reviews have suggested that
previous limitations of incineration studies could
be addressed by large, prospective, multi-site cohort
studies with personal measurements of exposure,
based on knowledge of biological pathways and tox-
icological effects of specific compounds (Giusti 2009,
Porta et al 2009, Hoek et al 2018), however such stud-
ies can be expensive and sample size (of the study pop-
ulation) can be a limiting factor. Clearly, the expan-
ded interest in WtE facilities yet current lack of evid-
ence on health impacts with their operation requires
stringent oversight to safeguard environmental and
health outcomes.

Our aim was to conduct a systematic review on
the potential health effects associated with exposure
to airborne emissions from WtE processes (includ-
ing RDF combustion). The primary motivation for
the current review was the perceived lack of data
on the potential for health impacts of WtE pro-
cesses and emissions, and the increasing growth in
demand in regions where WtE has not yet been adop-
ted on a widespread basis. As WtE has been pro-
moted worldwide as a potentially sustainable form
of both waste management and electricity genera-
tion, we considered it timely to ascertain the extent
and breadth of evidence from published studies with
health-related data or information associated with
airborne emissions from WtE processes. The differ-
ent types of study designs for studies included in
our review include epidemiological, environmental
monitoring, health risk assessments/health impact
assessments, and life-cycle analyses (detailed below in
Methods).

2. Methods

2.1. Literature search strategy

We conducted a systematic search of PubMed and
Google Scholar, supplemented by a hand search of
bibliographies of the articles included for full text
screening. We used PubMed as the primary database
source given our review was focused on health out-
comes and PubMed is considered to be the most com-
prehensive health database. We used Google Scholar
as a secondary source to identify relevant literature
that PubMed does not catalogue, as done previously
for hazardous waste reviews (Cordioli et al 2013).
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Search terms and the Boolean operators (string)
that we used were as follows:

“air” AND “health” AND “energy”
AND “waste”

AND “energy from waste” OR “waste
to energy” OR “incineration” OR
“refuse derive$ fuel”

AND “air pollution” OR “air quality”
OR “emission”

‘Incineration’ was chosen as it is the indus-
trial term that represents ‘combustion’ and ‘burn-
ing’. In addition, ‘air pollution, ‘air quality’ or ‘emis-
sion’ terms were used to avoid pollutants or haz-
ards associated with other emissions. Two invest-
igators (TCH, CC) independently screened titles,
abstracts and full-texts for inclusion or exclusion of
articles. Where there was variation between the two
investigators, this was resolved by reviewing the the
full-text article a second time until agreement was
reached.

The inclusion criteria used for selection of eligible
articles were as follows:

(a) Published in English.

(b) Published up to and including the 20th March
2020.

(¢c) Included an abstract and be full-text accessible.

(d) Reported original research.

(e) Published in a peer-reviewed journal.

(f) Related to anthropogenic waste, municipal solid
waste, air pollution emissions, and relevant to
human health.

Exclusion criteria included articles that related to:

(a) Hospital or medical waste, composting of waste,
or agricultural waste.

(b) Combustion of biomass fuel for cooking and
heating in low-income settings.

(c) Review papers.

2.2. Literature review and synthesis

We followed the approach (criteria) suggested by
the PRISMA guidelines for performing and report-
ing the flow of a literature review process (e.g. fig-
ure 1) (Moher et al 2009). We synthesised study find-
ings by grouping the articles by different study designs
(methods). We used the following groupings: epi-
demiological (examining direct associations between
exposure and health risk); environmental monitor-
ing (emissions or exposure assessments or model-
ling); health risk assessment (focused, standard meth-
odology to estimate risks related to a single or a
mix of pollutants; applying health risk estimates from
epidemiological studies to quantify the health bur-
den due to the exposure of interest in a defined
population), or health impact assessment (broader
methodology that assesses the public health impacts
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to inform decision making; often including HRA
methods or other health risk findings) (Gulis 2017);
and, life-cycle analyses (LCA; quantifying carbon-
related impacts and indirect health impacts, with
some LCAs also addressing direct health impacts).
We used a standardised series of tables to summar-
ise the studies and to list exposure assessment meth-
ods, health outcomes, summary results, and risk of
bias. We provided an overall quality rating for epi-
demiological studies, similar to the Navigation frame-
work previously developed (Woodruff and Sutton
2014) and demonstrated (Johnson et al 2014). The
Navigation framework was developed in recognition
that usual quality frameworks used for reviewing
health studies, such as Cochrane, do not necessar-
ily translate well to studies of environmental expos-
ures, due to the nature of the exposure and diffi-
culty in conducting randomised trials. As there were
few relevant epidemiological studies, the criteria were
amended slightly to ensure relevance depending on
the study design. For example, we included mention
of sensitivity analyses in modelling studies or expli-
cit statements about assumptions used in the ana-
lyses. However, we did not critically appraise or scru-
tinise the assumptions or the software used in the
LCA models as this was beyond the scope of our
study.

3. Results and discussion

3.1. Literature search results

The PubMed literature search identified 258 relev-
ant primary records (articles) for review. The Google
Scholar search identified 11 unique records relevant
for review. As such, the complete search gave a com-
bined total number of 269 unique records for consid-
eration.

After two investigators independently reviewed
the titles of these 269 records, 137 records were iden-
tified to be appropriate for abstract screening (which
removed 74 records). Sixty-three records were sub-
sequently identified as eligible for full-text review,
leading to the exclusion of 46 records. Finally, 17 full-
texts were selected for our review synthesis, plus two
of their references to give a total of 19 full-texts to be
synthesised (figure 1).

The 19 included articles all related to combus-
tion of MSW as RDF or in WtE facilities or processes.
MSW incineration studies were included if they
presented information or data related to emissions
that were relevant to WtE processes, such as inciner-
ation of RDE. All included articles were published in
the past 15 years, reflecting the increasing interest in
WLE. Most studies comprised health impact or risk
assessments/risk modelling (n = 7), followed by life-
cycle assessments (n = 5), environmental monitoring
studies (n = 5), with only two being epidemiological
studies.
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Figure 1. Systematic literature review flow diagram.

3.2. Synthesis and discussion of findings

To our knowledge, this is the first systematic literat-
ure review focused primarily on studies of the health
effects associated with WtE-related air emissions. We
found that while implementation of WtE technolo-
gies is increasing, the majority of incineration-health
studies to date do not specifically address the com-
bustion of sorted waste (RDF) for WtE (shown to be
different than MSW due to waste composition char-
acteristics by environmental monitoring studies—
reported on below). Previous reviews have focused
on the health impacts of waste incinerators (Cordi-
oli et al 2013, Tait et al 2020) the economic implica-
tions of WtE technologies (Beyene et al 2018), expos-
ure assessment methods in epidemiological studies
of industrially contaminated sites (Hoek et al 2018)
or waste incinerators, and the health impacts of gen-
eral waste management practices (Giusti 2009). There
are numerous epidemiological (e.g. cohort) studies
on the health effects of other waste management risks
including landfill leaching, sewage contamination

and ionising radiation, yet few on air pollution
emissions from RDF combustion. Due to the small
number (n = 2) of epidemiological studies that dir-
ectly measured health outcomes associated with WtE
processes we believed it was not appropriate to meta-
analyse the evidence for WtE health effects. How-
ever, we reviewed studies of environmental monitor-
ing and health risk assessments in order to contrib-
ute to the evidence base for decision making. The fol-
lowing synthesis details the contributions to this evid-
ence base, from studies detailing process emissions to
health risk assessments.

3.3. Epidemiological studies of health outcomes

The direct health effects of exposure to emissions
from combustion of RDF for WtE have been little
studied. This is likely to be partly due to the difficulty
of quantifying population health effects from gen-
erally inaccurate or low levels of exposure (Vrijheid
2000). This is despite previous recommendations that
large prospective cohort studies with direct exposure
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and biomarker measurements be preferentially fun-
ded and performed (Giusti 2009).

We found only two epidemiological studies rel-
evant to exposures to WtE facilities or RDF emis-
sions. One epidemiological before/after cohort study
was performed in Italy among 380 individuals resid-
ing near a new WtE facility, with exposure assessed
before and one year after operation began (Rug-
gieri et al 2019). In this biomonitoring study, chro-
mium (but not other heavy metal) concentrations
were higher in the urine of participants predicted
to be exposed to WtE emissions compared to unex-
posed but otherwise comparable participants (Rug-
gieri etal 2019). However, this finding was applic-
able in both the baseline and follow-up year, and
so the result cannot be directly attributed to oper-
ation of the WtE facility. Interestingly, concentra-
tions of other heavy metals were higher in the con-
trol subjects, and so were attributed to other sources
of personal exposure such as fish intake (arsenic)
and tobacco smoke (cadmium) (Ruggieri et al 2019).
Hence, residing near the WtE plant was not associ-
ated with greater exposure to heavy metals. We con-
sidered the study to be of good quality, having used
dispersion modelling to assign exposures and con-
ducting before and after health outcome measure-
ments in an ‘exposed’ and ‘unexposed’ group. Val-
idation of the emissions modelling by environmental
sampling could have improved exposure assessment.
There is further follow-up planned for this cohort
which is expected to provide additional data (Ruggieri
etal 2019).

A recently published birth cohort study was con-
ducted in Taiwan and investigated childhood social
development in children residing near an incinerator
(Lung et al 2020). The study of nearly 20000 sub-
jects (for which approximately five percent were con-
sidered exposed), reported a transitory negative effect
on childhood social development, for children liv-
ing within 3 km of a MSW incinerator, although this
effect was apparent at six months but not evident at
18 months. A limitation of this study was considered
to be the coarse exposure assessment applied to sub-
jects which has the potential to lead to exposure mis-
classification. Exposure assessment (‘whether there
were incinerators within 3 km of their place of resid-
ence’) and health outcome reporting were both coarse
and subjective, with both being self-reported by par-
ents (Lung et al 2020).

We conclude that the results from the two epi-
demiological studies provide little evidence of an
adverse impact of WtE air emissions on health out-
comes. See table 1 for further details of included epi-
demiological studies.

3.4. Environmental monitoring

While studies of emissions inventory profiles do not
include health outcomes, they may provide valuable
information on the potential pathways and hazards
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posed by incineration of MSW components com-
prising RDEF, with the potential for carcinogenic or
toxic emissions relevant to WtE processes. Our review
found five articles which reported on emissions test-
ing and environmental monitoring of WtE facilit-
ies. In general, we found that the articles related to
emissions monitoring predominantly fell into three
categories: (1) the first related to estimating pollut-
ant emissions of concern; (2) the second related to
the need for monitoring to ensure efficacy of treat-
ment technologies in removing/reducing pollutants;
and (3) the third related to the need for appropriate
monitoring to determine the influence of the feed-
stock on pollutant formation.

Of greatest concern for health is the combus-
tion of plastic MSW (composed of hydrocarbon/oil-
products), which is concentrated in RDF for WtE,
and which emits organic and chlorinated/fluorinated
compounds (e.g. dioxins), polychlorinated biphenyls,
furans, chlorophenols, and mono- and polycyclic aro-
matic hydrocarbons (Karunathilake et al 2016). Not-
withstanding, two environmental monitoring stud-
ies reported that after WtE upgrades to an Italian
incinerator facility which included stricter emission-
control measures primarily aimed at reducing dioxin
emissions, particulate matter (PM) emissions also
declined (Buonanno et al 2010, 2011). This indicates
that controlling emissions for critical contaminants
such as dioxins and furans may also have a benefi-
cial effect of leading to a reduction in PM, a stand-
ard air pollutant. The health risk of toxics predomin-
antly relate to cancer, neurological and adverse birth
outcomes and are considered to pose a greater risk to
health than the standard regulated air pollutants such
as PM and gaseous compounds. However, exposure
to even low levels of PM is not benign and many epi-
demiological studies point to a range of risks asso-
ciated with PM including increased risk of mortal-
ity, cardiovascular morbidity, lung cancer and more
(Hime et al 2018). Thus changes to existing treat-
ment facilities that improve emissions controls for
both types of pollutants are beneficial from the stand-
point of exposure minimisation.

The review also reports on articles which com-
pared or discussed monitoring campaigns and/or tri-
als of varying technologies. In one study a two-stage
dry treatment system was shown to remove harmful
acid gases (hydrogen chloride, SO,) from WtE emis-
sions even with a widely-varying (potentially highly
chlorinated) waste stream (Dal Pozzo et al 2016). This
is an example of a monitoring program which can
help provide evidence of efficacy of treatment techno-
logies. Two articles reported on the influence of feed-
stock on pollutant concentration emissions.

The articles indicated that rather than combust-
ing RDF directly for electricity generation, experi-
mentation suggested that mixing certain proportions
of RDF components (e.g. certain plastics, wood chips)
with traditional fuels (e.g. coal) for combustion and
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to replace electricity for industrial heating applica-
tions (e.g. cement kilns), has the potential to reduce
sector or total emissions of health-relevant chemic-
als (e.g. dioxins, mercury) (Chen et al 2014, Richards
and Agranovski 2017).

We conclude from the results of the environ-
mental monitoring studies that there is a need for
regulation of the feedstock used (e.g. removing food
waste) for RDF and WtE facilities to maximise
complete combustion and minimise carcinogenic/-
contaminant emissions (e.g. volatile organic com-
pounds), more so than the treatment technology
used. See table 2 for further details of included envir-
onmental monitoring studies.

3.5. Health risk/impact assessment studies

We found seven studies comprising HRAs or HIAs
of WtE facilities or RDF emissions. In table 3 we
outline the health outcome assessed in a majority
of the HRAs, including the hazard index (HI), haz-
ard quotient (HQ), lifetime cancer risk (LCR) and
other indices (4th column). These represent indices
where cancer and non-cancer risks are considered
for various chemicals of concern (3rd column, table
3), e.g. heavy metals, VOCs, organic compounds
such as dioxins and furans, and so on. Some of the
HRASs/HIAs also considered air pollutant emissions
such as NOy, PM, and sulfur oxides (SOy). The risk of
exposure is based on modelled estimates of the chem-
icals/pollutants emissions from each WtE facility or
alternative waste disposal method. Some of the stud-
ies have used proprietary software which includes the
exposure-response functions for the chemical/pollut-
ant of concern, which we list in table 3 (3rd column).

These studies generally showed that the risk to
or impact on health from exposure to WtE and RDF
incineration emissions are not substantially elev-
ated above ‘background’ risk levels (Mindell 2005,
Roberts and Chen 2006, Krajcovicova and Eschen-
roeder 2007, Rovira etal 2010, Ollson and Whit-
field Aslund et al 2014). They also point to lower
emissions from well-run WtE facilities compared to
landfill (Paladino and Massabo 2017) and traditional
incineration (Krajcovicova and Eschenroeder 2007)
or when RDF is substituted for fossil fuel for incin-
eration (Rovira et al 2010).

Six of the HRA studies estimated that expos-
ure to WtE emissions was unlikely to increase incre-
mental LCR or HQ for cancer risk (Roberts and Chen
2006, Krajcovicova and Eschenroeder 2007, Rovira
etal 2010, Ollson and Knopper et al 2014, Li et al
2015, Paladino and Massabo 2017). Two HRAs repor-
ted lower cancer risk for exposure to WtE emissions
compared with incineration emissions (Karunathil-
ake etal 2016) or as substitution of RDF for fossil
fuels in cement production (Rovira et al 2010). One
HRA estimated that cancer risk from exposure (all
pathways) to WtE emissions (mainly dioxin) would
be lower than for exposure to landfill emissions, and
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estimated that agricultural (milk and meat) product
ingestion was a more important exposure pathway
than for inhalation of WtE emissions (Paladino and
Massabo 2017).

A health risk assessment conducted in Slovakia
compared a traditional open-air (uncontained) MSW
incinerator with a modern WtE plant, and found
that the former increased the cancer risk 10-80 times
above the background level, while the WtE plant
presented a less than one-in-a-million excess risk of
cancer (Krajcovicova and Eschenroeder 2007). That
HRA estimated a substantially decreased cancer risk
when MSW is sorted for RDF and its incinera-
tion emissions are properly controlled (contained) as
advocated in modern, well-run WtE. In China, a more
recent HRA estimated that under normal conditions,
operational levels of emissions from WtE are unlikely
to cause adverse health (incremental lifetime can-
cer) risks among nearby residents, with risks estim-
ated for lifelong exposure through direct inhalation
of ambient emissions and landfilling of bottom/solid
ash residues (Li et al 2015). The exception to this was
risk of chromium exposure which slightly exceeded
the tolerance value (Li et al 2015). However, Li et al
(2015) reported that all scenarios tested were sensitive
to the model inputs and estimated that during abnor-
mal operation (e.g. malfunction of control systems)
the WtE facility could also carry an elevated risk due
to inhalation of acid gas (hydrogen chloride).

Four HRAs assessed non-cancer risks (Mindell
2005, Roberts and Chen 2006, Ollson and Knop-
per etal 2014, Li etal 2015). Ollson et al (2014a)
estimated that abnormal operation of a Canadian
WLE facility could lead to infant consumption of
breast milk contaminated with dioxins and furans
(Ollson and Knopper et al 2014). Two of the HRAs
(Li etal 2015, Karunathilake et al 2016) estimated
no increased risk of non-cancer health effects from
operation of their respective WtE facilities. Model-
ling studies of UK WtE plants estimated premature
(total non-traumatic) deaths and respiratory-related
hospital admissions to be less than or equal to one-
in-a-million above background rates (Mindell 2005),
and overall risk of dying to be 1 in 4 million for any
year (Roberts and Chen 2006). It should be noted that
these UK studies were either funded by the proponent
company for the WtE facility, or written by previous
employees of related boards/companies.

It is clear from these studies that the choice of
scenarios and model inputs can influence the risk
findings, and so it is important that sensitivity ana-
lyses be conducted. Of note, Li et al (2015) reported
that all of the scenarios studied in their analyses (WtE,
landfill, and material recovery and composting) were
sensitive to the inputs used for the reference concen-
trations and the landfill gas collection rates. In sensit-
ivity analyses, the HI for the WtE option increased the
most, indicating that there needs to be careful selec-
tion of the reference criteria values and that sensitivity
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analyses are crucial for better understanding opera-
tional limitations of WtE facilities and to avoid abnor-
mal operations or malfunction events.

Together, we conclude that the HRA results show
that under normal operating conditions there is
little to no evidence of an increased risk of can-
cer or non-cancer effects in humans, as WtE facil-
ities are capable of lower emissions (except for a
predicted potential higher emission of chromium)
than existing waste management practices of land-
fill and traditional incineration. However, close atten-
tion is required to ensure operational limits are not
exceeded, as such conditions are estimated to be asso-
ciated with increased risk of dioxin exposure (one
HRA) and potentially hydrogen chloride gas expos-
ure (one HRA). This highlights the need for appro-
priate sensitivity analyses to be conducted during the
HRA process, along with careful selection of reference
health criteria and consideration of the fuel used for
combustion. See table 3 for further details of included
health risk/impact assessment studies.

3.6. Life-cycle analyses
A total examination of the environmental, social,
and economic impact associated with all stages of a
product’s life, from raw material extraction to final
product disposal (e.g. landfill or WtE), is termed a
life-cycle analysis/assessment (LCA) (Muralikrishna
and Manickam 2017). An LCA is distinct from a
HRA in that an LCA considers the full life-cycle
of a product, from production to disposal, while a
HRA typically only considers one stage of the life-
cycle while focusing on a health impact. For example,
an LCA for WtE will consider the impacts of not
only the resulting toxic contaminants in ash and air
emissions, but also emissions which have a green-
house gas impact such as carbon dioxide, as well
as the impact of the fuel used for the WtE facility.
Besides health impacts, LCAs can determine equit-
ability of a product’s environmental impact, and
can determine if overall impact (both to health and
the environment) of one waste management pro-
cess is more favourable than another. For example,
one may ask if exposure to atmospheric emissions
from WtE is less harmful to health than from unsor-
ted (mass) waste incineration or landfill leachate,
also taking into account health impacts of climate
change due to greenhouse gas emissions from each
technology—however, none of the studies considered
climate change in relation to health outcomes. Future
LCA studies of new energy technologies could be
important in estimating direct and immediate health
impacts (due to a change in pollutant emissions) bal-
anced with estimating the potential for indirect and
delayed health impacts due to increased greenhouse
gas emissions from climate change.

Nevertheless, our review reports the results of five
LCAs. As with the HRAs reported above, two of the
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LCAs predict lower pollutant emissions from com-
bustion of RDF (sorted for WtE), compared to incin-
eration of unsorted MSW (still producing electricity).
A Canadian LCA for a WtE facility estimated lower
cancer and non-cancer health risk per unit of elec-
tricity generated with RDF than for unsorted MSW
incineration (Karunathilake et al 2016). Similarly, a
lower health risk was attributable to the sorting and
use of relatively high calorie, low toxicity waste for
RDF (e.g. wood, paper, plastics, textiles, and rubbers;
sorted, treated, shredded, and combusted to produce
approximately 4 MWh of energy per tonne) (Reza
et al2013) compared to the use of coal. Although Reza
et al estimated lower heavy metal emissions for RDF
used in WE facilities, an exception was an estimated
increase in lead emissions. This LCA was conducted
with a focus of comparing environmental benefits of
the two feedstocks for use in cement kilns.

Two of the LCAs estimated greater impacts from
WLE processes compared with other waste manage-
ment processes. Scipioni et al (2009) predicted lower
emissions of respiratory related pollutants but greater
potential for exposure to carcinogens, climate change
pollutants (mainly CO;) and radiation, when com-
paring dry and wet fly gas scrubbing, with and
without WtE processing. Tan and Khoo’s (2006) LCA
analysis comparing landfill, WtE incineration, and
recycling and composting stated that ‘energy gained
from incineration of waste materials is outweighed by
the air pollution generated’ and estimated that recyc-
ling and composting would result in the least eco-
system impact. The authors acknowledged the gener-
ally ‘wetter’ conditions of their MSW (in Singapore)
which they suggested might be more suitable for com-
posting. Although the article mentioned modelling
of disability adjusted life years (DALYs; as a health
measure) we could not see where these results were
calculated or presented. In addition, the assumptions
used in this LCA were not explicitly mentioned, so it
is difficult to determine how a change in model inputs
might influence these findings.

In Passarini et al’s (2014) LCA which compared
various upgrades of an incinerator to enable func-
tioning as a WtE plant, they estimated that concen-
trations of heavy metals in the fly and bottom ash
were the main contributor to carcinogen endpoints
and these remained constant over time. However,
they estimated decreases in carcinogens and partic-
ulate matter in airborne emissions during operation
as a WLE facility. The LCA concluded that human
health improvements were expected with WtE opera-
tions due to both the lowered emissions and the pre-
dicted improvements associated with greenhouse gas
mitigation.

Most of the LCAs reviewed used accepted interna-
tional methods for LCA, such as ISO standards along
with the use of specialist software such as SimaPro and
impact assessment methods such as Ecoindicator99.
As with the HRA studies, some of the LCA studies
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highlighted the variability in calculated health risks to
be dependent on the reference criteria and dose and
other model inputs, thus indicating the necessity for
sensitivity analyses to be conducted.

In general, we conclude that the predictions from
the majority of LCA studies indicate that emissions
from, and therefore health risks associated with, WtE
plants are lower than for landfill and traditional incin-
eration. However, an increased potential for health
risk is highlighted for lead (Reza et al, 2013) and other
heavy metals in the bottom and fly ash (Passarini et al,
2014) that may be emitted in later stages of the life
cycle (following combustion of RDF for WtE). See
table 4 for further details of included life-cycle ana-
lyses.

3.7. Implications

Our review indicates that there is a dearth of studies
on the potential health impacts of WtE-related emis-
sions, even in countries where WtE facilities have been
in operation for some years (such as Sweden); how-
ever, some practical implications can be drawn from
the limited research done. This has implications for
the emerging WtE sector.

As a consequence of the lack of health studies
related to WHE facilities, inference is often drawn from
exposure studies to health-related emissions com-
mon to combustion of MSW. These studies might
provide some indication of potential impacts from
WHE process emissions, albeit newer technologies and
tighter restrictions of feedstock appear to be imple-
mented in WE facilities. An example of this is expos-
ure to dioxin emissions from older MSW incinerat-
ors, where past epidemiological studies have reported
weak to moderate associations between dioxin emis-
sions and an increased incidence of cancers includ-
ing non-Hodgkin’s lymphoma (Viel et al 2008) and
sarcoma (Zambon et al 2007) among nearby resid-
ents and incinerator workers. These studies were con-
ducted prior to the lowering of incinerator emission
volumes through introduction of stricter regulations,
and so the findings cannot be directly extrapolated to
current WtE technologies. Furthermore, it should be
acknowledged that due to the varying waste streams
in different geographic regions and for different facil-
ities, research evidence from one country may not
accurately or wholly inform policy or practice in other
countries/regions. Older studies have also tended to
study the incineration of unsorted MSW.

The extent to which the existing evidence base
reviewed here can support a causal association
between exposures to airborne emissions from WtE
facilities and adverse health impacts, is very limited.
While the evidence base, as a whole, is weak and
there is little evidence of effects under normal oper-
ating conditions of WtE plants, the review has high-
lighted some potential areas for further study. There
is clearly a place for more studies of the potential
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for health impact from WtE facilities, using the vari-
ous study types included in this review: epidemi-
ological studies; HRAs; LCAs; and, environmental
monitoring. However, given the cost of completing
well designed and adequately powered epidemiolo-
gical studies, and the difficulty in ensuring sufficient
sample size or a non-exposed control group, it is likely
that other methods such as health risk assessment,
along with exposure modelling, with or without
LCAs, will prove to be useful in assessing new WtE
facilities.

Notwithstanding the above, there is a need for
well-designed epidemiological studies of exposure to
WLE emissions. Such studies could provide empir-
ical data for subsequent HRAs and LCAs, but need to
address issues of exposure misclassification potential
which has occurred in the past (Forastiere et al 2011)
such as using distance based measures as an expos-
ure proxy. The collection of environmental monit-
oring data of environmental media, e.g. air and soil,
in the vicinity of WtE facilities, along with emissions
monitoring, would also facilitate validation of the
exposure models used in epidemiological and HRA
studies.

There is an argument to be made for more stand-
ardised exposure assessment methods and standard-
ised measurement units, reference criteria and mod-
els, in studying the health impacts of WtE emis-
sions, especially for more harmful components such
as dioxins, given the variety of methods presented
in the LCAs and HRAs reviewed for this paper. Fur-
ther, we agree with previous researchers that model-
ling studies, such as HRAs and LCAs, should expli-
citly outline model input assumptions and associ-
ated uncertainties given their influence on model out-
comes (Scipioni et al 2009).

Some of the studies included in this review have
highlighted the need for special consideration of the
feedstock used for RDF and WtE facilities, given that
it is one of the critical issues affecting contamin-
ant emissions, over and above the treatment tech-
nology used. For instance, the World Energy Coun-
cil (2016) stated that dioxin (and other toxins such
as furan) emissions from RDF can be reduced by
nearly 100% with the implementation of regulatory
emission-control strategies within the WtE sector,
such as controlling the nature of the feedstock. This
can result in emission volumes which are lower, per
equivalent energy unit, than for coal or gas-powered
power plants (World Energy Council 2016). Regulat-
ing the pre-sorting of waste for WtE processes can
help to maximise complete combustion and minimise
carcinogenic emissions (Reza et al 2013, Karunath-
ilake et al 2016). Others state that food waste, for
example, should be removed from the RDF stream
as it yields little exportable energy in WtE processes
(Diggelman and Ham 2003). Some researchers state
that the higher calorific value of RDF results in more
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complete (higher temperature) combustion, result-
ing in less emissions of other potentially toxic pollut-
ants such as volatile organic compounds (Friege and
Fendel 2011).

Although not strictly airborne emissions, there is
a need for increased scrutiny of the use/disposal of
bottom and fly ash given at least two studies estimated
increased concentrations of chromium and dioxin
in bottom/fly ash. Others have advocated that WtE
residuals should be re-purposed (isolated) as con-
struction ‘filler’ rather than go to landfill (Tan and
Khoo 2006, Passarini et al 2014, Malakahmad et al
2017). While toxins such as dioxins and furans found
in breast milk, or heavy metals found in urine, are
not themselves measured health impacts, they could
cause health impacts with accumulation over time.
The WHO recognises that, due to the omnipresence
of dioxins, the whole population has background
exposure which is not expected to affect human
health (such as the levels found in our included stud-
ies); however, as these toxins have a high toxicity,
efforts need to be taken to reduce additional expos-
ure such as from waste incineration (WHO 2020). As
such, we can best prevent or reduce this exposure by
continuing to measure directly at the source.

More broadly, LCAs including health impacts
of MSW stream management should not only con-
sider direct pollutant emissions, but also the poten-
tial effects of repurposing waste such as reducing and
recycling, and the impact on greenhouse gas produc-
tion and transport emissions (Giusti 2009). A fair
and full LCA may show that the most benefit from
RDF/WHLE processes may come from fuel substitution
for industrial processes such as cement manufactur-
ing (Reza et al 2013, Richards and Agranovski 2017),
within which combustion ash could be isolated to fur-
ther reduce the environmental impact from landfill.
While WtE may have a larger carbon footprint (CO,
emissions) compared with recycling of materials (e.g.
plastic) (Tan and Khoo 2006), it generally emits lower
concentrations of greenhouse gases (CO,, methane)
than landfill (Giusti 2009, Clean Energy Finance Cor-
poration 2015, Malakahmad et al 2017, Beyene et al
2018, Murray 2018, Orru et al 2019). Furthermore,
WLE technology (e.g. dry treatment of flue gas) has
the ability to offset traditional (fossil fuel) combus-
tion for electricity generation and thereby potentially
reduce total emissions of greenhouse gases or cri-
teria air pollutants (Scipioni et al 2009). These are
all important considerations from a broader public
health perspective.

LCA methodology appears to be well suited to
provide useful information for the planning and
design stage of waste management facilities, as they
allow identification of alternative processes and treat-
ment requirements, and so can enable decisions on
long term infrastructure investments which benefit
health not only locally, and more broadly. We recom-
mend that in regions where WtE has not yet been
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fully adopted, that LCA incorporating HRA, should
be undertaken using local data inputs and with local
conditions in mind.

As many regions of the world are needing to
manage unprecedented volumes of waste, and at the
same time are also experiencing slow implementa-
tion of cleaner/safer technologies, the risks related to
waste management are likely to remain a challenge
for years to come. Using RDF for WtE may address
a gap in the circular economy for recovering energy
from waste, and while seen as a renewable resource
(Natural Resources Canada 2015), decision-makers
should appropriately assess applications for new WtE
facilities, taking a precautionary but not inhibitory
approach, in light of the lack of rigorous health evid-
ence.

3.8. Conclusion

We have found a dearth of well-conducted epidemi-
ological studies investigating the health risks of expos-
ure from WtE processes. The limited evidence from
the two epidemiological studies, along with HRAs,
LCAs and emissions monitoring studies suggests that
the risks to human health from emissions of appro-
priately designed, properly managed (including feed-
stock), state-of-the-art WtE incineration plants are
relatively lower compared to prevailing alternative
waste management practices, including incineration
of unsorted waste (without energy recovery) and land
fill. Importantly, the waste management hierarchy
recommends an emphasis on the reduction of mater-
ial going to waste before it is re-purposed or recycled,
as it is clear that the input waste stream can substan-
tially influence pollutant emissions.

While WHE practice might be a reasonable option
for mitigating waste management and energy secur-
ity issues, its implementation requires proper design,
operation, and emissions management (monitoring)
and control, as well as ongoing environmental and
health monitoring and surveillance to maximise both
economic and environmental benefits while minim-
ising health impacts or risks. With respect to plan-
ning and design of WtE facilities, it is important
that health risk assessments supported by compre-
hensive exposure monitoring, and robust modelling
(e.g. detailed emissions modelling plus atmospheric
modelling and real population data) be conducted
for proposed WLE facilities to ensure that protective
measures are optimally designed and emissions cri-
teria appropriately implemented. Furthermore, close
attention to health data used and assumptions made
for reference doses, exposure duration and frequency,
and concentration-response functions, is needed. It
is equally important for HRAs and LCAs to include
sensitivity analyses to test such assumptions. Future
reviews will be reliant on additional well conduc-
ted epidemiological studies or HRAs and LCAs and,
exposure modelling and monitoring, to further our
knowledge in this area.
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