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HIGHLIGHTS

* Incineration is increasing as a waste disposabapti
* Atmospheric emissions are an important concern
* Abatement plant is highly efficient for particulatetter
¢ Ultrafine particle emissions are generally very low
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ABSTRACT

Ultrafine particles (diameter <100 nm) are of gréapical interest because of concerns over
possible enhanced toxicity relative to larger géet of the same composition. While combustion
processes, and especially road traffic exhaustaatenown major source of ultrafine particle
emissions, relatively little is known of the magmié of emissions from non-traffic sources. One
such source is the incineration of municipal waatel this article reviews studies carried out @n th
emissions from modern municipal waste incineratofhe effects of engineering controls upon
particle emissions are considered, as well as ¢ng limited information on the effects of changing
waste composition. The results of measurementg@herator flue gas, and of atmospheric
sampling at ground level in the vicinity of inciaséors, show that typical ultrafine particle
concentrations in flue gas are broadly similarhtase in urban air and that consequently, after the
dispersion process dilutes incinerator exhaust aitiient air, ultrafine particle concentrations are
typically indistinguishable from those that wouldcar in the absence of the incinerator. In some
cases the ultrafine particle concentration in the §as may be below that in the local ambient air.
This appears to be a consequence of the removakmii-volatile vapours in the secondary
combustion zone and abatement plant, and the ffigieacy of fabric filters for ultrafine particle

collection.

Keywords: Ultrafine particles; nanoparticles; particle remiad@vices; incinerator emissions
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1. INTRODUCTION

The regulation of municipal solid waste (MSW) inaiation plants within the European Union was
strengthened by the Waste Incineration Directid®Q276/EC (WID), which applied to new plants
from December 2002, and to existing plants fromedaiger 2005 (EU, 2000), resulting in the
closure or upgrading of many of the older instailas. Further WID requirements on the
incineration of MSW have been carried into theustdal Emissions Directive 2010/75/EU (EU,
2010). The daily average air emission limit foatatust within the exhaust gases is set at 10 mg m
3 (EU, 2010), while emission limits are also setdertain metals and their compounds (including
their gaseous forms). The specified metals arenaad and thallium (the sum of which is limited
to 0.05 mg rit), mercury (limited to 0.05 mg ™), and antimony, arsenic, lead, chromium, cobalt,
copper, manganese, nickel and vanadium (the swaich is limited to 0.5 mg /). Limits are

also set on various gaseous pollutants, includasggus and vaporous organic substances

(expressed as total organic carbon, TOC), and dliamd furan emissions.

Although ambient air quality standards for partatalmatter are set in terms of the permissible
mass concentrations of certain ranges of aerodynsize of particle (EU, 2008), there has been
debate in recent years (e.g. Seaton et al., 1966ty et al., 2000; Delfino et al., 2005) as to
whether smaller particles have a more deleteriffesteon human health, and ambient air quality
standards would be better if written in terms & garticle number concentration, reflecting the
concentration of “ultrafine”, defined as those [dets with an aerodynamic diameter of less than
0.1 pm (100 nm) (Lighty et al., 2000). Concernsehbgen raised (e.g. Allsopp et al., 2001; AIE,
2008) as to whether the regulation of MSW incineraplants by a mass based standard overlooks
the effects of the smaller particles that may bétethfrom these plants, and that metals may be
present at enhanced concentrations in these srpaligcles (Zhang et al., 2008). The recent
development of engineered nanomaterials has aksedréhe question of the consequences of the

disposal of products containing these materialsnbyeration (Holder et al., 2013).
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A'limited literature exists on the particle numleencentrations and size spectra of emissions from
MSW incineration plants in contrast to studies aftigle mass concentrations (e.g. Ragazzi and
Rada, 2012). Reviews of the literature have beemedsout by Yinon et al. (2010) and Yinon
(2010) who found that MSW incineration made a micamtribution to ultrafine particles in the
United States compared to coal combustion, andeb@lbirec (2012) who described the operation
of a number of MSW incineration plants and the eafyflue gas cleaning techniques used in
Europe. Holder et al. (2013) reviewed the issuthefincineration of engineered nanomaterials
finding a limited number of theoretical studiest baly a single study in which a full size MSW

incineration plant was used experimentally (Waéteaal., 2012).

The purpose of this review is to identify reportsreasurements of ultrafine particulate in the flue
gases from MSW incinerators, and to assess tHewrarece to the operation of MSW incinerators in

the United Kingdom.

2. METHODOLOGY
For the purpose of this review, the “Web of Sciérated “Google Scholar” databases were

searched using the terms;

“waste” and “incineration” and “emission” and [tafine” or “PMg 1" or “PMy"),

over the period 2000 to January 2016 to find papgyerting measurements of ultrafine particulate
matter in the flue gases from MSW incinerators, fumther references were identified from the
papers thus located. Few papers were found \hareitWeb of Science” or when “Google Scholar”
was limited to words in the title. Several thousarete found by “Google Scholar” when words in
the text were included, largely as a result of mamjnors identifying waste incinerator emissions as

a possible source of particulate matter. The mgjofipapers cited below were identified by
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forward and backward citations. The starting d&at2090 was chosen because of the major changes
in the design and operation of MSW incineratorgEumope following the implementation of

Directive 2000/76/EC.

3. BACKGROUND

3.1 Number vs. Mass Measurement of Particulate Magtr

Airborne particulate matter consists of particlegaring a wide size range which can be quantified
in terms of either the mass (or volume) or numligrasticles within a unit volume of air (Harrison
et al., 2000). A consequence of the wide rangeadiqgbe sizes is that measures of particle number
concentration are dominated by the smaller sizeticpes, while as a result of particle mass varying
with the cube of particle diameter, measures diigjarmass concentration are dominated by the
larger sized particles, as shown generically inuFédL, which presents the particle number and
particle size distributions in rural air for typi@ambient conditions. Traditionally, mass
concentration measurements have been used to agsggality, although often with an upper limit
on the size of particle considered as larger degtiare unlikely to reach the human lung and
therefore have limited health effects. For examipM,, is the mass concentration of particles with
an aerodynamic diameter of 10 um or less, wheraehedynamic diameter is the diameter of a

spherical particle with density of 1 g Erwith the same terminal settling properties.

Particles are lost from the atmosphere by sedinientand impaction in the case of larger (> 1 pm)
particles, and by coagulation due to diffusion aelettrical effects in the case of smaller (< 0.)um
particles. Intermediate sized particles tend teehemlonger lifetime in the atmosphere, resulting in
an increase in the concentration seen in both nuariemass spectra between 0.1 and 1.0 pm

(Figure 1) , known as the “accumulation mode”.
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These attributes also result in this particle sarege (0.1 — 1 um) being the most difficult to capt

in filtration systems (Zeuthen et al., 2007). Llerparticles may be captured by interception (where
a particle following the flow is within the partekradius of a filter element), impaction (where the
inertia of a particle carries it onto a filter elenmt), and - to a limited extent — gravitation (wdar
particle settles on a horizontal element of therfjl(Hinds, 1999). Smaller particles may be
captured by diffusion (where the particles are mgvelative to the flow) and both larger and
smaller particles may be captured by electrostdtects if either the particle or the filter elent®en

are charged. The combination of these processds terresult in minimum filter efficiencies at
particle diameters around 0.2 um, although whefiltee elements carry a charge the minimum

efficiency is improved, and tends to occur at adoparticle diameter (Brown, 1993).

Larger particles generally enter the atmospheitiir mechanical abrasion processes or through
resuspension. Smaller particles are frequently éokthrough nucleation - the condensation of
semi-volatile substances, often originating frormbastion processes, when the vapour
concentration reaches saturation. However, in génasndensation preferentially occurs on the
surfaces of existing particles (Lighty et al., 2pd@ther than causing the formation of new
particles. In the atmosphere, the occurrence d¢f bamncentrations of nucleated particles may be
evidence of a low concentration of larger parti§lébarron et al., 2007; Cusack et al., 2013).
Smaller particles are also formed as soot in figll conditions by the agglomeration of, and

chemical reactions between, hydrocarbon fragmengbty et al., 2000).

The dependence of particle formation mechanisnth®temperature and degree of saturation of

vapours may result in the concentration of pasicieeasured being influenced by conditions in the
exhaust flue. The sampling of particulate mattenfihot flue gas requires the gas to be diluted and
cooled under controlled conditions. While the comeloi mass concentration of gases and particles

is conserved, this is not the case for particle Imemeconcentration, and differences in dilution
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technique may make it difficult to compare the #tsize concentrations measured by different
investigators (Lightly et al., 2000). This issualso encountered in the measurement of particulate
emissions from vehicle engines where exhaust dondgig and dilution processes are widely used

(Burtscher, 2005; Shi and Harrison, 1999).

3.2 MSW Incineration Operations

The products of combustion from MSW incineratioarns will depend upon the design of the

plant, conditions within the combustion chambed #re components of the materials being

burned, which in the case of municipal solid waste be diverse, and may vary over short periods
of time. In the presence of high concentrationshddride, metals will form chlorides (Jiao et al.,
2011; Jiao et al., 2013) rather than oxides, windétals may themselves act as catalysts in other
reactions (Pena et al., 2012). Within the lowergerature exhaust gases dioxins and furans may be
formed (Vehlow, 2012) and combustion and aftertinesmt conditions are normally adjusted to

minimise their formation.

Contact of the combustion gases with specific cbatmiadded in the treatment system is used to
reduce emissions of prescribed components. Limdrated lime, or sodium bicarbonate can be
used to neutralise acid gases (Le Cloirec, 201 jmthe case of a sodium based sorbent can also
partially reduce NQconcentrations (Verdone and De Filippis, 2004 Tritroduction of activated
carbon will result in the adsorption of dioxins dndans and volatile metals such as mercury (Le
Cloirec, 2012). N@Qemissions can be reduced by the introduction eshama or urea within a
system applying either selective catalytic reducti@e Cloirec, 2012) or selective non-catalytic
reduction (SNCR) as used in the United Kingdom. Jdm@ous techniques for the control of air
pollution from MSW incinerators, and the historytbéir development, are reviewed by Vehlow

(2015).
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The size of particulate matter within the incineraends to be relatively large compared to oil or
gas fueled combustion systems. Maguhn et al. (20@2)sured a maximum concentration within
the particle size spectrum before flue gas treatraearound 100 nm diameter when back-up oil
burners were switched off, and an additional secoade at around 30 nm diameter when the
burners were switched on. The introduction of absotr and adsorbent materials into the process
will increase the particulate mass in the exhaaseg, and increase the need for particle removal
systems. Commonly used methods of removing peastitbm the waste gas stream are cyclones,
electrostatic precipitators and, on most recent M8&heration installations, fabric (or bag-house)

filters.

MSW incineration plants with energy recovery whagk currently operational within the United
Kingdom are reviewed by Nixon et al. (2013) whoentbtat the flue gas treatment processes and
technologies on current UK incinerators are aktigely similar. Some plants use recirculation of
the flue gases in the combustion chamber to redmsssions of NQand injection of urea and/or
ammonia to the combustion chamber for further rednof NG, emissions. Either hydrated lime
or lime milk is injected into the flue gases exgtithe combustion chamber to remove sulphur
dioxide and hydrogen chloride in a dry or semi-glag scrubbing system. Activated carbon is also
injected into the flue gases to adsorb vapour pdeseéns, furans and volatile metals. The gas is
then passed to a fabric filter system and fromdkedn the chimney stack. A schematic diagram of

the process is shown in Figure 2.

Particles arise in the incinerator processes filugrentrainment of ash particles into the flue gases
exiting the furnace as well as from the condensatiovapour phase materials as the flue gases
cool. The vast majority of particles will have rieed by the time the particles enter the cooler

environment of the emissions abatement systemoufisied below, it is possible for further
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particles to form subsequent to the passage ofustlgases through the emissions abatement

system, but in normal configurations of plant, tisifikely to be rather insignificant.

3.3 Factors Influencing the Efficiency of ParticleRemoval by Fabric Filters

In modern MSW incinerators in the United Kingdore final gas cleaning stage in a waste
incinerator is a fabric filter (bag filter) whiclollects not only particles produced in the incinera
but also the chemicals added in the emissions alegiieprocess. These filters are far more
efficient than would be anticipated from a simpkvsg mechanism (referred to as interception),
and are far more efficient than other particleaxtibn systems such as cyclones and electrostatic
precipitators (Lighty et al., 2000). This is besawvithin a fabric filter particles are collecteg b
five separate mechanisms; interception, inertigaotion, diffusion, gravitational settling and
electrostatic attraction (Hinds, 1999). The preessof interception, impaction and gravitational
settling are efficient for coarse particles whilafine particles are efficiently removed by the
mechanisms of diffusion and electrostatic attractteor this reason, filters are typically very
efficient for particles greater than 0.8 pum diametgd for those smaller than 0.1 um diameter as
measured by Yi et al. (2008). Collection efficiemsccan be improved, and the diameter of
minimum efficiency reduced, where there is an elealtcharge on the filter elements (Brown,
1993). The build-up of particles on the filter so#® during operation has the effect of adding ¢o th
depth of the filter and consequently enhancingffisiency. Because of this combination of
mechanisms, the fabric filters used in municipast@ancinerator plants are expected to be highly
efficient for the removal of ultrafine particle¥he high collection efficiencies and low diametér o
minimum efficiency may be evidence of a build uget#ctrical charge on the filter elements and

collected material.
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4. REVIEW OF PUBLISHED DATA

4.1 Measured Emissions — Particle Number

Measurements of particle number concentrationsf sub-micrometre particle number size
distributions, of emissions from MSW incineratatsefd with fabric filters have been reported by a
limited number of authors. Studies involving 17 M$Wineration plants are listed in Table 1,
along with plant operational details. Where thailtefor more than one plant is reported in any
paper, these are numbered separately in a mamniarsio that in the original paper. Although in
several cases the authors report concentrationsurezhat various stages through the incineration
process, the value of particle number concentraioen in Table 1 is that for the final (and lowest

temperature) measurement stage.

In reviewing measurements of ultrafine particlesmissions from a combustion source, it is
important to recognise that the sampling protoenl influence the measured number concentration
and size distribution. An extreme case is thatie$el engine exhaust where the use of low
dilutions has a tendency to suppress the formatiorewly nucleated particles derived from semi-
volatile constituents of the exhaust gases (e.gasdh Harrison, 1999). Generally speaking, the use
of high dilution with cool clean air prior to pare measurements will tend to increase the number
concentration of particles when calculated back éoncentration in undiluted exhaust gas,
although the mass concentration of particles issigptificantly affected, the mass of particles and
vapour being conserved. In the case of dieselwesthaew ultrafine particles can be formed from

condensation of semi-volatile vapour of lubricataigpresent in the exhaust gases.

New particle formation is dependent upon the cotraéons of condensable vapours and pre-
existing particle surface area and will therefoearfluenced by the dilution and temperature of the
gases when measurements are made. The measurempatdture and dilution conditions (where

available) are given in Table 1. The results froemr@schi et al. (2012) are the highest particle

11



252 ‘number concentrations measured after the fabter @it each plant, which are those obtained with
253 highest dilution (except in the case of plant 4here higher concentrations were recorded with
254  medium dilution), and where the diluted stream terapure was between 24 -’81 Examples of

255  the particulate size distributions measured inetinéssions of incinerators by a number of authors
256  are shown in Figure 3.

257

258  Buonanno et al. (2012) measured particulate mttier the flue gas after a thermodilution unit

259  within a system designed to control condensati@hrarcleation processes, and corrected the results
260 for diffusion losses. Wilen et al. (2007) redutied sample flow temperature to 20 —°8Din a

261  porous tube diluter, but does not give a figuretar dilution ratio. Maguhn et al. (2003) and

262  Zeuthen et al. (2007) give ranges over which tinepsa could be diluted but are not specific as to
263  what dilution was used. Dilution ratios are genlgrealculated by measuring carbon dioxide

264  concentrations in the flue and in the sample meastORCE (2009) and Fuglsang et al. (2010)
265  report particle number concentrations measuredraetMSW incineration plants, including one
266  which had an electrostatic precipitator and agglatnen filter rather than a fabric filter which is
267 why itis not considered in Table 1. The partialeniber concentration measured by FORCE (2009)
268 at plant WTES3 (Table 1, N) is exceptionally low.eTauthors suggest that this may be due to the
269 combined use of an electrostatic precipitator iditah to a fabric filter, and also note that thass
270  size distribution was dominated by particles witlingeter greater than 2.5 um. Even if the

271  exceptionally low measurement by FORCE (2009) (@4hIN) is disregarded, the measured

272 particle number concentrations of the emissionBainle 1 are generally low compared to typical
273  ambient particle concentrations measured in Lor{dable 2) (NPL, 2013). Ozgen et al. (2012)
274  suggest that the higher particle number conceantratmeasured on the plant with a wet particulate
275  collection system may be due to the operation aff $ystem.

276

277
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It should be noted that many of the experimentaliss on particle number concentrations of
emissions from MSW incinerators were conductedtalmh plants that had low total particulate
matter emissions (Table 1). In a study of one BlaMSW incinerator and one Italian MSW
incinerator, Turconi et al. (2013) found that white Danish system had the better overall
environmental performance, flue gas cleaning wé®bat the Italian plant. While all
measurements of ultrafine particulate matter casidi in this report were obtained from plants
operating within the EU regulatory framework, theray be differences in operational practices

and in the waste processed that would affect eamssi

4.2 Effects of Combustion Processes on Particle Essions
The number and size distributions of the partielestted by incineration will depend upon the
materials burnt and the combustion processes wiitl@inncinerator, and upon any device inserted

into the exhaust gas stream to remove particulatéem

In addition to measurements made on typical opmratiwaste, Zeuthen et al. (2007) and Pedersen
et al. (2009) introduced additional quantities @ested waste materials and measured the
particulate matter before flue gas treatment torema the effect of different waste types on
ultrafine particulate production. The additionalstes were; PVC plastics (high organically bound
chloride), vehicle disposal waste after recyclabégsoval (high chloride, alkali metals and heavy
metals), batteries — excluding car batteries -hligavy metals), treated wood waste (high copper,
chromium, arsenic), shoes (high chromium) and degisalt (high inorganic chloride). The largest
increases in both mass (PY and number concentrations (of around 50%) wetaioéd with the
additional de-icing salt. Iron and copper were fbtmbe major elements in the smaller particles
when vehicle disposal and battery waste were aldenh the case of larger particles (> 100 nm)

were less than 1% of the total weight, a measurethahwas not considered reliable by Zeuthen et

13
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al. (2007). Pedersen et al. (2009) concluded Heatoncentration of inorganically bound chloride

in the waste was positively correlated with theamoniration of alkali metals in the fly ash.

A comparison of grate-firing and circulating flusgid bed waste combustion plants (Lind et al.,
2007) found that at measuring points before faliter inlets the latter had a lower concentration

of sub-micron particulate matter, 0.30 & ncompared to 1.1 g fifor the grate-firing plant. There
was also a difference in modal size of the padioldth average modal diameters of 0.4 um and 0.6
pnm respectively for the fluidised bed and gratediplants. Problems with sampling prevented
reliable results being obtained for larger (>2.5)particles at the fluidised bed plant. Lind et al.
(2007) suggest that the difference between theptaats is that due to higher peak temperatures in
the grate-fired plant, a larger proportion of ash¥fing compounds was released to the gas phase
during combustion before nucleation and condensatidorm fine particles. In the fluidised bed
plant, the authors propose that the lower temperasulted in the release of less ash-forming
compounds, with those compounds that were formeud tbacting with coarse fly ash and the larger
particles of the fluid bed. The use of grate firgygtems for biomass fuels is reviewed by Yin et al

(2008).

The propensity for heavy metals to volatilise dgraombustion depends upon the presence of other
elements (Yao and Naruse, 2009). The presencdariad reduces the temperature at which
condensation of heavy metals such as Pb, Cd, CHgratcurs, hence increasing their volatility,
while the presence of sulphur increases the teryeraf condensation and reduces the volatility

of the metals (Yao and Naruse, 2009).

The effect of the introduction of silicon-aluminiumased sorbents into the combustion process has
been examined by Linak et al. (2003) and Yao andi$¢a(2009). The introduction of kaolin

resulted in reductions in the concentrations ofagimm, nickel, iron and zinc (in particles < 0.56
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pm) of respectively 35%, 56%, 56% and 40% (Lina&lgt2003), while lead and cadmium
concentrations were reduced by 40% - 45% (Yao ardi$¢, 2009). In the number concentration
distribution, there is a reduction in the numbepafticles at diameters less than 0.1 pum with an
increase at larger diameters (Yao and Naruse, 2008l particle mass is reduced at particle
diameters around 0.08 um to 0.5 um, and increasdidraeters around 1 pm to 10 pm (Linak et
al., 2003; Yao and Naruse, 2009). Yao and Narud@92found that zeolite was slightly less
effective than kaolin, and that in general sili@aminium sorbents performed better than calcium
based sorbents in capturing lead and cadmium. fideegses of metal vapour adsorption by

kaolinite is discussed by Gale and Wendt (2003) Yol et al. (2005).

In a study on the heavy metal concentrations irfuh@ace ash and the fly ash collected by the ¢abri
filters of two MSW incinerators in Shanghai, Zhatal. (2008) were able to distinguish between
those metals (Cr, Cu and Ni) which were not easilatilised, and were transferred to the fine
particulate matter that was collected in the fabliers by entrainment and therefore had smaller
mass concentrations in sub 30 um particles th&d ir 150 pm particles in the case of chromium
and nickel while copper concentrations were twigdigh in sub 30 um particles than in the 74 -150
m size range. In contrast, those metals (Hg atydM@ich were easily volatilised and were
transferred to the fine particulate by an evapomationdensation-adsorption process and therefore
concentrations in the sub 30 um particles whichevieuar times those occurring in 74 — 154 um
particles. Lead and zinc which were transferrethéofine particulate by both entrainment and
evaporation had a more gradual increase in coratertrwith reducing particle size. Although all
heavy metals had a higher concentration in theqodaite matter collected by the fabric filters than
the furnace ash, the larger quantity of furnacerashlted in the majority of all metals being found
the latter. The ratio of metal in the fly ash toface ash was greater for the more volatile metals.

These incinerators were operated with lime slurg((@H),) to remove acid gases, activated carbon to
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remove metals and dioxins, and final fabric filtercontrol particulate matter emissions. The @ant

operated at a temperature of about’85@nd burnt approximately 1200 and 1500 tday

Unlike diesel engines where significant numberalt&fine particles can be formed by
condensation in the exhaust, due to the introdoaifactivated carbon in a MSW incinerator to
remove semi-volatile constituents (such as somemsaand furans) combined with a high burn-out
from the combustion process, the after-treatmehtevid to result in extremely low concentrations
of semi-volatile constituents and consequentlyelveitl be little potential for new particle

formation during incinerator combustion gas dilatidhere may be an exception (mentioned later)
where agueous scrubbing is conducted subsequetitdoafter-treatment processes which may
promote new particle formation from inorganic pnescus such as sulphur dioxide. Such situations

are, however, unusual.

4.3 Combustion of Engineered Nanomaterials
Holder et al. (2013) identified a limited numberpaipers which considered the effect of municipal
waste incineration on the release of engineeredpaticles from materials containing them, and

only one experimental study (Walser et al. 2012a dull sized MSW incinerator.

Roes et al. (2012) conducted a preliminary assa#sofi¢he fate of engineered nanoparticles
during MSW incineration and suggest that removateys are inadequate to deal with bulk
guantities of nanomaterials in municipal waste sTdgsessment however, assumes that no
engineered nanopatrticles are destroyed by incinerand appears to be based on an illustrative
figure of the capture efficiency of respirators @ned in Centres for Disease Control and
Prevention guidance on N95 respirators and surgieaks (CDC, 2009), which is not a
guantitative report of the efficiency of either N@&spirators and surgical masks or of the fabric

filters used on modern MSW incinerators. The filo)|m media used in personal respirators are
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frequently charged and collection efficiencies rddfer from those of the fabric filters used on
MSW incinerators. A theoretical study of the fateengineered titanium oxide, zinc oxide, silver
nano particles and carbon nanotubes by Muellelr €@13) assuming (rather optimistic) particle
removal efficiencies of 99.995% by an electrostpticipitator concluded that 94% of carbon
nanotubes would be destroyed by incineration, willer nanomaterials ending up within the
incinerator bottom ash or being captured by the §as control systems, with less than 0.0001%

being emitted to the air.

Experimental trials were conducted by Walser et24112) in which cerium oxide nanoparticles (80
nm modal diameter) which are expected to be stabtecineration, were introduced into a MSW
incinerator (10 kg in the waste feed; or 1 kg itite furnace) fitted with an electrostatic preciata
and a wet scrubber, and the quantity of ceriumexidhe bottom ash, fly ash, exhaust gases and
waste water was measured. They recovered 39% &adBBe cerium oxide in each test, with the
proportion of recovered cerium oxide in the exh@astes being respectively undetectable and
0.0001%. The authors note that because of thge lamrface to volume ratios, nanopatrticles tend to

adhere to surfaces within the plant resulting inneneased travel time through the system.

4.4 Effects of Control Devices upon Particle Emissns
Amongst particle control techniques Holder et 2013) identify older technologies of cyclones and
wet scrubbers (the latter primarily used to treeggg although they will also remove some

particles), and more modern techniques of dry aedelectrostatic precipitators and fabric filters.

4.4.1  Electrostatic precipitators and cyclones
The effect of switching a wet electrostatic pretafor (that was located on a MSW incinerator after
a fabric filter) on and off was investigated by Mi&g et al. (2003) who found that the precipitator

achieved a one order of magnitude reduction inqdsate number concentration at particle
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diameters greater than about 0.05 um, with redatfedency at smaller diameters. Bologa et al.
(2012) found mass collection efficiencies of elestatic precipitators on biomass combustion
facilities of 82% to 87%. In tests on electrostgtiecipitator trial rigs, Huang and Chen (2002)
found that at smaller particle diameters (< 20@n& depending upon the equipment
configuration) efficiencies were reduced, due tms@articles not being charged. Such tests are
not, however, directly relevant to modern municivakte incineration plant employing fabric

filters.

4.4.2  Fabric filters

The penetration of particles of any size rangeughoa filter is defined as the ratio of the
concentration at the outleX{) to that at the inlet;) of those particles (Lind et al, 2007). The
collection efficiency (E) of the filter at that sizange can then be defined as; E = (1

= Xo) /X|

Lind et al. (2007), Wilen et al. (2007) and Zeuteml. (2007) measured particle concentrations
before and after the fabric filters of MSW incintgwoa plants and report the percentage of particles
penetrating the filter over a range of particleesiZBuonanno et al. (2010) report the particle size
distributions measured before and after the fditers of two MSW incineration plants. The
collection efficiency spectra (collection efficigns 1 — penetration) were calculated from the
graphs in these papers, and are presented in Fgliteere are strong similarities in the
descriptions of one of the plants investigated mgdlet al. (2007) and that investigated by Wilen et
al. (2007) and it may be the same plant, but becatithe difference in collection efficiency at
larger particle diameters the results of both papee shown in Figure 4. There is considerable
similarity between the results of the differentraars with minima in the collection efficiency

spectra at diameters around 0.04 um and betweean@.1.5 pum.
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Zeuthen et al. (2007) ascribe the efficiency reducat larger diameters (0.7 — 1.5 pm) to the point
of minimum efficiency of the fabric filter. They ggest that the minimum efficiency at around 0.04
pim is due to the evaporation of wet droplets ined serubber which followed the fabric filter in the
plant that they examined, a problem also identibgdaguhn et al. (2003) and by Ozgen et al.
(2012) who measured higher particle number conaBoitis on a plant with a wet filtration system.
Ozgen et al. (2015) measured the emissions frons®Nhcinerator which had parallel wet and
dry air pollution control systems, and found theg particle number concentration in the wet line
was twice that in the dry line. They suggest thathiigher moisture content of the flue gas in the
wet line resulted in greater nucleation of gasquwesursors such as sulphuric acid and ammonia.
Such scrubbers are not however reported as beasgiprin the other plants (Lind et al., 2007;
Wilen et al., 2007; Buonanno et al., 2012) whicdoahow a minimum collection efficiency at

particle diameters around 0.04 um (Figure 4).

This minimum calculated collection efficiency isaaparticle diameter where number
concentrations were low and this may affect theiaaxy of the calculation of collection efficiency
at this diameter. Lind et al. (2007) note the diffty in making measurements due to the low
concentrations after the fabric filter. Buonannale{2012) note that at particle diameters where
concentrations were highest, higher collectiorcedficies resulted in high overall collection

efficiencies.

4.5 Comparison of Incinerator Emissions with Ambien Concentration Measurements
Hourly measurements of ambient particle number eotmations have been made by condensation
particle counter for a number of years at roadaitt background sites in London and at a rural site
at Harwell (NPL, 2013). The annual mean particlmhar concentrations measured in the four
years between 2008 and 2011 (following changelsa@érmissible concentration of sulphur in

diesel fuel in late 2007 - Jones et al., 2012)anedoresented in Table 2 to allow comparison with
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the particle number concentrations measured ifitles of MSW incinerators presented in Table 1.
These are relevant comparators as the largest UKcmpal waste incinerator (Edmonton) is

located in London, and others are within suburbami@l areas of the country. The values of
ambient particle number concentration at the bamkgs and roadside sites in London (Table 2) are
generally similar to, and in some cases greater, tine particle number concentrations measured in
the exhaust emissions from MSW incinerators ligteflable 1. At their first three sites (Table 1, F,
G and H), Cernuschi et al. (2012) measured ambpinitcle number concentrations in the vicinity

of the plant of 3.2 x 10 1.4 x 18 and 2 x 16respectively. In the case of the first two plahts
particle number concentrations emitted from the MiB¢herators are lower than the particle

number concentrations that the authors measuréatiambient air.

Particle mass and number concentrations and cotigpogsiere measured at a location 200 m from
a MSW incinerator and 400 m from a six lane highwgyBuonanno et al. (2010). They conclude
that the major source of locally produced partiteilaatter was the highway, with most of the
elemental composition measurements being attribiotézhg range atmospheric transport.
Buonanno et al. (2009) use published emission fa¢tw particle numbers from road traffic to
compare the quantity of traffic that would prodtice same particle emissions as a MSW
incinerator. They concluded that incinerator enoissiover the course of one hour are equivalent to
20 vehicles (6% to 8% heavy duty) moving along 3drhighway in typical traffic conditions. It
should be noted, however, that this calculatidmaised on emission factors from vehicles which
predate the reduction in the permitted quantitgwdphur in diesel fuel, which resulted in a 60%
reduction in particle number emissions compardd@y emissions from vehicles in the UK in

November 2007 (Jones et al., 2012).

Buonanno and Morawska (2014) found the mediang@miumber concentration in the emissions

from a MSW incinerator stack to be less than thdiarebackground concentrations in the local

20



484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

community, and substantially less that the medancentrations indoors which contribute a large
part of the particulate number dose which the paon receives. Modelling of the dispersion of
particulate matter from a MSW incinerator (Scurigtal., 2015) showed that the most significant
determinant of concentration at ground level wasdfficiency of the flue gas treatment system.
Font et al. (2015) found some mass ratios of traetals typical of those emitted by MSW
incinerators near to two out of six of the UK pktitat they studied, while concluding that MSW

incinerators contributed little to ambient PMoncentrations.

Ragazzi et al. (2013) report particle number cotration distributions at the exhaust stack of a
MSW incinerator, and at various rural and developedtions around it. At the incinerator exhaust
the number size distribution had a broad but dontinaode around 75 nm diameter. At the
surrounding locations, the particle number distitns were dominated by particles of less than 25
nm diameter, but with a subsidiary mode at arousmdm at the site closest to the plant, where
overall concentrations were higher than in the aghaA time series of concentrations of particle
number and NQin ambient air at one of the sites close to tlemigration plant showed a strong
correlation between the two determinands whichatitbors attributed to emissions of both
pollutants from road traffic. Their results failelshow any significant influence of the

incineration plant upon local concentrations ofaflhe particles.

The particle number size spectra of emissions BV, biomass, gas and gas oil powered
combined heat and power plants were measured dgadngget al (2010) and are compared in
Figure 5. The emissions from the MSW incineratahviabric filter (WTEZ2) are notable for having
relatively low concentrations at smaller partidlees and relatively high concentrations at particle
diameters around 0.5 um. In contrast, the biomasdtel plant (with electrostatic filtration) andeth

gas and gas oil fired plants have emissions witkimmam concentrations at particle diameters less
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than 0.1 pm. Fuglsang et al. (2010) suggest tleatifiher emissions of ultrafine particles from the

gas fired plant are probably due to the use ofi¢ation oil in the engine in which the gas is burnt

5. CONCLUSION

There are only a rather modest number of studiedti@ffine particle emissions from municipal
waste incinerators, the majority from plants inyitand Scandinavia. These paint a consistent
picture of fabric filter abatement devices, which ased in all UK plants, working with very high
efficiency, and average concentrations of particimber (representative of ultrafine particle
concentrations) in the typical range of 10 10 cm>. Such concentrations are typical of those in
urban air and hence after dispersion of the exigassts, concentrations of ultrafine particulate in
ambient air will be dominated by those in the baokgd air into which the incinerator gases are
mixed. In some cases the flue gas concentratibukrafine particles fall below those in the local

ambient air.

Those studies which have included measurementgwvathbient air in the vicinity of incinerators
confirm that the incinerator emissions are not iatipg significantly upon concentrations of
ultrafine particles in the locality which tend te dominated by sources such as road traffic and

domestic combustion, as is the case in other kesli

While the studies of the efficiency of fabric filskeon MSW incinerators show lower collection
efficiencies at particle diameters around 0.04 {his,may be a consequence of difficulties in
guantifying the small number of particles of thiardeter. The sole identified experimental
measurement of the release of engineered nandpartiom an MSW incinerator shows the

concentration of particles released to be negkgibl
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The low emissions of ultrafine particles from MS¥W¢inerators can be attributed to the
introduction of material to absorb gaseous emissinithe abatement plant, which restricts the
formation of ultrafine particles within the plaand the use of high efficiency filtration at thedeof
the process. While no ultrafine emissions dataf8W incinerators in the UK was identified, the
findings of low emissions of ultrafine particulatetter was common to plants in a number of EU
countries subject to the same regulatory regimeganeral operating procedures as plants in the
UK. While plants across the EU are operated withensame regulatory framework, there may be
differences in operational practice, or waste aanteetween countries. The possibility that there
may be an effect of any minor differences in opegaprocedure or waste content between the UK

and other EU countries could only be determinedibgsurements on a UK plant.
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Table 1: Operating conditions, particle number measuremetgulures, and particle number concentrations frastudies identified in the
literature.

AUTHOR FUEL FUEL FUR EMISSION CONTROLS SAMPLING SIZE MASS MODE IN Sample Dilution
(Lead) Type Rate -NACE SYSTEM | RANGE | CONCENTRATION NUMBER CONCENTRATION biemmsonoy | temperature | factor
TYPE (nm) EMITTED (cm™) (nm) (°C)
Median 1st-3rd
(or mean) (cm™) quartiles
(cm?)
Buonanno 2x7.5 Mg hrt MG SNCR (urea); ESP; sprayA ELPI Dekati 30-2000 0.22 (TSP) 1-2x10° 80 0-350 1:20 to
(2009) (NaHCOs, AC); FF 1:200
Buonanno (1) RDF 10-12 Mg hr MG SNCR; sprayA(CaO, AC, urea); | SMPS 3936 | 6-800 0.68 (TSP) 3.5x10” 1.5-5x10° 60-100 (at 120-150 1:25
(2011, 2012) FF CPC 3775 >4 max emis)
Buonanno (2) RDF 15 Mg hr MG SNR, sprayA(NaHCOs, AC); FF | SMPS 3936 | 6-800 1(TSP) 1.5x10° 0.1-1x10° 15, 200 (at 120-150 1:25
(2012) CPC 3775 >4 max emis)
Buonanno (3) MSW | 9-10 Mg hrt RG wet SCR(Ca(OH),, NaOH soln, | SMPS 3936, | 5.5-800 2 (TSP) 3x10° 1-7x10° 60-100 (at 150 1:7
(2012) NHs soln); FF Grimm, max emis)
CPC 3775, >4
CPC 5403
Buonanno (4) MSW | 12.5 Mg hr” MG Ca(OH), injection; FF; Grimm 5.5-350 0.9 (TSP) 6x10° 0.3-1.2x10° 8, 30 (at 150 1:4.5
(2012) (NaHCOs;, AC, NHs soln); FF DMA max emis)
55706,
CPC 5403 >4.5
(Grimm)
Cernuschi (1) urban | 900-1200 Mgd™* | MG ESP, dryA(NaHCO3+AC), ELPI Dekati | 7-2500 n.a. 1.6x10* [+3.9x10°] | 0.45-3.0x10° | 32 24t031 1:40 to
(2012) waste FF(180-190°C), SCR(180°C) 1:50
Cernuschi (2) urban | 650-1200 Mg d* | MG SCR(250°C), drA(lime+AC), ELPI Dekati 7-2500 n.a. 7.9x10° [12.5x103] 0.2-1.6x10" 25 24t0 31 1:40 to
(2012) waste FF(130-140°C) 1:50
Cernuschi (3) urban | 600-700Mgd® | MG Quencher, ELPI Dekati | 7-2500 n.a. 7.8x10° [+1.4x10%] | 0.48-1.3x10° | 17,81 24t031 1:40 to
(2012) waste dryA(Sorbalit+AC), FF(150°C), 1:50
WA (water+NaOH sol),
SCR(250°C)
Cernuschi (4) urban | 200 Mgd* MG SNCR(water+urea post ELPI Dekati 7-2500 n.a. 5.7x10° [+2.9x10°] 5.5-31x10° 19 24 t0 31 1:20 to
(2012) waste comb), dryA(sodium 1:40
bicarbonate+AC), FF, wetA
Maguhn MSW | 23 MW sprayAA; FF, acid/basic wet SMPS 3071 17-30000 | n.a. 1.8x10° 70 (<40 80 1:10to
(2003) scrubber; wet ESP /3022 and (from Fig 8a) inter- 1:10000
APS 3310, mittent)
Zeuthen MSW | 22 MW grate lime, FF, WS SMPS 14-800 n.a. 6.9x10" 167 - 1:5to
(2007) 3071/3010 1:200
Wilen waste | 75 MW CFBR AC, lime, FF ELPI, TEOM - 0.2-0.7 (TSP) approx 2x10* - 20 “heavily
(2007) diluted”
FORCE (WTE2) | waste | <30 MWe grate SNCR, semi-dry CaO, AC, FF ELPI 7-2500 2.2 (PM2.5) 1.7x10* 500 25 1:10
(2009)
FORCE (WTE3) | waste | <30MWe grate SNCR, ESP, Scrubber + CaO, ELPI 7-2500 0.02 (PM2.5) 5.9x10" 30-50 25 1:10
(2009) CaO + AC, FF
Ozgen (1) waste dry technology for ELPI 7-2500 n.a. 1.1-1.7x10* n.a. n.a. n.a.
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(2012) particulate

Ozgen (2) waste dry technology for ELPI 7-2500 n.a. 5-8x10° n.a n.a. n.a
(2012) particulate

Ozgen (3) waste Dry/wet technology for ELPI 7-2500 n.a. 4-8x10* n.a n.a. n.a
(2012) particulate

Abbreviations:

A — absorption

AC — activated carbon

APS — aerodynamic particle sizer

CPC - condensation particle counter
DMA — differential mobility analyser
ELPI — electrical low pressure impactor
ESP — electrostatic precipitator

FBR — fluidised bed

CFBR — circulating fluidised bed

FF — fabric filter

MG — moving grate
MSW — municipal solid waste
PM- particulate matter less than 2.5 um aerodyndraimeter
RDF — refesved fuel
RG - rotatirgyate
SMPS nsirag mobility particle sizer
S(N)CR - selecfion-)catalytic reduction
TEOM — tapered element oscillating microbalance
TSP - total susged particulate
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Table 2: Mean annual particle number concentrations medstrevo London sites and Harwell
rural site following the mandatory sale of “sulplitge diesel” for use in road vehicles in November
2007 (from NPL, 2013; Figure 4-36).

Year Marylebone Road North Kensington Harwell
(roadside site) (urban background site) (rural site)
2008 3.6 x 10 1.35x 10 4.7 x 10
2009 3.5x 10 1.40 x 10 5.6 x 10
2010 3.8x 10 1.40 x 10 5.5 x 10
2011 3.4x1b 1.35x 10 4.3 x 10
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Typical ambient particle number and mass size
distributions
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Figure 1: Example of ambient particle number and massdistebutions in rural air (data from
Harwell site, 25 July 2012, [https://uk-air.defravguk/datal).
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Figure 2: Schematic diagram of a MSW incinerator.
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Figure 3: Particle number concentration distributions oféhgssions reported by various authors
from different MSW incinerators. (Dotted lines indte+ 1 s.d. for Zeuthen et al. 2007).
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Figure 4: Particle collection efficiency spectra for fabfiiters as a function of particle diameter

measured at MSW incinerators by various authorsttéd lines indicate: 1 s.d. for Zeuthen et al.
2007).
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Figure 5: Particle number distributions for Combined Heal Bower plants using solid waste
incineration (WTE 2), biogas (GF2), biomass (wobhgbs and saw dust) (BM 3) and gas oil (GO)
(Fuglsang et al. 2010).
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