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1 INTRODUCTION 

This report presents the results of the AIRUSE project Action B7: testing and developing 
mitigation measures for Southern Europe.   

The measures undertaken by AIRUSE were focused on three major emission sectors in 
Southern Europe: 

 Road dust emissions 
 Biomass burning emissions 
 Industrial emissions (channelled and diffuse) 

 

Concerning the road dust emissions, AIRUSE presents the first comprehensive analysis of the 
efficacy of selected measures in Southern Europe given that most of the previous studies have 
been carried out in Northern Europe and their applicability in the Mediterranean region is 
questionable due to the higher solar radiation and faster road surface moisture evaporation.  

Concerning biomass burning emissions, AIRUSE made use of the combustion facility of the 
University of Aveiro (Portugal). The tested measures aimed at avoiding the formation of 
pollutants (primary measures) or at the removal of pollutants from exhaust gases (secondary 
measures). The optimization of solid fuel combustion process by introduction of continuously 
controlled conditions (automatic fuel feeding, distribution of combustion air) and 
modification of the fuels granulation are among the primary measures to be tested. The use of 
catalytic converters or filter technologies is a secondary measure, which may lead to 
significant reduction in particle emissions. The results of the burning tests enable the 
quantification of the reduction of the emissions as a result of the adoption of the abatement 
strategies, and consequently, how much the ambient PM2.5 or PM10 levels will be reduced.  

Finally, mitigation strategies concerning industrial emissions have been revised and proposed, 
taking into account the legislation on industrial emissions and the actions stemming from the 
application of that policy. 

2 ROAD DUST AND SOIL DUST 

Road dust has a complex chemical composition since it originates from several sources 
(mainly the wear of brakes, tires and road surface), consequently the health risk of road dust is 
associated to that of mineral dust, heavy metals and organic compounds. Concerning mineral 
dust there is some evidence for effects on mortality, mostly in arid regions (Brunekreef and 
Forsberg, 2005). The heavy metals embedded in road dust, such as Cu. Fe, Mn, Ni and Ti 
contribute to the oxidative capacity of particulate matter, PM (Prahalad et al., 1999; Clarke et 
al., 2000) and therefore are likely related to PM toxicity. Among other elements, antimony 
(Sb) is of great health concern since Sb2O3, present in road dust, is recognized as a potential 
carcinogenic to humans (IARC, 1989). 

 

Road dust is a mixture of particles, deposited on the surface of paved roads, and susceptible to 
be re-entrained into the atmosphere due to the vehicle-generated turbulence or wind. Although 
road dust is composed by very different particles in size from nanometers to millimeters, the 
environmental concern is associated to the fraction below 10 µm, PM10; to this fraction we 
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will refer in the remainder of this document, unless specified.  For unpaved roads, road dust is 
the road material itself, which can be assumed to be infinite. This document deals mostly with 
measures for paved roads, although some results are also available for unpaved areas. 

Road dust emissions increase considerably concentrations of atmospheric (PM) in urban and 
industrial environments, causing exceedances of the air quality standards (2008/50/EC), and 
related health effects also due to the high content of heavy metals and organic compounds.  
With respect to the impact on air quality an important geographical variability has been 
observed. 

In Southern Europe, the low and infrequent precipitations reduce the wash-out and the 
moistening of the road surface, favoring road dust resuspension. Moreover the small vegetal 
covering, urban works, and Saharan dust outbreaks increase road dust loadings and therefore 
emissions.  

The AIRUSE source apportionment results (Action B2) on PM10 and PM2.5 at five South 
European cities (Porto traffic site (POR-TR), Barcelona urban background site (BCN-UB), 
Milan urban background site (MLN-UB), Florence urban background site (FI-UB) and 
Athens suburban site (ATH-SUB)) showed that vehicle non-exhaust (NEX) source, which 
includes road dust emissions as well as direct brake and tire wear, increase PM10 and PM2.5 
levels by 8-11% (1.8-2.9 µg/m3)  and 1-9% (0.2-2.6 µg/m3) respectively, on average for the 
year 2013. The local soil dust resuspension (LDU, not related to traffic) was contributing 
within 10-12% at suburban and urban sites (2.1-2.5 µg/m3) and 6.4 µg/m3 (18%) at the traffic 
site, revealing a possible contribution from road dust resuspension. In PM2.5 the suburban-
urban range was 0.3-1.5 µg/m3(2-5%) and 3.9 µg/m3 (15%) at the traffic site.  

Previous studies in Barcelona attributed even higher share (16%) of PM10 (urban 
background) to road dust emissions, and this percentage increased to 29-34% in the South of 
Spain (Amato et al., 2009; 2014). In Athens, road dust contributed between 12-34% of PM10 
depending on the site, while in Thessaloniki road dust was responsible of 28% and 57% of 
PM10 and coarse PM respectively (Karanasiou et al., 2009; Manoli et al., 2002). 

Central Europe experiences generally lower road dust contributions due to the wet climate and 
the ban of studded tires (allowed in Scandinavian countries). However, the impact is still 
significant: in Germany, the contribution of road dust has been estimated in 8% at urban 
background site (Beuck et al., 2011), while another study found that non-exhaust emissions 
(road dust and wear emissions) were about twice as high as exhaust emissions (Ingenieurburo 
Lohmeyer 2004). In Zurich 38% of traffic contributions at a street canyon were assigned to 
road dust (Bukowiecki et al., 2010). In London road dust contribution was estimated to be 
38% of the PM1-10 roadside increment Harrison et al. (2012). 

In Scandinavian countries, high road dust contributions to PM10 are due road sanding and the 
use of studded tires in winter-spring months. Such emissions generate very large quantities of 
coarse (diameter between 1-10 µm) particles from pavement abrasion and mechanical 
fragmentation of traction sand grains (Kupiainen et al., 2005 and 2003). As compared to 
normal tires, studded tires increase the road dust emissions by a factor of 2-6 (Hussein et al. 
(2008).  Consequently road dust increases PM10 levels by 32% in the city of Lund (Sweden, 
Swietlicki et al, 1996). In a traffic station of Copenhagen road dust contribution was found to 
be higher than motor exhaust: 8 and 6 μg/m3, respectively (Wahlin et al., 2006).  

To deal with the problem of road dust either preventive or mitigating measures can be 
adopted. Preventive strategies aim to avoid the build-up of particles on road surface in the 
first place, such as paving the access to unpaved lots, covering truck loads, or road traffic 
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restrictions. Mitigating measures attempt instead of removing or binding those particles 
already deposited. The data presented here include the results of the AIRUSE LIFE Project 
(Testing and Development of air quality mitigation measures in Southern Europe 
www.airuse.eu) and of the literature review.  

The tested mitigating measures are summarized as follows:  

 Street sweeping  
 Street washing  
 Chemical suppressants 

o Calcium Magnesium Acetate (CMA) 
o Magnesium Chloride (MgCl2) 
o Nano-polymers 

2.1  Street sweeping  

The primary aim of road sweeping is to improve the aesthetic appearance of the urban 
environment by removing street debris, litter and dirt.  The frequency of sweeping varies 
significantly, with major roads and motorways being rarely swept. Historically, neither road 
sweepers nor their operational procedures were designed to reduce ambient PM10 

concentrations.   

There are three general types of road sweepers in use in Europe.  The technology has changed 
relatively little over the past few decades with the exception of the use of bag filters to control 
fugitive PM10 emissions from the dust collected, and diesel particulate filers to control 
exhaust emissions, which have recently been introduced to the market (Wiemann, 2013; 
Chow et al, 1990): 

 Mechanical sweepers are the traditional type of road sweepers, but today the only 
European manufacturer producing these sweepers is the Swedish company Brood.  
These sweepers lift the material from the road onto a conveyer belt, and then 
discharge the material into a collection hopper. Circular gutter brooms direct the 
material into the path of the rotating broom.  In general, these sweepers are 
considered to be effective at removing large debris such as branches, leaves, litter, 
and large quantities of dirt, but can ‘blow’ more PM into the air than vacuum 
sweepers. 

 Vacuum sweepers typically use a gutter broom to loosen dirt and debris from the road 
and direct it to a vacuum nozzle which sucks it into a hopper. The hopper usually 
consists of a chamber into which the material is collected by gravitational settling. 
The air passing through this chamber can be emitted directly into the atmosphere, 
through a bag-filter or precipitator, or to the collection nozzle for recirculation.  Pure 
vacuum sweepers create a strong vacuum within the pickup head which draws air 
from outside the head, through a duct, and into the hopper. The air movement across 
the road surface removes particles from the pavement and entrains them in the air 
flow. The vacuumed air is exhausted to the outside environment after a short time in 
the hopper. However, the residence time can be insufficient to allow gravitational 
settling of PM10. Figure 1 illustrates a state of the art vacuum sweeper fitted with a 
filter in the roof and shows the air flow (VDI, 2012). 
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Figure 1.  Example of a vacuum sweeper (VDI, 2012). 

 Regenerative-air vacuum sweepers direct all or some of the exhaust air back to one 
end of the pickup head at high speed or to a nozzle located immediately behind the 
pickup head. The blast of exhaust air is directed at an angle to the pavement to 
dislodge dirt. The blast air and the entrained material move across the pickup head to 
a suction nozzle which transports the debris to the collection hopper.  The non-
recirculated portion of the exhaust air is vented into a separate settling chamber 
before it escapes to ambient air.  This type of road sweepers is not common in Europe 
and only MFH currently produce models using this method.  

There is evidence that the use of some road sweepers can increase local PM10 concentrations 
in the surroundings of the operational vehicle. Water sprays can be used with vacuum 
sweepers to reduce the resuspension of dust.   

A comparison of the efficacy of several different road sweepers, undertaken using a test 
procedure developed by DMT on behalf of the German Federal Environment Agency (see 
section 5), suggest that different road sweepers may have three orders of magnitude different 
impact on PM10 concentrations.  The Dulevo 5000 with its patented GORE filtration system, 
was the best performer, estimated to emit less than 0.34 kg PM10 over 2000 hours of operation 
(Geddes, 2011).  

The Swedish DISAB Group has recently launched the DISA-CLEAN 130.  After testing the 
DISA-CLEAN 130 around the City of Uppsala, Sweden, a reduction in PM10 was observed.  
The DISA-CLEAN 130 uses a Roots vacuum pump, specially developed nozzles for road 
surfaces and a unique filter technology. Dust free performance is achieved due to its brushes 
being under vacuum throughout the whole sweeping and cleaning operation (DISAB Group, 
2013).  

British firm Johnston Sweepers also claim to have developed a unique system which creates a 
cyclone effect within the hopper, for the most efficient filtering via mesh screens, of dust and 
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debris particles prior to discharge to the atmosphere. This design is a standard feature of all 
Johnston V Range sweepers. This range was the first European-manufactured sweeper to 
achieve full PM10 test compliance under the Californian regulations.  

There exist a number of PM10 certifications and tests for road sweepers (but no ISO standard) 
aimed at testing the performance of road sweepers in reducing road dust loading, minimizing 
the dust re-entrainment and/or outlet emissions during operation. Details can be found at 
http://airuse.eu/wp-content/uploads/2013/10/2014_03_AIRUSE-Deliverable-08-2-of-10-
reports-adapted-mitigation-measures-B8.pdf. 

It should be noted that real-world operating can be very different from the test conditions and 
therefore there is a need for more systematic in-service testing to be undertaken with a range 
of different sweepers.   

To control the emission of PM10 from the air outlet of road sweepers a number of techniques 
have been employed including cyclones, bag filters and electrostatic precipitators.  

More recently, VTI (2012) tested three different cleaning vehicles at two locations in Sweden: 
central Stockholm and Barkarby airport. The three vehicles were:  

 Sweeper A, which used water in the city trials. 
 Sweeper B without water, but only high pressure vacuuming assisted with a curb 

brush. 
 Sweeper C (only used at the airstrip experiment) uses high pressure water cleaning 

combined with vacuuming. 

Concerning the removal efficiency of dust load, tests at Barkarby showed that sweeper B, 
under dry conditions (sweeper A was deleted) managed to clean up an applied material to 
about 85–95% (slightly lower for material <10µm). In moist conditions (sweeper B was 
deleted) the efficiency of sweeper A was slightly over 40% for the entire material, while 
significantly lower (approx. 5%) for material <10µm. Sweeper C, which only took part in the 
moist test, cleaned approximately 99% of the applied material and the efficiency for material 
<10µm was the same. The authors concluded that the use of road sweepers can contribute to 
reducing concentrations of PM10 in environments where suspension of road dust is an 
important source but that sweeping technologies and techniques need to be further developed 
to improve effectiveness during different meteorological conditions and to improve access to 
road dust, for example when there are parked cars on the road. New sweeping techniques 
show good potential to remove dust less than 10 µm from the street in controlled tests, but the 
efficiency needs to be improved during wet conditions. In addition to PM10 collection 
efficiency, noise, exhaust emissions, flexibility, speed and energy consumption also need to 
be taken into account when choosing a road sweeper. 

2.1.1 Efficiency of street sweeping on air quality 

Air quality benefits must be evaluated with respect to control sites and/or control periods, 
where and/or when no cleaning activities are carried out.  After sweeping procedures some of 
these studies registered an increase or no difference in PM10 levels in US, Swedish, 
Norwegian and German studies (Fitz, 1998; Norman and Johansson, 2006; Chow et al., 
1990). In other studies, although all quite dated, a reduction of PM concentrations was 
observed (Hewitt, 1981; Cuscino et al., 1983; Cowherd, 1982; Fitz and Bumiller, 1996; 
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Kantamaneni et al., 1996), but none of these studies conclusively demonstrated the 
effectiveness of sweeping on reducing suspended PM10.  

Other studies have been undertaken in order to estimate the total emission of street sweepers 
(including motor exhaust, outlet air and possible resuspension).Table 1 shows the percentage 
reduction in emission by measuring PM1, PM2.5 and PM10 levels in a confined environment 
where different sweepers were operating in different times (VDI, 2012).  

Table 1. Results of the VDI Test (VDI, 2012 and Geddes, 2011). 

Sweeper 

manufacturer 

% Reduction in emissions from road surface compared to  

the reference machine   (Bucher Schörling AG sweeper)  

operated in dry mode  

PM1 PM2.5 PM10 

Kerb (60 cm) 
Road 

(180 cm) 
Kerb (60 cm) Road (180 cm) 

Kerb (60 

cm) 
Road (180 

cm) 
Faun*  96 95 94 89 90 71 

Bekker  88 65 94 74 97 66 

Kroll * 98 87 98 92 95 91 

Dulevo*  101 100 101 98 100 96 

Brock (wet) 60 53 55 54 53 55 

Brock EP** 67 -158 67 -154 72 -179 

Bucher (wet) 53 62 58 29 62 -44 

Reference  mg/m2 32.9 11.0 110 35 397 127 

* Fitted with a bag filter; **EP = electrostatic precipitator. 

All tests were dry unless stated otherwise. 

As in previous studies, the study from VDI (2012) shows that the sweepers’ effect on the total 
PM10 concentrations was small (not detectable). Other sources than the local resuspension 
contributing to the total concentration of PM10 were not affected by the sweepers. In order to 
be able to discern the sweeper effect it was thus necessary to study only the contribution of 
local resuspensionto PM10. During particularly favorable meteorological conditions, 
significant reductions up to 20% of the contribution of resuspension to PM10 could be 
established. This shows that the sweepers to some extent can reduce the PM10 concentrations, 
but the effect is difficult to discern due to influence of other sources and meteorological 
factors.  

2.2  Street washing  

Similarly to rain, street washing can reduce the mobility of dust load deposited on street 
surfaces and is therefore a potential effective measure for reducing dust resuspension. Street 
washing normally uses non-drinking water. Water flushing can be integrated in a street 
sweeper or manually applied by means of hosepipes. Water flushing can be expected to 
reduce particle resuspension by transport particles into the curb or by simply increasing their 
aggregation while the road surface is still wet. When water adheres to the deposited particles, 
it increases their mass and surface tension forces, decreasing the possibility of suspension and 
transport, especially as cohesion of wetted particles often persists after the water has 
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evaporated due to the formation of aggregates (Watson et al., 2000). Gromaire et al., (2000) 
found that the solid sediments removed on a daily basis by street cleaning waters were similar 
to that removed during one rainfall event. However the proportion of removed dust load was 
very low. 

If we assimilate the effect of street washing to that of rain, we can conclude that the recovery 
of road dust emission after street washing reaches 99% after 24 hours in Spain and 72 hours in 
the Netherlands (Amato et al., 2012 and 2013), being the moistening effect of rain more 
important than actual particle removal (wash-off).  Water evaporation is the main process 
controlling the recovery of road dust emissions. Similar results were also found in Australia 
(Vaze and Chiew, 2002; Egodawatta et al., 2007). Based on these results it can be concluded 
that road washing activities should be performed in the first morning hours (5-6 am), in order 
to abate maximally the morning peak of emissions (7-9 am). 

The combination of sweeping and water flushing was found to reduce the road dust mobility 
by >90% in Spain and 60-80% in Germany depending on the particle size and methodology 
applied (Amato et al., 2009b; Ang et al., 2005). Similarly Chang et al., (2005) experimented 
in Taiwan a modified regenerative-air vacuum sweeper followed by a washer with high 
efficiency for total dust (52-100%) and silt loading (10-98%).  

Phreatic and non-drinking water should be preferred for street washing purpose. In the case of 
Barcelona street washing is performed with phreatic water collected through urban wells. The 
amount of water may vary according to street dirtiness (road dust loading) and only in few 
cases it has been reported. However it is recommended at least 1 l/m2 (Amato et al., 2009) 
also based on the studies that evaluated the effect of rain episodes on road dust emission 
potential (Amato et al., 2012). 

2.2.1 Street washing effect on air quality 

Water flushing has been generally applied in combination with sweeping given that the water 
jet alone could hardly displace the dust till achieving the sewage system, unless a large water 
flow is used. Generally, mechanical or manual washers follow the sweeping vehicles. 
However, as it will be shown, recent studies demonstrated that the effectiveness of road 
washing is more linked to the moistening effect rather to an effective removal of particles.  

Road washing alone (without sweeping) has been mostly studied on unpaved roads (Watson 
et al., 2000). On paved roads the air quality efficiency of street washing alone was studied 
only in Germany and Scandinavian countries (Düring et al. 2004, 2005; John et al. 2006; 
Norman and Johansson, 2005; Aldrin et al., 2008). In Berlin and Bremen no significant 
difference was found in PM10 levels after water flushing 3 times a week (Düring et al., 2004; 
2005). Contrary to these findings a reduction of about 2 µg/m³ of the PM10 daily mean was 
found in Düsseldorf, where water flushing was performed twice a week in a busy road (John 
et al. 2006).  

In Stockholm, street washing was performed to the verge next to the carriageway of a 
highway and only in days with favorable weather conditions (Norman and Johansson, 2006). 
Only during 8 days (out of 21 days) PM10 reductions were observed. The mean decrease was 
6% and limited to morning hours. Two out of twelve exceedances of 50 µg/m3 registered at 
the control station were not registered in the street washing site.  

In the rest of cases, air quality efficiency was therefore evaluated for a combination of 
sweeping and washing. To our knowledge only eight studies are currently available (only 
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three were published in scientific journals). Yu et al., (2006) modeled a 17-51% reduction in 
TSP (total suspended particular matter), although only 2 μg/m3 on an urban annual mean 
PM10 (Table 2).  Chang et al., (2005) found similar results but short-lived, no more than 3–4 
h.  

In the Barcelona city centre, Amato et al., (2009b) tested the effect of a cleaning procedure 
consisting in manual washing after a vacuum assisted broom sweeping. Such protocol was 
followed during eight nights within one month in spring 2008. Averaging the daily mean 
concentration of PM10 on the 24 hours following each cleaning event and on the rest of dry 
days, they found a mean decrease of 3.7-4.9 µg/m3 (7-10% of kerbside concentrations).  

Also in the Netherlands (Nijmegen) a beneficial effect was also found (http://www.ipl-
airquality.nl/project.php?name=nat-reinig) even if effectiveness may vary depending on local 
conditions such as road pavement, meteorology and solubility of particles (Keuken et al., 
2010).   

The effect of the combination of washing, in this case followed by road sweeping, on PM10 
concentrations was also investigated in Milan by the Regional Environmental Agency for 
Lombardy (ARPA) in winter 2002 on an area of 1 km2 in the city centre during ten days. The 
variation of PM10 was studied both in concentration and composition at 2 and 25 meters and 
compared with a reference site outside the test area. The study concluded that even when 
extending the washed area, no substantial reduction in PM10 concentrations are obtained. The 
10% decrease of PM10 concentration from ground to 25 meters height was not attributed to 
the cleaning operations (ARPA, 2003). 

In Madrid, Karanasiou et al., (2011) found that during a one-month campaign, the mass 
contribution from the road dust source was ~2 µg/m3 lower during the days that street 
washing was implemented with this corresponding to a reduction of 15% of road dust mass 
contribution during the days that the road surface was left untreated. After nightly street 
washing, the PM10 reduction was observed during the morning hours. In the same study no 
effect on ambient PM2.5 was found (Karanasiou et al., 2012). 

In 2005, the city of Hamilton (Canada) proposed to improve street cleaning operations to 
abate ambient air PM levels. A relatively frequent combination of mechanical and vacuum 
sweeping with water flushing resulted in air quality improvements. The decrease of the 
downwind PM10 levels in the immediate vicinity of the road was estimated in 2-3 μg/m3, but 
it was not found significant in the wide areas. Moreover either vacuum or mechanical 
sweeping alone did not reduce road dust contribution to PM10. In an industrial area, ambient 
PM concentrations have been reduced by introducing a comprehensive package of measures 
including road sweeping/washing.  Individual control programs for companies were 
developed to reduce track-out onto the public highway. Although this is not a European study 
but has been included because it is a good example of the application of a package of 
measures which have been shown to be effective at reducing PM10 concentrations, albeit only 
over a short time period. The City also replaced its road sweepers with Tynco DST-6 
regenerative air sweepers.  This was chosen because of its ability to control and remove of 
PM10 and PM2.5 by 90%. Street sweeping occurred at night, two or three times a week.  In 
addition, in response to poor air quality, the roads were swept and there was increased 
frequency of street flushing. Other measures implemented included tree planting and 
replacing gravel with hard surfaces (concrete and asphalt).  Overall the dust management plan 
resulted in significant reductions in PM10 concentrations.  The average short term PM10 
concentration was 114 µg/m3 prior to the implemented measures dropped to 73 µg/m3 
afterwards (DeLuca et al, 2012). 
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The effect of pressurized washing on PM10 emissions from the street surface was tested 
within the KAPU project in Finland (Kupiainen et al 2011). Emission levels were found to 
be 15–60% lower after washing than before. The effect was found to be highest 
immediately after treatment, and to be dependent on the water pressure and volume of water 
used, and the orientation of the nozzles in the pressure washer.   

The KAPU project found that the efficacy of cleaning is not only dependent on the efficiency 
of the cleaning equipment but also on the frequency of cleaning and the amount of road dust. 
In early spring there is a significant amount of road dust due to the use of studded tyres and 
the application of traction sand in winter.  At this time of the year, following cleaning, 
PM10 emissions often  return to the pre-cleaning level or even above after one or two 
days. However later in spring, when road dust loads are lower, the effect of cleaning lasted 
longer, but  the “summertime clean” road surface could not be achieved with one single 
cleaning in early spring. 

The study also assessed the efficacy of using PIMU, described as a scrubber with captive 
hydrology, that latter being a British technology developed in the 2000s to clean airport 
runways.  They concluded that street cleaning would only be effective where there are high 
street dust levels, and street dust is a dominant source of PM10.  

2.2.2 The AIRUSE experience 

Within the AIRUSE project street cleaning was tested at two industrial roads, given that, (as 
shown previously) in the urban Mediterranean area, street washing has been already proved 
to be effective in reducing PM10 concentrations at urban sites (Amato et al., 2009; 2010; 
Karanasiou et al., 2011). The interest in the industrial sites is due to the much higher PM 
emissions due to high road dust loadings. The two tested roads were: 

 A paved road at the ceramic industrial site in Spain (L’Alcora, Spain) in June-July 2014.  

 An unpaved road within a quarry and concrete plant (Castellón, Spain), used for  
transportation of caved materials by dumpers (July 2014). 

2.2.2.1 Industrial Paved road 

The ceramic tile industry in Spain produces about 17% of the worldwide supply. Most of the 
companies (250) are situated in 200 km2 in the province of Castelló (Eastern Spain) forming a 
so-called industrial cluster that consumes 12 Mt/year of clay and 0.9 Mt/year of ceramic frits, 
glazes and pigments. Raw materials suppliers for these companies are also located in this 
area. There are two opencast clay quarries and around 20 companies producing frits and other 
glaze components within this ceramic production region.  

Two monitoring sites were selected for this study in L’Alcora, a small village (11,100 
inhabitants) located 20 km in the inland, at the Western part of the ceramic producing zone of 
Castelló, upstream in the Millars valley (SE–NW direction). Previous studies showed the 
strong impact of industrial (channelled and diffuse) emissions on this receptor site, yielding to 
mean PM10 concentrations within 31-39 µg/m3 on an annual basis (Querol et al., 2007; Escrig 
et al., 2009). The first station (UB) is a urban background site belonging to the air quality 
monitoring network of the Autonomous Government of Valencia, and the second one (HS) 
was a mobile laboratory van installed inside the ceramic cluster, in a narrow street canyon 
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(Camí del Prat, (Figure 2) that leads to a very dense industrial cluster which includes one of 
the largest factories producing spray-dried granule and tile. This road is composed by two 
lanes (one per way), and along 300 m is continuously delimited on the sides by buildings of 
industrial plants. This site was selected since it is an industrial emission hotspot relatively 
close to the urban agglomeration, so that emissions originated here may have an impact on 
population exposure to PM. 

The 24-hours samples (00-00 UGT) of PM10 were collected on quartz micro-fibre filters 
(Ø15cm, PALL) by means of a high volume sampler DIGITEL DH 80 (30 m3 h-1). Sampling 
was carried continuously from 26th June to 31st of July 2014. PM mass concentrations were 
determined by the standard gravimetric measurement method. A total of 70 PM10 filters were 
gravimetrically analysed. Gas analyzers for NOx and Ozone, as well as, equivalent black 
carbon (EBC) and meteorological data (relative humidity, direction and wind velocity every 
15 minutes) were also collected. Dominant wind patterns in the area were the typical daily 
cycles of summer time in this area even if with low speed (<1.5 m/sec): mainly controlled by 
the alternating land (290-350º) and sea breezes (0-180º).  

During the campaign mean daily levels of PM10 ranged within 40-161 µg/m3 at the HS site 
and 6-31 µg/m3 at the UB site. The HS/UB ratio was much higher during working days (4.6) 
rather than for Saturdays (2.7) and Sundays (2.4) being the average trucks intensity 267, 44 
and 0 respectively, revealing the clear impact of road dust resuspension, noticed also visually. 

Previous studies from the AIRUSE coordinator group (Escrig et al, 2011) showed that road 
dust loadings in the tested road were within 20-40 mg/m2 much above the general range in 
European cities 1-6 mg/m2 (Amato et al., 2011). Given such high road dust loadings, street 
washing activities were intensive. From 07:00 to 12:30 am, different activities were 
performed:  

- First the operators “dig out” dust from road shoulders.  
- Second: a road wet sweeper passed through all the carriage. Totally 40 m3 of phreatic 

water were used. 

The evaluation of the results was performed comparing 3 different periods: 

- The average control working day, without street cleaning (from 00:00 to 24:00). 
- The average cleaning day (from 00:00 to 24:00). 
- The average day after cleaning (from 00:00 to 24:00). 

  

Figure 2. Sampling site HS, Camí del Prat. 
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The 24-hours-averaged PM10 concentrations at the test road (HS) were normalized by the 
concurrent values at the control site (UB), in order to control the effect of meteorology. PM10 
concentrations show a clear morning peak at 7 am, in coincidence with the highest traffic 
intensity and lower wind speed. From 10 am, PM10 levels decreased progressively due to the 
activation of sea breeze, which diluted PM10 concentrations. The daily variation shows also a 
clear weekday/weekend difference, since volume of trucks was much smaller in Saturday and 
nearly absent on Sundays (Figure 3).  

 

Figure 3.  Daily variation of PM10 at the test site.  

When comparing the normalized PM10 concentrations (HS/UB) results show a mean decrease 
of 18.5% of PM10 concentrations during the day of the cleaning activities (from 02 am to 02 
am local time of the following day). However, this reduction was short lived, being only 2.2% 
during the day after cleaning. This is probably linked to the high deposition rate in the tested 
road, estimated in 2009 to be higher than 40 mg/m2h (Escrig et al.2011) due to the continuous 
spilling of dusty materials from trucks. The same evaluation was repeated for the mineral dust 
concentrations, which can be assumed to be emitted almost exclusively by road dust 
resuspension (88% increase of mineral dust at HS). Mineral dust (MD) was calculated as: 

67.1*21.1*43.1*5.2*89.3* TiKFeCaAlMD   

in order to account for oxides, carbonates (Calcite) and silica (3*Al2O3). Results show a mean 
daily reduction of 36% for mineral dust during street washing days, while this reduction 
decreased to 25% the day after street washing (Table 2). 

Table 2. PM10 and mineral dust concentrations during the street cleaning test.  

Period Normalized 
daily  

PM10, µg/m3 

Daily 
reduction 

PM10, % 

Normalized 
daily  

Mineral dust, 
µg/m3 

Daily 
reduction 

Mineral 
dust, % 

Average control day  

(no cleaning) 
4.92±0.35  12.58±3.16  

Average cleaning day 4.01±0.04 18.5 8.05±1.66 36.0 

Average 24h after cleaning day 4.61±0.304 2.2 9.42±0.20 25.1 
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In order to confirm these results and better identify the time of the day of PM10 reduction, the 
intra-daily variation of PM10 concentrations from optical particle counters were analysed. 
Since no particle counter was available at the control site, we normalized hourly concentration 
of PM10 by the NO2 concentrations and wind speed (Figure 4), which offers an alternative 
way to observe relative change of road dust emissions. Results show that the intra-daily 
variation of PM10 is mainly controlled by the heavy traffic and wind speed. Peaking at 7 am 
and descending to background values as long as the wind speed (sea breeze) increases (Figure 
4 top). The main PM10 decrease occurs from 7 am to 11 am, which correspond to the 5 hours 
after the start of cleaning activities. Although short-lived, this decrease is sufficient to produce 
a PM10 reduction also in the daily average (18.5%).  

 

Figure 4. Intra-daily variation of PM10, wind speed, traffic intensity, PM10/NO2 and 
PM10/wind-speed during street cleaning tests. 
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2.2.2.2 Industrial unpaved road 

Simultaneously to the AIRUSE trials, AICE-ITC were conducting a series of experiments in 
an industrial unpaved road aimed at obtaining emission factors associated to heavy-duty 
vehicular traffic as part of the activities of another project (funded by the Spanish Ministry of 
Environment through the Fundación Biodiversidad, with project acronym EMIDIF). AIRUSE 
took advantage of such circumstances to test the efficiency of chemical dust suppressants on 
industrial unpaved roads. 

The study road was located in a quarry and its exclusive use was the transport of the blasted 
material from the quarry to the primary grinder with dumpers. Three of these vehicles were 
used, in such a way that each dumper completed the cycle in around 20 min. Therefore, truck 
frequency at a given point in the road was on average 3 per min. 

 

In order to control road dust emissions, the company performed a continuous watering of the 
road surface by means of a special-purpose irrigation truck (Figure 5). This truck was 
continuously watering the roads in its facilities, taking about 45 min to irrigate anew each part 
of the road. It could be readily observed that this strategy was quite effective in reducing the 
emissions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Tanker truck used in the quarry for the control of road dust emissions. 

 

The experiments conducted addressed the following questions: 

 How long does it take for the watering effect to vanish? 
 Can the watering effect be enhanced by the use of chemical dust suppressants? 

It is clear that the first question does not have a simple answer because it would greatly 
depend on the meteorological conditions (incoming solar radiation, ambient temperature and 
humidity, wind speed, etc). However, although the answer to the second question can be 
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equally complex, it can addressed by comparing both mitigation measures under similar 
meteorological conditions. 

Therefore, first, a known amount of water (see below) was applied on a selected stretch of the 
unpaved road. Then this stretch was not watered again according to the usual schedule, in 
order to identify the time it lasted for the road dust emissions to become significantly 
increased. This experiment was repeated two additional times in which watering was 
complemented with the application of a chemical dust suppressant by two different 
application modes. This section describes the results obtained in the first experiment, while 
the results of the chemical dust suppressant experiments are given in section 2.3.1.2. 

The selected stretch was about 125 m long and 9 m wide. Four continuous dust monitors were 
placed downwind the stretch. Concentrations were recorded with a sufficient time resolution 
for the effect of individual truck passages to be resolved. The horizontal components of wind 
velocity were measured with a sonic anemometer. The incoming and reflected shortwave 
radiation was measured with an albedometer; the heat flux conducted through the ground 
surface was determined with a fluxmeter; and ground temperature was measured with a 
thermocouple. 

Approximately 4000 l of water were applied to the selected stretch. Therefore, the watering 
load was about 3.5 l/m2. This amount of water was selected because it appeared large enough 
to obtain a homogeneous application throughout the stretch. It was approximately twice the 
load routinely applied by the company. 

The recorded PM10 concentrations with the various dust monitors since watering took place 
are depicted in Figure 6. These results suggest that watering effectively reduced PM 
emissions up to about 1 h. Nevertheless, as already mentioned, this period is likely to depend 
on numerous factors; in particular, those that influence water evaporation rate. 
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Figure 6. PM10 concentration time series (µg/m3) obtained with two dust monitors (in black 
and grey) and snapshots of different events during the watering experiment. 
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Figure 7 shows the evolution of the PM10 concentrations after the watering experiment. 
Concentrations were averaged over 10 min to smooth out to some extent the actual time series 
that consisted of a succession of peaks. Even though the scale of the axes might appear to be 
inappropriate, it will enable a ready comparison with other experiments. 

The time variation of the concentrations is complemented with additional relevant 
information. Wind direction was strictly dominated by the sea breeze throughout the 
experiment (130º) and wind speed remained quite constant during the study period (around 3 
m/s). Incoming solar radiation ranged from 700 W/m2 to 1000 W/m2, and ground temperature 
varied from 40ºC to 45ºC. 

 

Figure 7. Concentration intervals, wind speed and direction, solar radiation, and ground 
temperature recorded during the watering experiment. 
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2.3 Chemical dust suppressants 

Chemical dust suppressants have been used on unpaved roads and in the minerals industry to 
suppress dust for a long time in some countries.  Since the 1990s they have also been used on 
paved roads in Norway, both in tunnels and on open roads. Only recently their effectiveness at 
reducing road dust emissions has been investigated in a number of European cities, generally 
as part of a package of measures to meet the European daily PM10 limit value of 50 µg/m3 
(Directive 2008/50/EC).   

Dust suppressants are sprayed onto the road surface, which binds the particles that come into 
contact with it and prevents them from becoming airborne when agitated by the wind, tyre 
action or vehicle turbulence. Dust suppressants also lower the freezing point of precipitation.   

Many different types of dust suppressants have been tested around the world (e.g. Gillies et 
al., 1999), but in Europe the focus has been on two types to control PM10 concentrations:  

 Surfactants which reduce surface tension making the available moisture more 
effectively wet the particles and aggregates in the surface layer. 

 Salts which absorb water when relative humidity exceeds 50 % (i.e. deliquescent 
compounds).   

 
The main dust suppressants that have been tested on paved roads in Europe to reduce PM10 
concentrations are: 

 calcium magnesium acetate (CMA);  

 magnesium chloride (MgCl2); 

 calcium chloride (CaCl2); 

 polymers 

 potassium formate (CHKO2) 

 

Both CMA and CHKO2 have been used for de-icing at airports because sodium chloride 
(NaCl) can corrode metal aircraft parts.   Sugar has also been tried as a dust suppressant in 
Scandinavia.  

Consideration needs to be given to the potential environmental effects of the dust suppressants 
themselves as well as their benefits in reducing ambient PM10 concentrations. These include 
damage to vegetation and human health, and contamination of soil and ground water. Other 
potential effects include reducing road friction and corrosion to highway infrastructure such 
as bridges and the road surface.  

Calcium-Magnesium Acetate (CMA) has been proposed as dust binder and its application on 
paved roads was recently tested in Sweden, Austria (www.life-cma.at), Germany and UK. 
Other studies (although not in English) are available in Sweden, Finland and Norway.  

Encouraging results were obtained in Sweden and Austria (PM10 decrease up to -35% on a 
daily mean), where road dust emissions represent a major contributor to PM10 levels, whilst 
studies in Germany and UK could not detect a significant PM10 decrease in typical urban 
roads. Most of the studies performed so far were long-term studies, therefore limited in 
number of instruments and monitoring sites deployed; efficiency was generally evaluated 
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based on kerbside PM10 and NOx measurements and, in some cases subtracting the urban 
background levels. Only in one case (Marylebone road, London, UK) four chemical 
components of PM samples were monitored enabling to investigate the behavior of road dust 
tracers.  When a PM10 drop was found, this was short lived (few hours), suggesting that the 
effectiveness of CMA in binding deposited particles is closely related to the degree of road 
moisture. This is a crucial aspect, mostly when evaluating the potential effectiveness in South 
European environments, where the higher solar radiation dries rapidly the road surface which 
in turn might reduce the life-time of the air quality benefit  

MgCl2 has been also proposed as dust suppressant and tested in Norway (Aldrin et al., 2008) 
as a possible dust suppressant linked to its high hygroscopic and deliquescent properties. 

Gustafsson et al. (2010) compared the efficacy of using CMA (25 % solution), CaCl2 (10 % 
solution), MgCl2 (25 % solution) and sugar (25 % solution) as dust suppressants.  Ambient 
measurements by the road all showed 30 to 40 % reductions in PM10 concentrations 
immediately after spreading. After that concentrations started rising slowly and were back to 
the level before the treatment in 4 or 5 days. There were no differences between the efficacies 
or duration of different solutions.  They concluded that the dust binding ability of a solution 
depends on its concentration: stronger solutions have a longer duration, but is more expensive 
and might increase the slipperiness of the surface.  Also that dust suppressants cannot solve 
the street dust problem as it does not remove the dust from the street, and there is a risk that 
the dust will be resuspended back into the ambient air. 

Previous studies about CMA have shown contrasting results depending on the geographical 
region and the location of the study. In Nordic (Stockholm) and Alpine (Klagenfurt) roads, 
CMA was reported to be effective reducing up to -35% of daily PM10 mean. Both studies 
were carried out in snowy countries where studded tires are permitted, and large quantities of 
road dust loadings and airborne coarse particles are generated by enhanced pavement abrasion 
and mechanical fragmentation of traction sand (Areskoug et al., 2004; Kupiainen et al., 2005; 
Tervahattu et al., 2006). The few tests of MgCl2 on paved roads available in literature were 
conducted in Norway: in Trondheim applying a 15% solution of MgCl2 on a highway an 
average reduction in the PM10 levels of -17% was observed (Berthelsen, 2003) during dry 
days; another study (Aldrin et al., 2008) estimated a reduction of -70% on the concentration of 
the coarse particles PM10–PM2.5 and -56% on the concentration of PM10, after spraying 
MgCl2 along 4 km of the Strømsås tunnel (Drammen). On the other hand, CMA studies 
conducted in UK and German urban areas, where studded tires are illegal, did not show 
significant reduction of PM10 due to CMA, when compared to not-CMA days, with the 
exception of the A3211 Upper Thames Street, located under a bridge and with limited 
dispersion, where with CMA dosage >10 g/m2 a -38% reduction in local PM10 was found, 
whilst no effect was found with 10 g/m2 dosage. On the other hand, UK studies carried out in 
dusty roads such as construction and industrial sites did observe significant reduction, having 
sprayed CMA also on-site (Barratt et al., 2012).  

This suggests that effectiveness of dust suppressants can be strongly influenced by local 
features such as the road dust emission strength (dustiness of the road, type of pavement etc.) 
and the share between “treated” and “untreated” road dust emissions having impact on the 
receptor point. Solar radiation and road moisture are also believed to play a key role in 
determining the effectiveness of dust suppressants. For this reason it is crucial to evaluate 
their effectiveness in Southern Europe where climatic conditions are very different from 
Northern and Central Europe. 
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2.3.1 The AIRUSE experience 

The AIRUSE project offers the first evaluation for Southern Europe. Four different 
environments were studied: 

 Urban paved road (CMA and MgCl2) 
 Industrial-urban paved road (CMA) 
 Unpaved road (CMA) 
 Unpaved area (nano-polymer) 

 

2.3.1.1 Urban paved road (CMA and MgCl2) 

This is the first study evaluating CMA and MgCl2 in a typical Mediterranean urban road, 
characterized by hot and dry climate. The field measurements were carried out in Barcelona 
(Spain), lasted two months with an important methodological set-up including five monitoring 
sites, equipped with high time and size resolved elemental characterization of PM, among 
other instrumentation. 

 

The city of Barcelona (Spain) lies on the western coast of the Mediterranean basin, 
surrounded westerly by the Collserola mountain range (512 m.a.s.l.), and by two river basins 
at north and south. The climate is characterized by hot summers and mild winters, with low 
and infrequent precipitations (520 mm annual mean for the period 2003-2009). Beside the 
adverse climatic conditions for air quality, the city of Barcelona suffers air pollution also due 
to the high vehicle density (5.900 veh./km2, one of the highest in Europe), high share of 
diesel-powered and 2-wheelers and the urban architecture with 6-7 store high buildings and 
narrow streets. In addition to road traffic (the main source of PM in Barcelona), other local 
(shipping, urban works and metallurgy) and regional sources have been identified in the area, 
along with noteworthy contributions of non-fossil combustion processes. In this scenario, 
emissions of road dust have been estimated to increase PM10 and PM2.5 background levels 
by 16-17% and 6-8% respectively, as annual average (2003-2009), though still less than 
carbonaceous emissions from motor exhausts (14-23% and 22-33%).  

 

The present study was set-up in the same commercial district, selecting Industria road (4000 
vehicles/day) for the evaluation of dust suppressants effectiveness since it consists of 2.5 km 
of trafficked road, with homogeneous traffic flow and building height. Other requirements 
were related to the orientation of the road (parallel to the coastline) and absence of biking 
lanes. Industria road is oriented 45º-225º, traffic is one way heading NE and distributed on 
three lanes, with the rightest lane exclusive for buses and taxi and one additional parking lane 
on the left side. The orientation of the road and the 7-store buildings may generate street 
canyon effect during first afternoon hours.  

 

The pavement of Industria road is asphalt concrete AC16-SURF-S with maximum grain size 
of 16 mm, density within 2.21-2.42 t/m3, with a proportion of 3-5% of binder, 3-5% porosity, 
ratio filler/binder of 1.1-1.5 and aggregate size distribution.. The more superficial layer of the 
asphalt was made of silicates (67%) and limestone (33%). 
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During April and May 2013, ordinary road cleaning activities were suspended at two roads of 
the Barcelona city centers (Industria road and Valencia road) and the full width of Industria 
road (9 m) was spread only during selected dry working days according to the following 
schedule: 

 Phase 1: 25% CMA aqueous solution (ICE & DUST-AWAY, Nordisk Aluminat) was 
spread on a 1400 m stretch in the morning of 16th, 17th and 18th April. Phase 2: 25% 
CMA aqueous solution was spread on a 2300 m stretch in the morning of 22nd, 23rd, 24th 
April and 2nd, 6th, 8th, 13th May. During the first three days, the possible air quality benefit 
due to CMA was also evaluated at 1-hour time resolution.  

 Phase 3: 20% MgCl2
 · 6H2O aqueous solution was spread on a 2300 m stretch on 21st and 

23rd May. 
Both solutions were sprayed by means of a Springer SD210 spreader vehicle (connected to a 
tractor with electrical and pressure system) at a rate of 15-20 g/m2. The spreader covers a 2.7 
m wide area and it adjusts the flow according to the speed of the tractor in order to assure an 
even and constant application on the road surface. Intersections and pedestrian crossings were 
not sprayed to avoid slippery conditions although, after application, the dragging of CMA 
(and MgCl2) by vehicle wheels over these areas was a visible phenomenon. The amount of 
CMA solution on road was monitored hourly at five spots (each repeated three times across 
the left lane), from 1 hour up to 7 hours after its application by means of a conductivity sensor 
(SOBO, Boschung) which was previously calibrated for the CMA solution. 

The calendar for CMA and MgCl2 application was based on weather forecast (no rain, 
temperatures above 0ºC). Given that the air quality benefit is expected to be short lived, CMA 
and MgCl2 solutions were spread between 5 and 9 am local time, in order to maximize its 
effectiveness during the most-polluted hours due to traffic emissions (7-9 am). The duration 
of spreading was approximately 1 hour. Meteorology did not change importantly during test 
and control days. 

In order to avoid build-up of CMA on road surface, at the end of the day of each application a 
vacuum-assisted wet sweeping vehicle (CITYFANT 60, Bucher-Schörling) cleaned, using 
only 150 liters of groundwater per km, road surface starting from 23:00 h of the same day or 
of the day after. 

At high dosage, CMA solution may reduce friction between road pavement and tires 
(www.life-cma.at). Therefore, for traffic safety a number of measures were taken: speed limit 
signals from 50 to 30 km/h, road signals warned drivers of possible slippery conditions, 
friction tests were performed before and after the CMA application following the UNE-EN 
13036-4:2012 protocol.  

Five monitoring sites were used for this study, divided as:  

• Three mobile laboratory vans (I1, I2 and I3) installed at the parking lane of Industria road 
(Figure 8). During phase 1, only stations I1 and I2 were inside the road stretch treated with 
dust suppressants; during phases 2 and 3, also station I3 was inside the stretch. 

• One control kerbside (western side) mobile laboratory van (V) installed at a parallel 
untreated road (Valencia road, 11000 vehicles/day) at a perpendicular distance of 650 m 
away from Industria road.  

• One control urban background monitoring station (UB), located 5.5 km away from 
Industria road 
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Figure 8. Map of Barcelona (NE Spain) and locations of the five air quality monitoring sites.  

 

The monitoring sites were equipped with the following instruments: 

 High volume samplers for 24-hours samples of PM10 at all sites and PM2.5 
(DIGITEL and MCV) at I2, V and UB. At I2 and V, PM10 and PM2.5 were collected 
every day and every third day respectively, while at UB both fractions were collected 
every third day. PM samples were collected onto quartz fiber filters (Pallflex Ø15 cm, 
2500QAT-UP). Once the weights of samples were determined, filters were destined to 
several analytical (destructive) treatments: 

- A quarter of each filter was acid digested (5 ml HF, 2.5 ml HNO3, 2.5 ml 
HClO4) for the determination of major and trace elements and analyzed 
respectively by inductively coupled plasma (ICP) mass spectrometry and 
atomic emission spectrometry (Querol et al., 2001). 

- A quarter of each filter was leached in 20 ml of bi-distilled water and analyzed 
by ion chromatography for sulfate, nitrate and chloride and by specific 
electrode for ammonium. 

- A section of 1.5 cm2 was used for the determination of OC and EC by a 
thermal-optical transmission technique using a Sunset Laboratory OCEC 
Analyzer with a NIOSH-derived temperature protocol provided by the 
manufacturer.  

In every case blank concentrations were subtracted for determining final 
concentrations in samples. 

• PM monitors (TSI Dust Track, Tapered Element Oscillating Microbalance (TEOM) 
and GRIMM optical counters) measuring every 30 minutes concentrations of PM10, 
PM2.5 and PM1. PM10 and PM2.5 mass concentrations from each instrument were 
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individually corrected through inter-comparison with 24-hours average gravimetric 
mass from high volume samplers, where available. PM2.5-10 concentrations were 
calculated as PM10 –PM2.5 where available. 

• Two STREAKER samplers at I2 and V which permit to obtain the elemental 
composition of PM (PM2.5 and PM2.5-10) with resolution of 1 hour. Full details of 
the sampler, its cut-off diameters, control unit, etc. can be found in (27). Samples were 
analyzed by Particle Induced X-Ray Emission (PIXE) at the LABEC-INFN facility in 
Florence (based on a 3 MV Tandetron accelerator). X-ray spectra were fitted for 23 
elements (Na, Mg, Si, Al, P, S, Cl, K, Ca, Ti, V, Mn, Fe, Ni, Cu, Zn, As, Se, Rb, Sr, 
Zr, Ba and Pb). Raw concentrations were corrected by inter-comparison with 24-hours 
averages from ICP analysis. Results can deviate from those obtained with 24-hours 
averages due to some days not covered by the STREAKER samplings. 

• NOx, O3, CO and SO2 monitors and meteorological towers (air temperature, pressure, 
solar radiation, wind speed and direction). 

Average PM10 and PM2.5 concentrations for the study period manifested the expected 
traffic-related gradient from urban background (23 µgPM10/m3 and 14 µgPM2.5/m3 at UB), 
the moderate traffic of Industria road (27 µgPM10/m3 at I1, 31 µgPM10/m3 and 22 
µgPM2.5/m3 at I2, 29 µgPM10/m3 at I3), to the high traffic of Valencia road (34 µgPM10/m3 
and 25 µgPM2.5/m3). Concentrations are in general well below the average values 
experienced in Barcelona in the last decade 
(http://www.aspb.cat/quefem/docs/Qualitat_aire_2012.pdf), likely due to seasonal variations 
and the general downward trend observed in Europe. 

 

 

  



 

Deliverable B7.1: Report on mitigation measures in Southern Europe 

AIRUSE LIFE11 ENV/ES/584 
25 / 118 

Table 3. Average PM10 and PM2.5-10 concentrations (µg/m3), concentrations delta and ratio, 
and local contribution during control (untreated dry working) days and at different phases of 
the study.* indicate optical measurements corrected by intercomparison with gravimetric data.  

 

  before CMA CMA (1400 m) CMA (2300 m) MgCl2 (2300 m) 

PM10 mean/sd mean/sd mean/sd mean/sd 

I3 28/3 43/3 35/7 27/-- 

I2 32/3 na 36/3 31/4 

I1 28/4 42/1 34/3 24/1 

V 36/4 46/5 39/3 36/1 

UB* 24/4 31/2 30/7 23/6 

     

delta     

V-I1 8/5 4/4 5/2 12/1 

V-I2 4/4 na 2/5 4/3 

V-I3 8/3  4/5 8/-- 

UB-I1 -3/4 -11/2 -4/4 0/4 

UB-I2 -7/5 na -6/7 -8/1 

UB-I3 -3/3  -5/3 -4/-- 

ratio     

V/I1 1.3/0.2 1.1/0.1 1.2/0.1 1.5/0.1 

V/I2 1.1/0.1 na 1.1/0.1 1.1/0.1 

V/I3 1.3/0.1  1.1/0.2 1.3/-- 

UB/I1 0.9/0.1 0.7/0.0 0.9/0.1 1.0/0.2 

UB/I2 0.8/0.1 na 0.8/0.2 0.7/0.1 

UB/I3 0.9/0.1  0.9/0.1 0.9/-- 

     

PM2.5-10         

UB* 12/3 15/3 12/5 13/7 

I2* 12/2 (9/2)  9/2 9/3 

V* 12/2 16/6 9/4 9/7 

     

delta     

V-I2 7/4 na 0/2 0/4 

UB-I2 1/4 na 3/4 4/4 

ratio     

V/I2 1.6/0.4 na 1.0/0.3 1.0/0.5 

UB/I2 1.1/0.3 na 1.3/0.4 1.5/0.4 

     

local contribution    

I2 -0.9/4.0 na -3.0/4.1 -2.4/3.6 

V 6.3/3.8 1.1/4.0 -3.0/2.2 -1.3/3.7 
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Table 3 shows the average PM10 and PM2.5-10 concentrations at all sites during the different 
phases (CMA and MgCl2) and the control period (untreated dry working days before CMA). 
Based on the variation of road dust loading observed by a previous study in Barcelona29, we 
estimated that the road dust loadings were not significantly different between the test and 
control periods (see Supporting Information). The measurements at the different sites used for 
comparison were made on the same days. During untreated dry working days, the V station 
(reference traffic site) was exceeding the PM10 values observed at I1, I2 and I3 sites by 6.6 
µg/m3, 4.1 µg/m3 and 4.2 µg/m3, respectively. Similarly, Industria road was more polluted 
than the UB station by 2.3 µg/m3, 4.8 µg/m3 and 4.6 µg/m3, for I1, I2 and I3, respectively. For 
coarse particles (PM2.5-10, measured as difference of hourly optical corrected data of PM10 
and PM2.5) daily mean concentrations were similar at I2 and UB sites (10 µg/m3), and 1 
µg/m3 higher at Valencia road. The high levels at UB may be explained by the proximity to 
one of the main avenues in Barcelona, Diagonal Avenue (typically 100,000 vehicles/day).  

We analyzed the PM difference (control site-test site) and the PM ratios (control site/test site) 
and compared their values between test days (CMA and MgCl2 spreading) and control days; a 
statistically significant increase of these parameters is necessary to assign a beneficial effect 
of dust suppressant on PM mass measured at Industria road. The local contribution to PM 
was also used as diagnostic parameter and calculated as the gravimetric difference of PM2.5-
10 between traffic (V and I2) and background (UB) sites.  

Firstly it must be noted that during CMA application, daily PM10 concentrations were higher 
both at test sites and control sites than during control days, revealing different and less-
dispersive meteorological conditions during CMA days.  Based on the analysis of PM 
concentrations: 

 Phase 1 (CMA application on 1400 m road stretch) was evaluated only at site I1 since 
I2 site was affected by construction works nearby: PM10 did not decrease on a daily 
basis (Table 3). Phase 1 coincided with a dry Saharan dust episode occurring during 
15th-19th April, which increased PM10 levels in the NE of Spain by 3-9 µg/m3 (based 
on the methodology used by (30)). The high deposition rate during those days might 
has affected severely the efficacy of CMA, thus we believe that phase 1 may not be 
representative. 

 Phase 2 (CMA application on 2300 m road stretch): PM10 did not decrease at sites I1 
and I3, while it decrease at I2 (-1 µg/m3), but only in relation to UB site. However this 
decrease were not statistically significant (p>0.05) according to the two-sample 
Wilcoxon rank-sum (Mann-Whitney) test. 

 Phase 3 (MgCl2 application on 2300 m road stretch): PM10 did not decrease at sites I2 
and I3, while it decreased at I1 by -3-4 µg/m3 although not statistically significant 
(Table 3).  

The same calculations were made for the PM2.5-10 between V, UB and I2 sites, although 
measurement uncertainty is expected to be higher than for PM10 due to the indirect 
determination of PM2.5-10. PM2.5-10 reductions at I2 site were observed during phase 2 (-2 
µg/m3) and during phase 3 (-3 µg/m3), but only in relation to UB site and not statistically 
significant (p>0.05). 

The PM ratios analysis shows very similar results to the PM difference, identifying a PM 
reduction (not statistically significant at 95% level) only during phase 3 (MgCl2) at site I1. 
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The local contribution did not show larger decrease at the test site (I2) than at the control site 
(V). 

Therefore, based on daily mean ambient air PM concentrations, we can conclude that in no 
cases a significant PM reduction was found;  only during MgCl2 days one reduction was 
observed in relation to both control sites (-3-4 µg/m3), although only at one site (I1) and no 
statistically significant.  These conclusions will be further validated based on high-resolution 
observations of PM mass and elements. 

With the hourly average concentrations obtained by optical and TEOM instruments we 
compared the ΔPM10 (V-Ix)  and the ratios PM10 (V/Ix) data between CMA (phase 2), MgCl2 
(phase 3) and control days (Table 3). When CMA was applied no clear reduction on PM10 
concentrations was observed but only sporadic peaks lasting 1 hour. MgCl2 days instead 
coincided with short-lived (2-3 hours) PM10 decrease at the three Industria road sites during 
afternoon. We attribute this short-lived effect to the rapid water evaporation from road surface 
due to the high solar radiation, as compared to Northern and Central European countries. 
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Figure 9. Average intra-daily variation of PM10 ratio (V/Ix) during control days before CMA 
(in black), days with CMA spreading (in green) and days with MgCl2 spreading (in yellow). 
Each value is the average of different 30-minutes resolution measurements taken during 
control days, CMA days and MgCl2 days. 
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PM10 composition was similar at all traffic sites, being the largest fraction represented by 
organic matter + elemental carbon (OM+EC, being OM calculated as OC*1.6) varying from 
28% (I1) to 37% (V), followed by SIA contributing 14% at all sites except V (11%). The third 
largest group was Mineral Matter (MM, 19-25%) revealing (in terms of µg/m3) a traffic-
driven spatial variation, as OM+EC and finally sea salt, with a more evenly distributed 
contribution across all sites. The undetermined fraction was 33% in average, in line with 
previous studies in the area. 

The effect of CMA and MgCl2 on selected components was evaluated with the following 
formula: 

̅ ̅ ̅ ̅
100         

where  is the percentage of decrease for the xth species at the ith test site for the tth test, ̅  is 
the mean concentration of the xth species at the c control site during tth test days, and ̅  is the 
mean concentration of the xth species at the ith test site during c control days. Table 4 shows 
the percentage of decrease (if any) for specific tracers which can be grouped as: 

 Mineral species, tracing particles eroded from road pavement and/or from other input 
of road dust such as construction dust or resuspended soil (Al, Ca, Fe, K, Mg, P, Li, 
Ti, Ga, Rb, Sr, La and Ce). 

 Brake and tire wear species such as Fe, Cu, Zn, Sn, Sb, Cr, Ba and Bi, although these 
elements may be not unique tracers for this source. 

Based on the results of Table 4, the following conclusions can be drawn: 

 No species decreased significantly at 95% level according to the Mann-Whitney test  

 With CMA application, no species showed a mean reduction at all the test sites 
simultaneously. 

 With MgCl2 application, only Mg showed a decrease simultaneously at all test sites, 
being marginally significant (p<0.1) at site I1, and not significant at I2 and I3. 

 Episodic (only at one or two sites) but not statistically significant reductions  were 
observed also for Al, K, Mg, Cr and Zn (both with CMA and MgCl2 applications); Li 
and Cu were reduced only at one site with CMA; La and Ce were reduced only at one 
site with MgCl2. 

The hourly elemental composition of PM2.5 and PM2.5-10 was also investigated 
simultaneously at I2 and V sites in order to explore any short-term reductions of elemental 
tracers induced by CMA (Figure 10). MgCl2 was not evaluated. Sampling was carried out in 
two weeks: 9th-16th April 2013 and 22nd-29th April 2013, allowing discerning the effect of 
CMA at I2 comparing to the control site V during CMA days of phase 2 (22nd-24th April 
2013) and control days.  
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Figure 10. Average intra-daily variation of the difference (V-I2) of concentrations for brake 
related (Cu, Fe and Mn) and mineral (Ca, Al and Ti) species (ng/m3) during control days and 
CMA days. 

The intra-daily variation of typical brake wear tracers such as Fe, Cu and Mn was clearly 
governed by one early-morning peak (8-9 h am local time) both in PM2.5 and PM2.5-10 
fractions and, in some cases, a second (lower) peak in the evening, due to the decrease of 
wind speed and after-work traffic emissions. As shown previously, the 24-averages of PM10 
samples did not show any decrease of these tracers at I2 (Table 4); however with high-time 
resolved measurements it was possible to observe a slight decrease of the coarse (PM2.5-10) 
fraction from 11 to 18 h, (Figure 10). Once averaged over the 24 hours, the net decrease at I2 
(relatively to Valencia road) was -140, -7 and -2 ng/m3, which corresponds to around -20% of 
coarse and -12%, -14% and -11% of total Fe, Cu and Mn respectively.  

Typical tracers of mineral matter such as Al, Ca, K and Ti in both fractions showed generally 
an intra-daily pattern marked by a midday peak and an afternoon peak, of similar importance. 
Under CMA application, none of the PM2.5 fraction of these elements showed a decrease (on 
a daily mean basis), although Al and Ca showed a slight reduction only at evening hours. For 
the coarse (PM2.5-10) fraction, only the phyllosilicates (Al, K and Ti) showed a decrease on a 
daily mean basis (Figure 10), but concentrated at night hours. 

The source apportionment analysis carried out by PMF allowed distinguishing eight principal 
sources of PM10 and PM2.5 at the five monitoring sites: vehicle exhaust, vehicle non-
exhaust, mineral, secondary nitrate, secondary sulfate & organics, sea salt, heavy oil 
combustion and metallurgy. Non-exhaust and Mineral PM10 accounted respectively for 4% 
and 22% at UB (including weekends), 8-11% and 24-26% at Industria road, 21% and 21% at 
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Valencia road, respectively. Figure 11 shows the change of the source contribution ratios 
(V/Ix) among the different phases of the study, both for the non-exhaust source (dark grey) 
and the mineral source (light grey). No significant reduction (95% level) in contributions can 
be observed at any of the monitoring sites, revealing again no evidence of effectiveness of 
CMA and MgCl2 on road dust particles. 

 

Figure 11. Average (and standard deviation) ratio of source contributions between control (V) 
and test (I1, I2 and I3) sites among the different phases of the study (control days, CMA days 
and MgCl2 days). 
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 Table 4. Percentage (%) of variation for PM components during each test and at each site. 
Positive values indicate a decrease at the test site relatively to the control site. *indicates 
marginally significant decrease (p<0.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In conclusion, at the urban paved road of Barcelona, no clear air quality benefit can be 
ascribed to CMA or to MgCl2 application in the city of Barcelona. However, episodic 
reductions of PM and/or brake wear tracers were observed after CMA applications but they 
were not statistically significant and systematic over different stations and spreading days. 
MgCl2 coincided with lower PM10 concentrations at one test site, but its effect was not 
confirmed by a sufficient decrease of mineral and brake-related species. These results are 
likely due to the higher solar radiation (and consequent faster moisture decrease for 
evaporation) of Mediterranean climate in contrast with Sweden, Austria, Norway (for MgCl2) 
and industrial sites in UK. Bohner et al. (2011) who stated that Prerequisite for this is that the 
air humidity is at least 35 % RH. 

  CMA (1400 m) CMA (2300 m) MgCl2 (2300 m) 

  phase 1 phase 2 phase 3 

  V-I1 V-I3 V-I2 V-I1 V-I3 V-I2 V-I1 

Al -59 -24 7 -18 -4 11 -10 

Ca -105 -61 -7 -39 -37 -3 -19 

Fe -122 -104 -69 -117 -171 -113 -166 

K -31 -12 6* -18 -27 7 -1 

Mg -22 -25 4 31 12 19 59* 

P -66 -25 -34 -24 -26 -47 -34 

Li -42 -21 3 -11 -14 -2 -24 

Ti -11 -47 -11 -14 -30 -11 -19 

Cr -21 -10 2 -55 -3 7 -23 

Mn -110 -81 -50 -78 -103 -73 -104 

Cu 18 -24 -1 -35 -65 -29 -52 

Zn -2 -9 -17 4 13 -6 12 

Ga -22 -19 -17 -4 -17 -4 -15 

Rb -73 -42 -18 -38 -27 -17 -41 

Sr -56 -32 -4 -25 -57 -9 -38 

Sn -31 -37 -21 -46 -63 -33 -48 

Sb -11 -48 0 -56 -121 -86 -150 

Ba -50 -50 -31 -27 -94 -16 -20 

La -51 -25 -13 -17 -23 5 -21 

Ce -28 -31 -8 -12 -33 3 -11 
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In addition it is noteworthy that where those studies that found a reduction induced by CMA 
or MgCl2 were characterized by very high road dust loads (studded tires, road sanding, and 
industrial dust) which increases the local emissions at the test road. 

2.3.1.2 Industrial paved road (CMA) 

Given that no clear effectiveness of CMA was found at the urban road, CMA was also tested 
at an industrial (ceramic) site of L’Alcora (Spain). The high road dust loadings (40 mg/m2 for 
particles below 10 µm) allowed testing the effectiveness of CMA under high polluted 
scenarios, where the PM10 is dominated by local road dust. 

Spraying was performed by means of a 12 l/min pulverizer at 7 am and operators lasted 1 
hour to spray CMA on the whole 250 m long road stretch. 

Two different dosages of CMA solution were applied:  

1. 30 g/m2 of CMA and 0.03 l/m2 of water (one test),  
2. 60 g/m2 (four tests).  

 

Table 5. Average PM10 mass concentrations during the average control day and during the 
CMA application 

Period Normalized 
daily PM10, 
µg/m3 

Daily 
reduction 
PM10, % 

Normalized 
daily Mineral 
dust,  µg/m3 

Daily reduction 
Mineral dust, % 

Average control day 
(no cleaning) 

4.92±0.35  12.58±3.16  

CMA spraying 
5 applications 

4.53±0.45 8.3% 9.53±2.22 24.2% 

 

When comparing the normalized PM10 concentrations (test road/background) results show a 
mean daily decrease of 8.3% of PM10 concentrations in the days with CMA spraying, being 
the decrease of concentrations mostly at morning hours (7-12 am) (Table 5).  

Therefore, CMA efficacy resulted lower than street washing (water only), which was 
estimated in 18.5% (see section 2.2.2.2). 

The same evaluation was repeated for the mineral dust concentrations, which can be assumed 
to be emitted almost exclusively by road dust resuspension (88% increase of mineral dust at 
HS). Mineral dust was calculated as: 

67.1*21.1*43.1*5.2*89.3* TiKFeCaAlMD   

in order to account for oxides, carbonates (Calcite) and silica (3*Al2O3). Results show a mean 
reduction of 24.2% during CMA days, which again correspond to lower efficacy than street 
washing (36%). 

When we compared these results with the studies in Scandinavia, we interpret the lower 
efficacy of CMA in Spain, as consequence of the higher solar radiation, which accelerate 
evaporation and the recovery of the mobility of road dust. 
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Figure 12. Intra-daily variation of PM10, wind speed, traffic intensity, PM10/NO2 and 
PM10/wind-speed during CMA tests. Blue shaded area indicates the period of possible 
efficacy. 

2.3.1.3 Industrial unpaved road (CMA) 

As indicated above, a chemical dust suppressant was tested in the industrial unpaved road 
described in section 2.2.2.2. The selected dust suppressant was calcium magnesium acetate 
(CMA). Two experiments were conducted to evaluate its effectiveness in reducing road dust 
emissions from unpaved roads, which were conceptually analogous to that outlined in section 
2.2.2.2.  

The first experiment consisted of integrating the CMA application into the current control 
system used by the company, i.e. watering with a tanker truck. To this end, 120 kg of CMA 
(i.e. a dosage of approx. 100 g/m2) were diluted in 4000 L of water in the tank of the truck. 
Therefore, this experiment was almost equivalent to the one described in section 2.2.2.2, but 
incorporating the aforementioned quantity of CMA in the irrigation water. However, as the 
volumes of water were estimated visually based on the level of water in the tank of the truck, 
inaccuracies occurred. Specifically, the amount of water used in this experiment appeared to 
be larger than that used in the experiment with water alone, because its application on the 
selected stretch took significantly longer. 

The concentration time series obtained in this experiment are shown in Figure 13. 
Concentration peaks appeared to be slightly lower than those obtained in the watering 
experiment. In fact, when conducting the experiments it was perceptible that the road surface 
remained moistened longer than in the experiment of watering with water alone. However, 
this effect could not be readily attributed to the CMA, since, as indicated, the amount of 
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applied water appeared to be larger. Furthermore, the data shown in demonstrates that the 
experiment of watering with diluted CMA was conducted in a cloudier day than the 
experiment with water alone. In sum, the effect of CMA, if any, was subtle. 

 

Figure 13. PM10 concentration time series (µg/m3) obtained with two different dust monitors 
(in black and grey) and snapshots of different events during the experiment of watering with 
diluted CMA. 
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Figure 14. Concentration intervals, wind speed and direction, solar radiation, and ground 
temperature recorded during the experiment of watering with diluted CMA. 

The supplier of the CMA claimed that the selected application mode was not very appropriate 
because, by diluting it so much, the CMA might run off the road surface. Therefore, a third 
experiment was conducted in which the recommendations of the CMA supplier were 
followed. These were as follows. The surface was first moistened with the tucker truck, 
though in this case the amount of water was that applied usually by the company. The CMA 
was subsequently sprayed onto the road surface with the same equipment as in  section 
2.3.1.2. Similarly to the previous experiment, 120 kg of CMA were sprayed onto the road 
surface (100 g/m2). 

Figure 15 shows the obtained concentration time series. This experiment started earlier in the 
morning, and solar radiation, ground temperature, and wind speed were lower than in the 
other experiments (Figure 16). In spite of this, PM emissions became increased earlier and the 
measured concentrations were higher. This outcome was attributed to the lower amount of 
applied water. The CMA spraying did not exhibit any apparent benefit. 
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Figure 15. PM10 concentration time series (µg/m3) obtained with two different dust monitors 
(in black and grey) and snapshots of different events during the CMA spraying experiment. 
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Figure 16. Concentration intervals, wind speed and direction, solar radiation, and ground 
temperature recorded during the CMA spraying experiment. 

 

Finally, as a picture worths a thousand words, a video showing simultaneously all three 
experiments was prepared. It can be downloaded from 
http://airuse.eu/en/project/objectives/work-packages/b-implementation-actions/b-7-testing-of-
air-mitigation-measures-development-of-air-mitigation-strategies/cma-campaign-at-
industrial-site-lalcora-castellon/.  
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2.3.1.4 Unpaved areas (Nano-polymer) 

This study evaluates the effectiveness of a commercial polymer as dust suppressant, applied 
in a central public garden in Barcelona where sand resuspension due to human activities used 
to provoke PM10 exceedances.  

The use of chemical suppressants has been propose to reduce emissions from unpaved areas, 
but very little has been published on their evaluation. Gillies et al., (1999) tested four different 
chemicals to suppress road dust resuspension from unpaved roads in California, finding that: 
i) a polymer emulsion was an effective suppressant (80% efficiency) even after 12 months of 
weathering ii) non-hazardous crude-oil material (95% efficiency), petroleum emulsion (73% 
efficiency) with polymer and biocatalyst stabilizer (33% efficiency) were also effective buy 
their efficiency was less durable.  

A 10-20 nm amphiphilic polymer (Optimafil, ©Optimasoil) was applied on the total area of 
Can Mantega public gardens (6200 m2) in Barcelona (). According to the manufacturer, the 
high specific surface area (ratio surface/total atoms of 0.06), high solubility and no toxicity 
make it an environmental friendly dust suppressant. The Can Mantega garden is an unpaved, 
sandy playground with little vegetative cover, located in the city center, next to a 5,000 
vehicles/day road (Joan Guell road) and one block away from a 28,000 vehicles/day avenue 
(Madrid avenue, Figure 17). An air quality monitoring site (Sants), of the local network, is 
installed within the garden, measuring PM10 gravimetric concentrations on a daily basis 
(continuously since January 2013) and NOx concentrations continuously. The nano polymer 
was spread three times (18th March 2013, 22nd and 23rd April 2013) in a 1%, 2.5% and 2.5% 
water solution, respectively and a constant flow rate of 3 l/m2 on the total area of the gardens. 
The effectiveness was evaluated by collecting PM10 samples at the SANTS station and at 9 
control stations (4 traffic and 5 background sites, Figure 17) from 2011 to 2013. PM10 
samples were collected on quartz micro-fiber filters (MUNKTELL and PALL) by means of 
high volume samplers (DIGITEL and MCV). Moreover, at Sants and Palau Reial sites, a total 
of 136 PM10 samples were destined to a complete chemical characterization. Samples were 
collected discontinuously in different campaigns: February-March 2012, October-December 
2012 and April-September 2013. The 2012 campaigns are representative of non-treated 
conditions, and that of 2013 is representative of treated conditions. However, during 2012, 
samples were not always collected simultaneously at the two sites. Once the weights of 
samples were determined, filters were destined to several analytical treatments: 

 A quarter of each filter was acid digested (5 ml HF, 2.5 ml HNO3, 2.5 ml HClO4) for 
the determination of major and trace elements and analyzed respectively by 
inductively coupled plasma (ICP) mass spectrometry (MS) and atomic emission 
spectrometry (AES). 

 A quarter of each filter was leached in 20 ml of bi-distilled water and analyzed by ion 
chromatography for sulfate, nitrate and chloride and by specific electrode for 
ammonium. 

 A section of 1.5 cm2 was used for the determination of OC and EC by a thermal-
optical transmission technique using a Sunset Laboratory OCEC Analyzer with a 
EUSAAR2 temperature protocol.  

In every case blank concentrations were subtracted for determining final concentrations in 
samples. 
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Figure 17. Map of the city of Barcelona and location of 10 monitoring sites (traffic in red, 
background in yellow). 

The SANTS monitoring site experienced 45 and 48 exceedances of 50µgPM10/m3 on a daily 
basis, in 2011 and 2012 respectively: the 90.4 percentile of annual observations was above all 
other stations in the city (57 and 58 µgPM10/m3, respectively). Exceedances were more 
frequent in March-April and August (when precipitations are minimum), but observed in all 
months.  

The comparison of PM10 gravimetric mass with the control monitoring sites was performed 
excluding weekends given that these were not systematically measured before 2013. For each 
year concentrations are calculated averaging the first trimester and the semester after the 
polymer application (April-October), which was set as the evaluation period (Table 6). 
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Table 6. Average PM10 concentrations at the 10 monitoring sites for 2011, 2012 and 2013, 
before (January-March) and after (April-October) the spreading of the polymer. 

  Traffic stations Background stations 

  EIX GSG UNI POB SANTS CIU IES ZUN VAL PALAU 
REIAL 

January-March                     

2011 39.3 41.5 43.9 39.3 37.4 37.3 33.6 34.4 31.8 27.7 

2012 37.7 46.4 39.3 38.0 40.3 35.9 35.0 32.1 26.3 35.3 

2013 28.9 27.7 29.4 27.6 24.2 25.5 19.1 21.5 20.4 21.7 

2013-2011 -10.4 -13.8 -14.6 -11.7 -13.2 -11.8 -14.5 -13.0 -11.4 -6.0 

2013-2012 -8.8 -18.7 -10.0 -10.4 -16.1 -10.4 -15.9 -10.7 -5.9 -13.7 

April-October                     

2011 34.5 37.6 35.5 31.5 40.6 31.1 27.7 26.9 25.1 29.5 

2012 33.8 38.7 32.1 30.6 40.8 31.7 27.3 27.2 25.1 27.0 

2013 28.4 28.1 27.4 24.4 26.3 27.4 21.5 21.6 20.3 23.4 

2013-2011 -6.1 -9.5 -8.1 -7.1 -14.4 -3.6 -6.2 -5.3 -4.7 -6.0 

2013-2012 -5.4 -10.7 -4.7 -6.2 -14.5 -4.3 -5.8 -5.5 -4.8 -3.6 

 

During the period April-October 2013 mean PM10 concentrations registered a decrease at all 
monitoring sites, when compared with the same period of 2011 and 2012 (Figure 18). Traffic 
stations registered an average decrease of -7.7 µg/m3 compared to 2011 and -6.7 µg/m3 
compared to 2012. The corresponding decreases at urban background stations were -5.0 
µg/m3 and -5.1 µg/m3. This indicates that the general decrease of PM10 concentrations across 
the city is (at least) partially related to road traffic emissions. The maximum decreases for the 
control sites observed were -9.5 µg/m3 (compared to 2011) and -10.7 µg/m3 (compared to 
2012) both at the GSG station. Precipitation data were also compared between the 2011, 2012 
and 2013, being the total precipitation, for the April-October period, 389 mm, 354 mm and 
239 mm respectively, which reveals that the general decrease observed in the city was not 
related to more precipitations in 2013. The SANTS station registered instead a decrease of -
14.4 µg/m3 and -14.5 µg/m3 for 2011 and 2012, respectively, suggesting an additional 
decrease of 4-5 µg/m3 with respect to other traffic stations in the city, and 8-9 µg/m3 with 
respect to other background stations in the city, due of the aforementioned reduction of road 
traffic emissions (Table 6, Figure 18). 
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Figure 18. Average concentrations for the period April-October (in 2011, 2012 and 2013) at 
all stations and differences 2013-2011 and 2013-2012.   

The average concentrations of mineral dust (calculated as the sum of Al2O3. SiO2, CO3
2-, Ca, 

Fe, K and P), sea salt (Na+Cl-), NO3
-, SO4

2- NH4
+, OC and EC were compared at the two sites 

for the 2012 and 2013 sampling campaigns (Figure 19). It should be reminded that the 2012 
period correspond to cold months, while the 2013 period to warm months. 

Between 2012 and 2013 Palau Reial made registered decreases of -2.9 µg/m3, -0.3 µg/m3 and 
-0.1 µg/m3 for NO3

-, EC and OC respectively, probably related to the reduction of road traffic 
contributions (both primary and secondary), but also to the strong seasonality of ammonium 
nitrate and elemental carbon. These components were also reduced at the Sants station: NO3

- 
decreased similarly by -2.9 µg/m3 while OC and EC were more marked than at Palau Reial (-
3.1 µg/m3 and -1.3 µg/m3 respectively) as expected for being both more primary than nitrate. 
NH4

+ and Cl- also decreased at both stations in similar proportions. On the contrary at Palau 
Reial, mineral dust, sulfate and sodium increased from 2012 to 2013 by 0.5 µg/m3, 1.1 µg/m3 

and 0.2 µg/m3 respectively, while at the Sants station the respective changes were -2.1 µg/m3, 

+0.4 µg/m3 and -0.1 µg/m3, respectively. The net decrease of mineral dust at Sants with 
respect to Palau Reial resulted to be -2.9 µg/m3, which can be reasonably attributed to 
the effectiveness of the nano polymer. In addition, it can be hypothesized that some 
biogenic OC could also be affected by the reduced resuspension, given the important 
biological content of soils.  

 

Figure 19. Changes of PM10 components at Sants and Palau Reial, before and after the 
treatment with nano polymer. 
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The weekly variation of mineral dust concentrations at Sants station did also strongly changed 
from 2012 to 2013, (Figure 19) likely due to the application of the nano-polymer. While in 
2012 the highest peak was found on Saturday, probably linked to the larger use of the 
gardens/playgrounds from citizens, during 2013 a clearer weekday/weekend pattern could be 
observed, similarly to the Palau Reial station (both in 2012 and 2013, Figure 20). The ratio 
Sants/Palau Reial of simultaneous mineral dust concentrations also experienced a significant 
change from 2012 to 2013 varying from 2.9 to 1.5.   

 

Figure 20. Changes of weekly variation of mineral dust concentrations at Sants and Palau 
Reial, before (2012) and after (2013) the treatment with the nano-polymer. 

The elemental composition of the nano-polymer was investigated for about 60 elements and 
mineral phases by means of ICP (AES and MS) and XRD analyses, respectively. No 
detectable crystalline phases were found. Most of the elements were also below the detection 
limit, while considerable concentrations of S, Na, Sb and Sn were found (Figure 21), and 
attention should be paid to possible paths of Sb and Sn to soils, groundwater and air. However 
none of these elements were found to increase in ambient air of Can Mantega, with respect to 
the reference monitoring site.  

 

Figure 21. Detected elemental concentrations in the bulk nano-polymer mass. Concentrations 
are referred to the concentrated product (before dilution in water).  
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In conclusion, a 10-20 nm polymer was spread three times over a 6200 m2 unpaved area in 
central Barcelona, where an air quality monitoring site has experienced several exceedances 
of air quality PM10 standards over the past years. Gravimetric PM10 mass concentrations and 
chemical characterization of PM10 samples were carried out at the treated site and at control 
sites before and after the application of the nano-polymer. In spite of the overall drop of 
PM10 concentrations across the city due to meteorological conditions and a general reduction 
of emissions, results allowed identifying an additional decrease of PM10 concentrations at the 
Sants site only, attributable to an inhibited resuspension of mineral dust particles. The 
polymer-induced decrease, averaged over a 7 months period, was estimated at 2.9-4.5 
µg/m3 (up to 11% of PM10 concentrations). Our results confirm that at specific locations 
such as unpaved areas strongly affected by (natural or anthropogenic) dust resuspension, a 
dust suppression strategy with nano-polymers can help to attain PM10 standards. 

3 BIOMASS BURNING 

Airborne particles arising from residential combustion have harmful effects on public health 
(Bølling et al., 2009; Nevalainen and Pekkanen, 1998; McCracken et al., 2012). Some studies 
have been conducted to evaluate the toxicity and mutagenicity of PM resulting from domestic 
biomass combustion (Kaivosoja et al., 2013; Uski et al., 2014; Vu et al., 2012). Epidemiologic 
studies have linked fine PM air pollution with negative health effects like respiratory and 
heart diseases or even premature dead (Naeher et al., 2007; Zelikoff  et al., 2002). Several 
studies have shown that the submicrometer sized particles (< 1µm) are predominant in PM 
emissions from this source (Pettersson et al., 2011). The smaller the size of the particle the 
greater can be the risk for human health.  

Taking into account the impact of these emissions and the need for compliance with legal 
norms, a rigorous quantification and characterisation of emissions from this sector is 
necessary. Additionally, and since previous works have suggested that wood and the type of 
combustion appliance exert a major influence on emissions (Alves et al., 2011; Gonçalves et 
al., 2010; Johansson et al., 2004; Schmidl et al., 2011; Tissari et al., 2008, 2009), it is 
necessary to obtain representative values for Southern Europe in order to use more 
representative and specific locally acquired data on emission inventories and source 
apportionment, photochemistry and climate change models. 

The technology used in domestic biomass combustion has a preponderant influence on the 
observed emission profiles. This is especially evident when emissions from manually and 
automatically operated systems are compared. Schmidl et al. (2011) reported high variability 
between manual and automatic systems. PM10 concentrations obtained by these authors were 
between 12 and 21 mg/m3 for automatic systems (pellet boilers and pellet stoves) and in the 
range 111-151 mg/m3 for manually operated systems (typical stove and stove with secondary 
air intake). Johansson et al. (2003) reported emissions 50 times higher in stoves and fireplaces 
compared to more controlled equipment. Johansson et al. (2004) observed concentrations of 
PM in old boilers about 180 times higher than those emitted by modern pellet burners. 
Schmidl et al. (2011) also found variability in the composition of the emitted particles. For 
manually operated equipment the authors showed that 70% of the PM10 mass consisted of 
total carbon (TC). For the automatic combustion equipment, the emitted particles consisted 
mostly of potassium inorganic salts. Fine et al. (2001) reported that 40 to 100% of the fine 
particle mass was organic material when a conventional fireplace was used. 
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Although emissions from residential wood combustion have been reported in previous 
studies, there is still a limited understanding of the influence of operating practices on these 
emissions. They vary considerably among studies, affecting the amount and composition of 
the flue gas emissions. In addition to batch operation mode and log size, as well as fuel 
quality and air supply strategies, it is also necessary to take into account that, when studying 
the effect of practices on emissions, each appliance has its optimal best operating conditions. 
Different operating practices are also relevant with respect to the effects on human health. 
Leskinen et al. (2014) studied the toxicological responses of the fine PM resulting from three 
different combustion conditions, namely efficient combustion, intermediate combustion, 
which simulated improper air-staging and partial load, and smouldering combustion. The 
different combustion efficiencies were simulated in a wood chip grate combustion furnace. In 
efficient combustion conditions, the emitted fine particles had the highest potential to cause 
cell death. 

Reduction of emissions from biomass combustion can be achieved by either avoiding 
formation of pollutants (primary measures) or by removal of such substances from exhaust 
gases (secondary measures). Within Action B7, the combustion facility of the University of 
Aveiro (Calvo et al., 2014) has been used to determine PM emissions from different biofuels 
and combustion equipment prevalent in Southern Europe, as well as to test some abatement 
measures. 

3.1 The AIRUSE experience 

3.1.1 Emission factors of biofuels and combustion equipment prevalent in Southern 
Europe  

Based on national forest inventories and information provided by the AIRUSE partners, PM 
emissions from residential burning in traditional appliances (fireplace and cast iron 
woodstove) of prevalent wood species in Southern European countries have been determined 
in a combustion facility belonging to the University of Aveiro (UAVR): Pinus pinaster 
(Maritime pine), Eucalyptus globulus (eucalypt), Quercus suber (cork oak), Acacia longifolia 
(Golden wattle), Quercus faginea (Portuguese oak), Olea europea (olive), Quercus ilex 
rotundifolia (Holm oak), Fagus sylvatica (European beech), Quercus pyrenaica (Pyrenean 
oak), and Populus nigra (black poplar), and briquettes. The emission from the combustion of 
pine, eucalypt, cork oak and golden wattle in an eco-labelled stove were also characterised. 
Four types of pellets were combusted in a modern pellet stove with increasing market share. 
Furthermore, at the request of the Madrid City Council Authority, the emissions from the 
combustion of 3 agro fuels (olive pit, shell of pine nuts and almond shell) in the same pellet 
stove were also studied, since the use of these biofuels in the residential and commercial 
heating sectors is considerably expanding. The combustion facility of UAVR and the 
measurement of emissions have been described in detail by Calvo et al. (2014). 

Particle emissions from the fireplace, traditional cast iron stove, eco-labelled stove and pellet 
stove were, respectively, in the following ranges: 312-1135, 149-703, 61-156 and 25-156 mg 
MJ-1 biofuel burned (dry basis). Particle emissions from the fireplace were about 3, 12 and 15-
fold higher than those from the traditional woodstove, eco-labelled appliance and pellet stove, 
respectively (Figure 22). Emissions from the traditional woodstove exceeded 5 to 6 times 
those of the two more modern combustion devices. However, even the pellet stove, for most 
of the biofuels (Figure 23), does not meet the emission limits stipulated in various countries, 
e.g. 50 mg MJ-1 in Denmark and Switzerland, 35 mg MJ-1 for wood fuels and 25 mg MJ-1 for 
pellets in Austria, and 27 mg MJ-1 in Germany, although it is believed that these emission 
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limits are referred to measurements performed at high temperature, excluding condensables. If 
condensables are taken into account these emission limits might be equivalent to 170-150 
mg/MJ) according to recent studies that point to an underestimation of emission factors (up to 
5 times) by the fact that this fraction is not accounted for. Among all the biofuels tested, only 
pellets of type I comply with the limits. It should be noted that these wood pellets possess 
ENplus quality certification. Wood pellets with the DINplus mark meet the requirements of 
the European Standard DIN EN 14961-2 (quality class A1). The certificate ENplus not only 
fulfils the EN 14961-2 provisions, but requires even stricter quality criteria. This quality seal 
stands for low emissions and trouble-free heating with high energy value. 

 

Figure 22. Particle emission factors for various residential combustion appliances tested 
within the AIRUSE project. Measurements were carried out in a dilution tunnel connected to 
the chimney. 

 
Figure 23. Particle emission factors for a pellet stove (pellets type I - made of wood, with EN-
Plus certification; pellets II to IV – made of wastes from the furniture manufacturing industry 
in different proportions). Measurements were carried out in a dilution tunnel connected to the 
chimney. 

The comparison of emissions from the UAVR studies with literature data showed significant 
differences between different combustion equipment, especially old-type residential 
appliances versus modern woodstoves and boilers with higher combustion efficiency. Table 7 
presents a compilation of PM emissions factors (EFs) from residential biomass burning 
equipment reported in the literature. Although different particle sizes have been measured in 
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various studies, it should be taken into account that the majority of particle mass in domestic 
wood combustion emissions is in the size range from 0.1 to 1 μm, and PM2.5 particles 
contribute to more than 90% of TSP (Boman, 2005). 

For wood stoves, huge ranges are found due to different operation conditions. Therefore, high 
priority should be given to avoid unsuitable operation of manual wood combustion 
appliances. Excessive PM emissions are found during smouldering conditions at reduced load 
and throttled air supply. This type of operation needs to be strictly avoided, but it is still 
common in households of many countries. An incomplete combustion can lead to high 
emissions of uncombusted pollutants, such as CO, volatile organic compounds, PAH, soot, 
and condensable organic matter. A noteworthy reduction of uncombusted pollutants can be 
attained by two-stage combustion with gasification of the wood with primary air and a 
subsequent gas phase oxidation with secondary air. This technology is found in modern type 
boilers to which the downdraft principle is applicable, whereas woodstoves are typically 
based on conventional updraft combustion. Furthermore, manually-operated wood 
combustion strongly influences the emissions. Non-ideal operation can lead to an increase of 
uncombusted pollutants, including PM, by more than one, or in some cases more than two 
orders of magnitude. Based on a two-stage combustion principle, modern log wood boilers 
can accomplish high combustion efficiencies (i.e., up to more than 90% based on lower 
heating value), high overall system efficiency (i.e., more than 80%), and low PM emissions 
(lower than 30 mg MJ-1). Correctly operated modern log wood boilers allow significant fuel 
savings in comparison to old-type boilers, which do not show a two-stage combustion design 
and electronic combustion control and frequently attain efficiencies of less than 60% or even 
less than 50%. Moreover, a decrease in PM emissions of more than one order of magnitude 
can be reached in comparison to poorly designed and operated log wood boilers. Hence, 
replacing old-type log wood boilers operated without heat storage by modern log wood 
boilers allows significant reduction of PM emissions and thus can contribute to the fulfilment 
of ambient air quality limits. For new wood heating appliances, the implementation of well-
designed combustion principles, as well as the application of heat accumulation tanks, is 
essential to avoid an increase of PM emissions (NYSERDA, 2008). 

Aiming at assisting the development and implementation of technically and economically 
feasible measures for PM reduction, the International Energy Agency (IEA) promoted a study 
(Nussbaumer et al., 2008) in which a detailed questionnaire was sent to all member countries. 
A total of 17 institutions from seven countries, i.e., Austria, Denmark, Germany, Norway, The 
Netherlands, Sweden, and Switzerland, participated in the survey. The reported emission 
factors from manual wood combustion devices exhibit huge ranges from less than 20 mg MJ-1 

under ideal conditions up to more than 5 000 mg MJ-1 under poor conditions (data refer to end 
energy indicated as lower heating value). For woodstoves, huge ranges are found due to 
different operation conditions. For wood boilers, excessive PM emissions are described for 
devices operated without heat storage tank. This is in accordance with the observation found 
in stoves, since boiler operation for house heating applied without heat storage tank often 
leads to part load combustion. Therefore, heat storage tanks are mandatory for log wood 
boilers in Switzerland, except if the boiler does attain the emission limit values at constant 
heat demand of maximum 30% of the nominal load, which is feasible for pellet boilers but not 
realistic for log wood boilers. In Sweden, emission limits imply heat storage tanks for new 
installations. For log wood boilers with downdraft principle, optimised ignition can lessen the 
risk of bridging and channelling in the fuel bed, which is a motive for high emissions in such 
boilers. Modern boilers with forced downdraft combustion and electronic combustion control 
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devices enable low particle emissions under appropriate combustion conditions, while old-
type boilers with updraft combustion exhibit higher emissions under similar conditions.  

Typical particle emissions for pellet boilers and stoves of around 30 mg MJ-1 are reported 
with a quite narrow variation from 10 mg MJ-1 to 50 mg MJ-1. Therefore, the total PM 
emissions under typical operation conditions are expected to be far lower than for manual 
woodstoves. The problem of variations between ideal operation and inappropriate operation 
are indeed less accentuated than in manual boilers, though data on poorly operated pellet 
combustion are rare and hence the upper range from pellet combustion is inexact 
(Nussbaumer et al., 2008). It should be noted that the market for pellets is increasing and the 
production of second grade quality pellets with higher ash content will rise. The use of these 
pellets in small-scale equipment will contribute to higher emissions. Thus, good quality 
pellets should be mandatory for domestic scale applications. 

It is necessary to draw attention to the fact that emission data from literature are not perfectly 
comparable. A comparison between results from a dilution tunnel with sampling in the 
chimney reveals significantly higher concentrations in the diluted flue gas and thus suggests 
that condensables are partially or quantitatively present as filterable material after dilution of 
the flue gas with cold air. Consequently, PM immission inventories based on emission factors 
of solid particles may significantly underestimate the contribution of biomass to PM in the 
ambient air. Additionally, data reported from countries with regulations on solid particles, 
such as Germany, Austria and Switzerland cannot be directly compared with data reported 
from countries using dilution tunnels as e.g. Norway ((Nussbaumer et al., 2008). Taking into 
account that condensables from biomass burning have been classified as very toxic (Bølling et 
al., 2008; DBFZ, 2011) and since they can significantly contribute to total PM in the ambient 
air, the use of emission data including condensable PM in immission studies is highly 
recommended.  
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Table 7. PM emission factors reported in the literature for residential biomass combustion 
Appliance Fuel PM Fraction  PM mass (mg MJ-1) Reference  

  Fireplaces 

Open fireplace (8 kW) Wood logs  (beech, false acacia, hornbeam, oak and spruce) PMtot 434 – 611 Ozgen et al. (2014) 

Closed fireplace (11 kW) 152  -219 

Open fireplace Hardwoods and softwoods PM2.5 150 – 420 McDonald et al. (2000) 

Open fireplace  PMtot 170 – 780 Purvis et al. (2000) 

Open Fireplace Wood logs (pine, oak, and eucalyptus) PM10 330 – 630 Schauer et al. (2001) 

Open fireplace Pine logs PM10 742 ± 243(1) Calvo et al. (2014) 

Eucalypt logs 1124 ± 158(1) 

  Woodstoves 

Woodstove (9 kW) Wood logs (birch, pine and spruce) PMtot 38 – 350a  Pettersson et al. (2011) 

Woodstove Wood logs (spruce, birch alder, aspen) PM1 47 ± 16 Tissari et al. (2007) 

Log wood stove (8 kW) Wood logs (spruce) PMtot 67 – 105a Orasche et al. (2012) 

 Wood logs (beech)  93 – 119a  

Modern log wood stove (6 kW) Logwood according to ÖNORM CEN/TS 14961 PM1 46.1 – 47.2 Kelz et al. (2010) 

Old log wood stove (6.5 kW) 55.5 – 74.2 

Traditional stove (6 kW) Wood logs  (beech, false acacia, hornbeam, oak and spruce) PMtot 140 – 225 Ozgen et al. (2014) 

Advanced stove (8 kW) 120 – 176 

Woodstove Pine logs PM10 263 ± 131(1) Calvo et al. (2014) 

Eucalypt logs 423 ± 137(1) 

Woodstove Wood logs PM10 34 – 51b Bafver et al. (2011) 

Woodstove, old type (7 kW)  PM1 74 Happo et al. (2013) 

Woodstove, modern technology (6 kW)  PM1 46 

Tiled stove (4 kW)  PM1 28 
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  Chimney stoves 

Chimney type logwood stove (6.5 kW) Wood logs (beech, oak and spruce) and briquettes PM10 63 – 97 Schmidl et al. (2011) 

Spruce logs PM10 303 – 110c 

Sophisticated chimney type logwood stove 
(6 kW) 

Wood logs (beech, oak and spruce) and briquettes PM10 72 – 89 

Spruce logs PM10 91 – 49c 

Chimney type iron log wood stove (8 kW) Wood pellets PM10 16 – 31 Kistler et al. (2012) 

Wood logs (seven hardwoods, five softwoods) 20 – 222 

  Pellet stoves and boilers 

Pellet boiler Wood pellets PM1 19.7 ± 1.6 Lamberg et al. (2011a) 

Pellet stove (8 kW) Pellets of bark and stem of birch, pine, spruce, alder, willow PM1 58 ± 20 Sippula et al. (2007) 

Pellet boiler (21 kW) Wood pellets according to ÖNORM M 7135 PM1 6.0 – 6.2 Kelz et al. (2010) 

Modern pellet stove  Two types of pellets (fuel 1: unknown mixture of pine and 
spruce and fuel 2: >90% pine and the rest spruce) 

PMtot 16 – 34a Boman et al. (2011) 

Classic North American exempt pellet stove 23 – 40a 

Pellet stove (8 kW) Pellets (low-quality cheap pellets and high quality pellets with 
DIN-PLUS certification) 

PMtot 75 – 139 Ozgen et al. (2014) 

Pellet boiler (25 kW) 30 – 103 

Pellet boiler with overfeeding burner  Six fuels: fresh and six-month stored material from sawdust, 
logging residues and bark  

PMtot 114 – 377  Boman et al. (2004) 

Pellet boiler with horizontal feeding burner  57 – 157 

Pellet boiler with underfeeding burner 64 – 192 

Pellet stove (6 kW) Wood pellets PM10 3.0 – 8.5c Schmidl et al. (2011) 

Pellet stove (13 kW) Spruce pellets PMtot 22 – 92a Orasche et al. (2012) 

Pellet boiler (25 kW) Spruce pellets 11 – 13a 

Pellet boiler (30 kW)  PM1 6 Happo et al. (2013) 

Pellet boiler (25 kW) Pellets (primary raw material pine steam wood) PM1 12.2 ± 1.0 Lamberg et al. (2011b) 

Pellet boiler (25 kW) Pellets (primary raw material pine steam wood) PM1 3 – 29a 

Pellet stove (11.7 kW) Beech pellets PM 122 – 208a Riva et al. (2011) 
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208.3 

Pellet stove Three different types of pellets PM10 29 – 58b Bafver et al. (2011) 

Pellet burners (3 - 22 kW) Wood pellets PM10 12 – 65a,b Johansson et al. (2004) 

Fixed-bed pellet reactor (<5 kW) Pelletized softwood mixture of Scots pine and Norway spruce PMtot 13 – 20 Pettersson et al. (2010) 

  Other appliances 

Modern masonry heater Wood logs (spruce, birch alder, aspen) PM1 37 ± 11 Tissari et al. (2007) 

Conventional  masonry heater 52 ± 27.6  

Baking oven 42 ± 11 

Sauna stove 142 ± 42 

Conventional sauna stove Birch wood PM1 391 ± 101 Hukkanen et al. (2012) 

Conventional masonry heater Birch wood  PM1 97 – 600a Tissari et al. (2008) 

Modern masonry heater Birch wood PM1 50.7 ± 26 Lamberg et al. (2011a) 

Conventional masonry heater 66.7 ± 14.9b 

Sauna Stove 257 ± 85 

Conventional and modern masonry heaters  Birch wood PM1 40 – 108 Nuutinen et al. (2014) 

2 Chinese cooking stove made of brick Rice, maize, cotton, wheat, bean straw and fuel wood PM2.5 1290 ± 460 Li et al. (2007) 

Chinese cooking stove made of brick Branches PM2.5 1110 ± 370 Li et al. (2007) 

Modern tiled stove (4.2 kW) Logwood according to ÖNORM CEN/TS 14961 PM1 28.0 – 31.3 Kelz et al. (2010) 

Cooking stove Wood logs PM10 124 Bafver et al. (2011) 

Combustion reactor Wood chips  PM1 10 – 160a Leskinen et al. (2014) 

Brick cooking stove Poplar PMtot 98 – 223a Shen et al. (2012) 

Paulownia 119 – 450b 

(1)assuming a heating value of 18 MJ kg−1 of dry biofuel; adifferent combustion conditions; bdifferent combustion appliances 
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PM derived from biomass burning has been suggested to be at least as toxic as other sources 
on a mass basis (Cassee et al., 2013). A major reason for that is presumably the organic 
fraction, which, in addition to many other compounds, includes polycyclic aromatic 
hydrocarbons (PAHs). Among these, benzo[a]pyrene (BaP), a five ring particle phase PAH, is 
classified as mutagenic and a human carcinogen (IARC, 2010). It has been reported that 
emissions of BaP in the EU-27 have increased by 11% between 2002 and 2011, due to the 
increase in emissions from the ‘commercial, institutional and household fuel combustion’ 
sector of 24%. In Europe, BaP pollution is an increasing problem, especially in areas where 
domestic coal and wood burning is common. The annual target value of 1 ng/m3 set by the 
European Commission has been exceeded in many regions (Guerreiro et al., 2014). 

Within the AIRUSE project, PM samples from the combustion of the biofuels (different types 
of woods, pellets and agro fuels) in four residential combustion devices (fireplace, traditional 
woodstove, eco-labelled stove and pellet stove) above mentioned were solvent-extracted and 
their BaP content analysed by gas chromatography-mass spectrometry. Table 8 presents the 
emission factors obtained for each one of the biofuels. Compared to other residential 
combustion appliances, significantly lower BaP emission factors were registered for the pellet 
stove. The lowest emitting wood species generated more than 8 times higher BaP 
concentrations than pellets. This study shows that flue gas from modern small scale heating 
systems, such as the eco-labelled stove, could produce elevated BaP emissions, especially 
during the combustion of conifer logs. These resinous woods are characterised by higher 
burning rates, which result in very hot flame and short, local drop of oxygen concentration 
during the combustion. Thus, although a “new” combustion technology contributes to the 
reduction of overall PM emissions compared with “old” burning appliances, higher 
combustion temperatures in the modern logwood stoves may lead to higher PAH emissions. 
Other laboratory studies have confirmed that the aerosol emissions, particularly at high burn 
rates, contain high levels of BaP and other PAHs (Lamberg et al., 2011b; Orasche et al., 2012; 
Pettersson et al., 2011). BaP emissions from woodstoves can be strongly elevated at air 
starved combustion conditions at high heat release rates. Measures to avoid these situations 
may potentially reduce adverse effects on human health and possibly also have the co-benefit, 
from a climate warming perspective, of reducing black carbon emissions (Eriksson et al., 
2014). BaP emissions can be avoided by high combustion temperature, sufficient oxygen 
availability in the flame enhanced by good mixing and sufficiently long residence time in the 
combustion zone.  

Table 9 presents a compilation of BaP emission factors reported in the literature. As emissions 
are strongly dependent on temperature and oxygen concentration in the burning chamber, a 
wide range of values can be found. The lowest BaP levels are reported for pellet stoves and 
the highest for sauna stoves. Chimney stoves with closed chamber produce variable BaP 
emissions. The higher BaP share is noticeable for modern appliances, characterised by higher 
burning rates. 
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Table 8. Benzo[a]pyrene emission factors (µg BaP kg-1 biofuel, dry basis)  

FIREPLACE 

Maritime 

pine 

Golden 

wattle 
Holm oak Eucalypt Olive Cork oak 

Portuguese 

oak 
Briquettes 

Softwood 

(average) 

Hardwood 

(average) 

Briquettes 

(average) Cold 

start 

Hot 

start 

Cold 

start 

Hot 

start 

Cold 

start 

Hot 

start 

Cold 

start 

Hot 

start 

Cold 

start 

Hot 

start 

Cold 

start 

Hot 

start 

Cold 

start 

Hot 

start 

Cold 

start 

Hot 

start 

36.4 15.7 25.4 1.81 13.7 173.2 10.9 4.20 115.3 12.0 48.2 11.7 107.2 46.8 4.51 1.78 260 475 31.4 

TRADITIONAL WOODSTOVE 

Maritime 

pine 

Golden 

wattle 
Holm oak Eucalypt Olive Cork oak 

Portuguese 

oak 
Briquettes 

Softwood 

(average) 

Hardwood 

(average) 

Briquettes 

(average) Cold 

start 

Hot 

start 

Cold 

start 

Hot 

start 

Cold 

start 

Hot 

start 

Cold 

start 

Hot 

start 

Cold 

start 

Hot 

start 

Cold 

start 

Hot 

start 

Cold 

start 

Hot 

start 

Cold 

start 

Hot 

start 

93.4 nd 222 171 821 218 700 190 944 222 97.0 93.4 128 59.4 80.2 90.3 46.7 32.2 85.3 

ECO-LABELLED STOVE 

Maritime pine Golden wattle Eucalypt Cork oak 
Softwood 

(average) 

Hardwood 

(average) 

1543 104 221 113 1543 146 

PELLET STOVE 

Pellets I Pellets II Pellets III Pellets IV Olive pit Shell of pine nuts Almond shell 

4.43 nd nd 4.61 nd 17.2 9.19 

nd – not detected 
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Table 9. Benzo[a]pyrene emission factors reported in the literature for residential biomass combustion 

 Appliance Fuel 
Benzo[a]pyrene 

EF (mg kg-1) 
Reference  

 
Briquettes 0.025 

 
Fireplace Oak wood 0.25 Schauer et al. (2001) 

Eucalypt wood 0.3 

Pine wood 0.71 

Fireplace Oak wood 0.23 Rogge et al. (1998) 

Pine wood 0.62 

Open fireplace Beech, Spruce, Hombeam, False Acacia, Oak 0.182 - 0.587 Ozgen et al. (2014) 

Closed fireplace Hardwood and softwood 0.085 - 0.463 

Woodstove Hardwood (birch) 0.2 – 16.0 Hedberg et al. (2002) 

Fireplace and Woodstove Hardwood and softwood 0.15 – 0.34 McDonald et al. (2000) 

Traditional woodstove Beech, Hombeam, False Acacia, Oak 0.066 - 10.3 Ozgen et al. (2014) 

Advanced woodstove Beech and spruce 0.671 - 8.50  

Pellets stove High quality pellet 0.035 

Low quality pellet 0.021 

Pellets boiler High quality pellet 0.0015 

Low quality pellet 0.00076 

Sauna stove (SS) Alder and aspen wood, small logs 14.88 Tissari et al. (2007) 

Conventional masonry heater, brick Birch wood 0.39 

Conventional masonry heater, Brick, tile cover  Spruce wood, large logs 0.15 

Chinese cooking stove 27 fuels 0.019 - 0.13 Shen et al. (2012) 
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Residential biomass combustion may be of concern not only because of the amounts of PM 
emitted, but also due to the likely presence of toxic constituents in flue ashes. On the other 
hand, the bottom ashes, i.e. the part of the non-combustible residue of combustion in a 
furnace, may raise issues related to solid waste disposal. For these reasons, within AIRUSE, 
both PM samples and bottom ashes were acid digested and their elemental content was 
analysed by inductively coupled plasma mass spectrometry (ICP-MS) and inductively 
coupled plasma - atomic emission spectrometry (ICP-AES).   

Some heavy metals (such as Zn, Pb, Fe and As, Figure 24) were found to be higher in PM10 

emissions from some pellet types (II, III and IV). These pellets were made of recycled wood 
products, wood waste and wood residues, especially from the furniture manufacturing 
industry. The inclusion of wastes from preservative-treated wood could not be discarded. 
High concentrations of Pb in samples could be due to Pb-based paint on old wood or uptake 
of Pb from soil contaminated by lead arsenate pesticide (Sander, 1997).  

Figure 24. PM10 mass fractions of some elements (wt.%); bld – below detection limit 

Wood is treated to avoid deterioration by fungi, certain insects (including termites and 
carpenter ants), other organisms (marine borers), and weathering. Wood preservatives 
commonly used today have proved to be highly toxic to destroying organisms. Preservatives 
are generally divided into two groups: oil-type (e.g. creosote and pentachlorophenol) and 
waterborne salts (e.g. chromated copper arsenate, CCA, and ammoniacal copper arsenate, 
ACA). In 2003, EPA and the wood preservative registrants entered a voluntary agreement to 
terminate the use of CCA in almost all wood products for consumer purchase after December 
of that year. Products using alternative preservatives can contain Cu, but no As or Cr. In many 
other countries, any initiative in this direction has not been taken so far. However, even in the 
USA, CCA-treated wood is still captured as a waste wood product (NYSERDA, 2013).  
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Given the interest in increasing the use of pellets as a renewable fuel, standards need to be 
established in the European Union for elemental composition of commercial wood pellets and 
chips to avoid the inclusion of extraneous materials. Only Germany has standards containing 
extensive trace element limits. Such standards would prevent the environmental impact of 
toxic species that would be emitted when the wood is burned. The establishment of 
enforceable European standards for elemental composition of commercial wood pellets and 
chips would help exclude inappropriate materials and promote cleaner combustion. Presently, 
in most countries, it is almost impossible to track beyond the pellet production process to the 
source of processing materials and to determine if elevated elements result from harvesting 
practices, use of waste materials, processing impurities or inappropriate handling during 
production and distribution. Only through the use of programmes or regulations that look 
beyond the current pellet standards will the European Union be able to assure the use of clean 
wood pellets. Inappropriate storing conditions of the raw material, poor handling concepts, 
use of waste woods and lack of standards for raw materials as well as binders are probable 
contributors to product quality issues. Certain elements may still remain in elevated 
concentrations in the combustion equipment bottom ashes. Thus, further analysis of clean 
pellets should be accomplished to support the development of policies to guarantee 
appropriate use of wood ash for soil supplementation or solid waste disposal. 

3.1.2 Testing of some specific mitigation measures and their influence on emissions 

Aiming at adopting primary mitigations measures, different operating conditions have been 
tested in a woodstove (Figure 25): 

 Softwood (pine) versus hardwood (beech) 

 Split versus non-split logs 

 Diverse fuel loads (1, 2 and 4 kg) 

 Two distinct ignition techniques: upside down and bottom up lighting 

 Injection of secondary combustion air 

With respect to secondary measures, two pollution control devices (Figure 26) – a catalytic 
converter and an electrostatic precipitator (EP) - have been applied to the flue gases of two 
common residential combustion appliances: a woodstove and a pellet stove. 
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Figure 25. Schematic representation of different operating conditions that have been tested in 
a traditional woodstove.  
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               Platinum/Palladium catalyst 

 
         Small-scale electrostatic precipitator 

Figure 26. Pollution control devices tested in the chimneys of a woodstove and a pellet stove. 

3.1.3 Emissions for different combustion conditions  

3.1.3.1 Primary measures 

Figure 27 displays carbon monoxide (CO) and total hydrocarbons (THC) emission factors, for 
pine and beech, obtained for each combustion condition. The highest CO emission factor 
(73.9 g kg-1 of wood burned, dry basis) for pine occurred when the combustion at high load 
conditions with non-split logs was carried out. For beech, the condition that produced the 
highest CO emission factor (72.6 g kg-1 of wood burned dry basis) was the low fuel load. 
Similarly to CO, the highest THC emission factor for pine combustion occurred for high load 
conditions without cleavage (9.0 g kg-1 of wood burned, dry basis). For beech combustion, the 
condition that generated the highest THC emission factor was low load (10.7 g kg-1 of wood 
burned, dry gases). The use of high loads, with and without cleavage of the logs, may lead to 
incomplete combustion. This occurs because a large fuel batch increases the rate of 
devolatilization of the fuel, which causes an insufficiency on the combustion air supply 
(Tissari et al., 2008). In equipment with no secondary combustion chamber, the load is a 
critical aspect, since the empty space in the upper part of the chamber acts as a secondary 
combustion chamber. When using an excessively high fuel load this space is reduced and 
consequently the residence time is not enough for mixture of the flue gas and combustion air 
and gas phase oxidation to occur (Nussbaumer et al., 2008). In the type of appliance used in 
the present work, all the combustion air is supplied as primary air under the grate of the fixed 
bed. The secondary inlet allows the supply of secondary air over the firewood batch and, 
consequently, an improved combustion of the devolatilized gases, leading to lower emissions 
compared to those of the appliance with the traditional design. 
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Figure 27. Emissions factors of carbon monoxide and total hydrocarbons for different 
combustion conditions S – split logs; NS – non-split logs). 

Only a slight reduction in the THC emission factor was observed when using the secondary 
air inlet. This may have to do with the fact of not having done preheating of the combustion 
air and not having used secondary air jets. The secondary combustion air preheating prevents 
the temperature reduction in the combustion chamber and the secondary air jets enhance the 
mixing of devolatilized gases and combustion air (Brunner et al., 2009). However, it is 
necessary to take into account that these tests, rather than to design an optimised stove, 
intended to simulate a low cost, easy to implement, measure to reduce emissions from 
residential wood combustion. 

Some variability in emission factors was observed, which may derive from several factors. 
There is variation in the biomass composition, even within the same species, which can 
induce differences in gaseous emission factors. Combustion conditions and operation are also 
very important factors. For example, high rates of combustion result in increased emissions of 
unburned products, which can be induced by the low moisture content of the biofuel 
(Pettersson et al., 2011). The distribution of biomass itself on the grate and degree of 
compaction can cause significant differences in emissions (Todd et al., 2003).  

Particulate matter < 10 µm (PM10) emission factors for "softwood" combustion ranged 
between 5.07 ± 0.30 and 16.74 ± 1.92 (g kg-1 of wood burned, dry basis). With regard to the 
load and degree of cleavage, the lowest PM10 emission factor was observed when operating 
the stove with medium load, while the highest was generated when loading a lower amount of 
wood. The difference found was more than twice, as can be seen in Figure 28. Too small 
chips and logs should only be used for the ignition. When small logs are used to feed the 
stove, the high devolatilisation rate leads to oxygen deficiency, causing high pollutant 
emissions (Hartmann et al., 2012). The start-up emissions can be substantial, since the 
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temperatures in combustion chamber are reduced and the combustion rate is low, leading to a 
high PM emission factor. The duration of this step depends largely on the fuel properties, such 
as moisture content, density and size (Koppmann et al., 2005). It could be verified that the use 
of big logs extends the initial combustion stage, contributing to higher PM emissions. The 
top-down ignition can reduce the PM10 emission factor to less than half when compared with 
the traditional technique. The traditional ignition technique from the bottom causes the 
simultaneous firing of the entire batch of fuel, leading to high combustion rates and therefore 
oxygen deficit zones in the combustion chamber, which results in incomplete combustion. On 
the other hand, the top-down ignition promotes a gradual combustion of the fuel batch 
resulting in more complete combustion (Nussbaumer et al., 2008). The use of a secondary 
combustion air flow was the operating condition that allowed obtaining the lowest PM10 
emission factor. The soot and condensable organic matter can be reduced by staged 
combustion using primary air and a subsequent gas phase oxidation with secondary air 
(Nussbaumer, 2008). 

 

Figure 28. PM10 emission factors for different combustion conditions (S – split logs; NS – 
non-split logs). 

The emission factors for the combustion of beech, a hardwood, ranged from 4.86 ± 1.06 to 
11.0 ± 2.50 (g kg-1 of wood burned, dry basis) for the different loads tested. Contrary to what 
was observed for the softwood combustion, it seems that, except for low loads, the other 
operating conditions present similar emission factors. Compared to bottom lighting (6.06 ± 
1.65 g kg-1 of wood burned, dry basis), a slight reduction of the emission factor was observed 
when the ignition of the hardwood was carried out from the top (5.24 ± 1.10 g kg-1 of wood 
burned, dry basis). As observed for the combustion of pine, the highest emission factors were 
generated under low load conditions. However, contrary to what was registered for the 
softwood combustion, the lowest emission factor was generated when operating under high 
loads without cleavage. The lower emission factor may be associated with a higher density of 
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hardwood that promotes lower combustion rates compared to those observed for softwood. 
Hardwood burns slower and, thus, prevents the occurrence of oxygen deficit zones in the 
combustion chamber. The high temperatures recorded during operation with high loads, 
associated with good combustion air supply, promote a more efficient combustion (Todd et 
al., 2003). 

Quantitative analysis of the carbonaceous material showed that the PM10 mas emitted was 
mainly composed of organic carbon (OC), while elemental carbon (EC) represented a minor 
mass fraction (Figure 29). The OC content of PM10 was higher when loading a lower amount 
of wood (59%), in the case of beech, or when increasing wood loads (58%), in the case of 
pine. The top-down method of lighting contributed to substantial mass fractions of EC in 
PM10, corresponding to 25 and 33% for pine and beech, respectively. 

a b 

Figure 29. PM10 mass fraction of carbonaceous constituents (organic carbon, OC, and 
elemental carbon, EC) for pine (a) and beech (b) combustion. 

Concerning the particle number emissions, mean emission factors for each operating 
condition and for both fuels are presented in Table 10. With regard to the combustion of pine 
with different batch sizes, the maximum global emission factor was recorded when operating 
with low load (1.05 × 1017 particles·kg-1 biomass), whereas the minimum was registered when 
burning non-split logs in high load conditions (4.08 × 1016 ± 3.48 × 1015 particles·kg-1 of 
wood burned). The operation with secondary air originated a low emission factor (2.19 × 1016 
± 1.50 × 1015 particles·kg-1 of wood burned) compared with the emission factors mentioned 
above. Beech combustion showed the same trend described above. The overall maximum 
emission factor was observed when operating with low load (1.09 × 1017 ± 1.08 × 1016 

particles·kg-1 of wood burned), whereas the minimum occurred under conditions of high load 
(S) (2.47 × 1016 ± 6.09 × 1014 particles·kg-1 of wood burned).  

Regarding the lightning technique, it can be seen that, for both woods, the overall emission 
factor is higher when the ignition is carried out from the top, although in the case of beech the 
difference between techniques is negligible. The top-down ignition technique generated 
emission factors between 5.26 × 1016 ± 1.15 × 1016 and 3.68 × 1016 ± 2.54 × 1015 
(particles·kg-1 of wood burned) for pine and beech, respectively. The bottom ignition 
technique contributed to emission factors between 5.72 × 1015 and 3.69 × 1016 ± 2.33 × 1015 
(particles·kg-1 of wood burned) for pine and beech, respectively. The top ignition leads to a 
progressive combustion of the fuel, resulting in more complete combustion, as described 
above. Thus, the increased combustion efficiency leads to number emission factors exceeding 
the number recorded for the traditional lighting technique, which originates incomplete 
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combustion conditions. As observed for the PM emission factors, this trend is remarkably 
visible for the combustion of pine. The increase in the combustion temperature leads to the 
emission of a larger number of particles.  

3.1.3.2 Secondary measures 

For most cases, these tests could not document any significant reduction of PM10 mass 
emissions (Figure 30 and Figure 31). Although a catalytic converter is designed to clean the 
fue gas, most of the chemical compounds in wood smoke are only combustible at 
temperatures higher than 550-600 C. When installed in the early part of the chimney, 
connected to the outlet of the combustion chamber of small-scale traditional appliances, these 
temperatures are hardly achieved. Thus, at lower temperatures its conversion efficiency is 
only partial. In addition, ash/soot clogging and creosote fouling may take place on the surface 
of the catalyst. Although without effectiveness in removing particles, most of the gaseous 
pollutants in the flue gas of a pellet stove undergo a decrease in their concentrations (Figure 
31). Due to lower flue gas temperatures, these reductions are not observed in the exhaust of a 
traditional woodstove. 

In the case of EPs, possible particle formation due to condensation of organic compounds, 
which result from poor burnout conditions, may contribute to particle formation downstream 
the charging electrode. This could lead to a higher aerosol load at filter outlet compared to 
filter inlet. Significant differences in conductivity have been previously found for salts, soot, 
and condensable organic compounds (Nussbaumer and Lauber, 2010). In addition, a strong 
influence of the humidity of the flue gas has been also observed. Salt has been confirmed to 
be ideal for EP, while soot revealed high conductivity leading to reentrainment of 
agglomerated particles. Condensable organic compounds exhibit low conductivity leading to 
back-corona, which can be limiting at low humidity (Nussbaumer and Lauber, 2010). Thus, 
depollution of flue gas from traditional residential combustion equipment, such as fireplaces 
and woodstoves, is very problematic, because of incomplete combustions and high emission 
of condensables. These combustion appliances should be replaced by new approved ones, 
rather than installing flue gas depollution technologies, like the tested catalytic converter or 
EP. It should be also noted that the installation cost of these pollution control technologies 
ranges between 1.000 and 3.000 €. Moreover, yearly costs for cleaning shall be added. The 
cost for a new stove will for many installations be comparable to the cost for the installation 
of an ES and the maintenance for some years. Not all the systems could be installed on the 
chimney top on all types of houses and many people will probably not accept an ES in the 
flue right above the stove due to sparkling noise and aesthetic aspects. 
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Table 10. Mean geometric particle diameter (Dg) and particle number emission factors (particles·kg-1 of wood burned) for each 
operational condition tested (mean ± standard deviation) for both fuels. 

 

          Fagus sylvatica Pinus pinaster 

 
Dg (µm) 

EF 

(particles·kg-1 of wood burned) 
Dg (µm) 

EF 

(particles·kg-1 of wood burned) 

Low Load  0.205 ± 0.016 1.09E+17 ± 1.08E+16 0.175 ± NA 1.05E+17 ± NA 

Medium Load  0.234 ± 0.011 3.75E+16 ± 9.87E+14 0.175 ± 0.037 4.08E+16 ± 1.29E+15 

High Load (S) 0.243 ± 0.046 2.47E+16 ± 6.09E+14 NA NA 

High Load (NS)  0.227 ± 0.020 3.09E+16 ± 5.96E+15 0.265 ± 0.008 4.08E+16 ± 3.48E+15 

Secondary Combustion 

Air supply 
     NA NA 0.153 ± 0.000 2,19E+16 ± 1.50E+15 

Top Ignition  0.165 ± 0.001 3.68E+16 ± 2.54E+15 0.149 ± 0.016 5.26E+16 ± 1.15E+16 

Bottom Ignition 0.178 ± 0.022 3.69E+16 ± 2.33E+15 0.158 ± NA*1 5.72 E+15 ± NA 
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Figure 30. PM10 emission factors for the combustion of different biofuels in a pellet stove (left 
panel) and woodstove (right panel) with or without electrostatic precipitator in the stack. 

 

 

 

 
 

Figure 31. PM10 emission factors for the combustion of different biofuels in a pellet stove (left 
panel) and woodstove (right panel) with or without passage of the flue gas through a catalyst. 
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Figure 32. Concentrations of gaseous pollutants in the flue gas from a pellet stove with, or by-passing, a catalyst.
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4 INDUSTRIAL EMISSIONS 

Industrial emissions in Europe have decreased since 1990, but the level is still very high and 
represents a serious risk for people’s health. The future trend of emissions is uncertain and the 
evolution of the economy can influence it (Conti et al., 2014). The recently “Air Quality in 
Europe” report (EEA, 2014), by the European Environmental Agency, identifies the industry 
as the second largest source of emissions of primary particulate matter (PM), specifically 
PM10. This situation besides the positive correlation between the level of pollution and the 
increased morbidity and mortality among adults and children (Dockery 2009; Halonen et al. 
2009; Krewski 2009; Pope et al. 2009; EEA, 2013 and 2014), shows the great relevance of 
focusing efforts in identifying, assessing and implementing mitigation strategies in order to 
reduce pollution coming from different sources with the aim at improving air quality in 
general and protecting at the same time the environment and human health. 

Generally, industrial emissions are divided into two types, depending on the point of 
emission: 

 Channelled emissions: emissions released into the atmosphere through stacks or flues. 

 Diffuse emissions: emissions not released into the atmosphere through stacks or flues, 
but fundamentally produced by handling bulk solid materials. The finest particle 
fractions may be suspended in the surrounding air during handling, particularly in 
transport, storage (in open or only partly enclosed building areas or yards), mechanical 
treatment, and subsequent handling operations. 

The air emissions produced in a manufacturing process display certain specific characteristics, 
which depend on the process stage in which they are generated. The relationship between the 
different particle size fractions (TSP, PM10, and PM2.5), will depend on the type of process 
that produces the industrial emissions, as well as on the types of pollutants and other features 
that define the resulting emissions.  

The nature or composition of the PM emitted is also closely related to the composition and/or 
nature of the raw materials used in cold emissions, in which the processed material undergoes 
no significant physical or chemical transformations, the particles being formed by mechanical 
processes. However, in stages at high temperature the PM are formed by thermal processes 
(volatilization and condensation), which could increase significantly the concentration of air 
pollutants (SOx, NOx, COVs) and heavy metal, among others.  

Industrial manufacturing processes have been systematically regulated from air emissions. 
The application of Directive 1996/61/EC concerning integrated pollution prevention and 
control (IPPC) has led to the introduction of a variety of technologies to PM emissions, 
defined as “best available techniques” (BATs). These techniques are included in the European 
Reference Documents on Best Available Techniques (BREFs), drawn up as part of the 
implementation of the IPPC Directive. The mechanism aimed at establishing and updating the 
BATs for each industrial sector, are basically regular meetings, consisting in “an exchange of 
information between EU Member States, industries and non-governmental organisations 
(NGOs) concerned on BATS” (Decision 2012/119/EU)”.  

However, in IPPC by definition, a BREF is a descriptive document and it does not prescribe 
the use of any technique or specific technology. 
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In 2010, the EU Parliament approves the Industrial Emissions Directive (IED 2010/75/EU), 
that abrogates the IPPC Directive. Its target was to establish more strict policies for the 
emission of industrial pollutants, especially in key sectors such as power generation, 
combustion and co-combustion of different fossil fuels and biofuels (large combustion 
plants), organic solvents management and others. IED require that BREFs are the reference 
for setting permit conditions and that emission limit values (EVLs) do not exceed the 
emission levels associated (AELs) with the BATs as described in those BREFs. This 
information is collected in the BAT conclusions document (Commission Implementing 
Decision). 

However, it is important to highlight that the development and application of IPPC and IED in 
all EU member countries has led an improvement of the environmental impact coming from 
the industrial sector across Europe, but according to several studies and reports from the 
European Commission (EEA, 2013 and 2014), these efforts are not enough, and it has been 
detected that it is necessary to foster awareness raising between industries to implement and 
ensure the maintenance of BATs in order to reduce industrial emissions to acceptable levels 
and reduce its contribution on air quality levels as well. 

With regard to the control parameter for PM emissions from industrial sources, TSP is usually 
used in the channelled emissions. Only in the European Pollutant Release and Transfer 
Register (E-PRTR) appears PM10. In the case of PM diffuse emissions: settle able particles 
(particles in the air settled by gravity or rain), TSP and PM10 are the legislated control 
parameter. 

Traditionally, the control of air pollution has focused on channelled emissions. However, the 
diffuse emissions may be environmentally just as important as channelled sources or even 
more so, particularly in Southern Europe, where the warm and dry climate favours this type of 
emissions. As a consequence, more rigorous diffuse emissions control strategies could be 
needed in Southern Europe (Santacatalina et al., 2010), when compared with Scandinavian 
countries for example.  

In the case of channelled emissions, different control technologies are available for the 
treatment of PM emissions. The selection of the most appropriate system depends, among 
other factors, on the size of the PM to be separated, operating conditions, costs, capital outlay, 
waste recycling possibilities, spatial requirements, etc. In order to reduce the environmental 
impact associated with the diffuse emissions, individual measures or a combination of 
different techniques can be implemented, thus assuring an abatement of the diffuse dust 
emissions arising in the storage and handling operations of particulate materials such as raw 
materials.  

The next sections include an extensive compilation of the mitigation techniques, currently 
applicable at European industrial facilities. Except from BATs, the identification of Emerging 
Techniques, has also been considered because these can represent new technologies or 
improved technologies that can show better performances in terms of efficiency and cost 
benefit than the current or traditional ones.  

4.1 Industrial sectors and activities emitting PM10 

The most relevant data set for industrial emissions is the E-PRTR, which contains data from 
approximately 28.000 facilities encompassing 65 economic activities in Europe. Table 11 
shows the sectors and activities across Europe that are major contributors to the EU-28 PM10 
industrial emissions specifying their contribution. 
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Table 11. Contribution to PM10 emissions from industrial sectors and activities according to 
E-PRTR [Accessed: 16 December 2014] [http://prtr.ec.europa.eu]. 

Sector Activity Contribution to 
PM10 

emissions (%) 

Energy 
sector 

Mineral oil and gas refineries 3.44 

Gasification and liquefaction 0.16 

Thermal power stations and other combustion 
installations 

54.42 

Coke ovens 0.20 

Manufacture of coal products and solid smokeless fuel 0.34 

 Total 58.55 

Production 
and 
processing 
of metals 

 

Metal ore (including sulphide ore) roasting or sintering 
installations 

3.45 

Production of pig iron or steel including continuous 
casting 

9.15 

Processing of ferrous metals 0.53 

Ferrous metal foundries 0.22 

Production of non-ferrous crude metals from ore 
(Metallurgical) 

3.49 

Surface treatment of metals and plastics using electrolytic 
or chemical processes 

0.04 

 Total 16.87 

Mineral 
industry 

Underground mining and related operations 0.34 

Opencast mining and quarrying 1.55 

Production of cement clinker or lime in rotary kilns or 
other furnaces 

2.12 

Manufacture of glass 0.20 

Melting mineral substances 0.27 

Manufacture of ceramic products including tiles, bricks, 
stoneware or porcelain 

7.02 

 Total 11.49 

Chemical 
industry 

Industrial scale production of basic organic chemicals 0.94 

Industrial scale production of basic inorganic chemicals 1.50 

Industrial scale production of phosphorous 1.93 

 Total 4.37 
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In order to select the activities in which the BATs have been identified in this report, the 
criteria applied are: firstly the activity should be present in the AIRUSE implementation area 
and, secondly, the activity should also contribute to PM10 emissions at European level in a 
percentage above 2% .  

 

 

Sector Activity Contribution to 
PM10 

emissions (%) 

Waste and 
waste water 
management 

Disposal or recovery of hazardous waste 0.10 

Disposal of non-hazardous waste 0.29 

Landfills (excluding landfills closed before 16.7.2001) 1.74 

  

Total 

2.12 

Paper and 
wood 
production 
processing 

Production of pulp from timber or similar fibrous 
materials 

3.96 

Production of paper and board and other primary wood 
products 

1.03 

  

Total 

4.99 

Intensive 
livestock 
production 
and 
aquaculture 

Intensive rearing of poultry or pigs 0.92 

Animal and 
vegetable 
products 
from the 
food and 
beverage 
sector 

Treatment and processing of animal and vegetable 
materials in food and drink production 

0.38 

Treatment and processing of milk 0.20 

  

Total 

0.58 

Other 
activities 

Surface treatment of substances 0.05 

Production of carbon or electro-graphite through 
incineration or graphitization 

0.04 

  

Total 

0.09 
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Table 12. Facilities for each activity identified in the AIRUSE study area. 

Activity POR-MA* BCN-SEPA* FI-AGG* GAA* 

Mineral oil and gas refineries 1 0 0 2 

Thermal power stations and other 
combustion installations 

2 3 1 2 

Production of pig iron or steel 
including continuous casting 

1 0 0 2 

Production of non-ferrous crude 
metals from ore (Metallurgical) 

0 0 0 0 

Production of cement clinker or lime 
in rotary kilns or other furnaces 

0 2 0 3 

Manufacture of ceramic products 
including tiles, bricks, stoneware or 
porcelain 

1 12 0 0 

Production of pulp from timber or 
similar fibrous materials 

0 0 0 0 

* POR-MA: Porto Metropolitan Area; BCN-SEPA: Barcelona Special Environmental 
Protection Area; FI-AGG: Agglomerato di Firenze; GAA: Greater Athens Area. 

For the BATs identification, the specific BREFs developed for each industrial sector, focusing 
in the selected activities, and the horizontal BREF developed for emissions from storage and 
handling have been consulted. Table 13 shows the BREFs and activities considered. 

Table 13. Industrial activities considered to identify the BATs and corresponding BREFs. 

Activity BREF Reference 

[Accessed: 16 December 2014; 
http://eippcb.jrc.ec.europa.eu/reference/] 

Thermal power stations and other 
contribution installations 

Large Combustion Plants - BREF (2006) 

Metal ore (including sulphide ore) 
roasting or sintering installations 

Iron & Steel Production - BREF (2013) 

Production of pig iron or steel 
including continuous casting 

Manufacture of ceramic products 
including tiles, bricks, stoneware or 
porcelain 

Ceramic Manufacturing Industry - BREF (2007) 

Mineral oil and gas refineries  Refining of Mineral Oil and Gas – Final draft 
BREF (2013) and BAT conclusions (2014) 

Production of cement clinker or lime 
in rotary kilns or other furnaces 

Production of Cement Lime and Magnesium 
Oxide - BREF (2013) 

Emissions from storage Emissions from Storage  - BREF (2006) 
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4.2 Generic BATs for diffuse and channelled PM emissions 

This section describes briefly the most common and generic techniques to prevent or, where 
this is not practicable, to reduce the environmental impact of installations generated by PM 
diffuse and/or channelled emissions that are considered in determining the BATs. 

In the case of PM diffuse emissions, the BATs have been extracted from the horizontal BREF 
developed for emissions from storage and handling, so these BATs are practically applicable 
to all activities that present this type of emissions. 

On the other hand, channelled PM emissions do not have a horizontal BREF. Therefore, the 
generic selected BATs have been obtained from the specific BREFs shown in Table 13.  

4.2.1 Diffuse PM emissions  

Considering the BREF for emission from storage, three approaches to establish mitigation 
strategies to reduce PM emissions can be distinguished: 

 Pre-primary approaches start with the production or extraction process and 
reduce the material’s tendency to make dust before it leaves the production 
plant.  

 Primary approaches are all the ways of reducing emissions during storage and 
can be divided into: 

 organisational: behaviour of the operators. 

 constructional: constructions which prevent dust formation. 

 technical: techniques which prevent dust formation. 

 Secondary approaches are abatement techniques to limit the distribution of 
dust. 

 

It is important to note that the selection of a storage system type and emissions control 
measures (beforehand ECM) to reduce dust emissions, depend on the properties of the 
product. Especially for end-products, where customer specifications are crucial, selection of 
storage equipment and ECM are based on factors such as, the product resistance to attribution, 
the ability to break, crush, flow and cake-on, the chemical stability, and sensitivity to 
moisture. Tables 13 and 14 show all measures identified from storage emissions BREF, 
considering mentioned approaches for two main activities: storage and handling. These tables 
have been developed in order to facilitate the identification and subsequent more detailed 
explanation of some of the measures.  
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Table 14. Approaches and techniques to reduce dust emissions from the storage of solids. 

 

Category Type Technique 

Primary Organisational 
(behaviour of the 
operators) 

Monitoring 

Layout and operation of storage places (by planning 
and operating personnel) 

Reduction of wind attack areas  

Maintenance (of prevention/reduction techniques) 

Constructional and 
technical (constructions 
or techniques which 
prevent dust formation) 

Large volume silos 

Sheds or roofs 

Domes 

Silos and hoppers 

Wind protection mounds, fences and/or plantings 

Secondary Abatement Techniques Water spraying/water curtains and jet spraying  

Extraction of storage sheds and silos 

 

4.2.1.1 Mitigation measures to minimise dust from storage 

Some of the techniques/measures identified are briefly described: 

i) Organisational measures 
 Monitoring dust emissions from open storage: Regular or continuous visual inspections 

to see if dust emissions from open storage occurs and to check if preventive measures 
are in good conditions are necessary to be able to react quickly and to undertake 
adequate measures. Measuring of concentrations of dust in the air at and around large 
sites, continuously or discontinuously, is used as a method for controlling and 
monitoring diffuse emissions. These measures also allow a comparison with the air 
quality target emission values. 

 Layout and operation of storage places (by planning and operating personnel): Some 
operational storage measures may be implemented, such as, orientation of long 
stockpiles in the direction of the prevailing wind, installing wind barriers or using 
natural terrain to provide shelter, control of the moisture content of the material 
delivered, and reduce the wind attack areas.  

 Maintenance (of prevention/reduction techniques): A lot of maintenance measures 
might have a significant contribution to reduce diffuse dust emissions, such as, rigorous 
maintenance standards for equipment used in handling bulk materials, high standards of 
housekeeping, in particular the cleaning and damping of roads or the use of mobile and 
stationary vacuum cleaning equipment. 
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ii) Constructional and technical measures  

 Large volume silos: A large volume silo has a flat bottom and a central discharge 
installation in which the silo content is stacked in horizontal layers. There are different 
construction types: centre flow, centre flow with centre column, and disc column. Silos 
are generally used to protect the product against external input (e.g. rain) or to avoid 
loosing valuable product. They are also commonly applied when the solid material is a 
powder or contains a sufficient quantity of dust which can cause a significant 
environmental impact. The use of silo systems is suitable in those cases where only 
small storage areas are available, the storage capacities are limited and the requirements 
for preventing emissions are relatively high.Examples of bulk materials that are stored 
in silos when they are in powder or pulverised forms are: FGD-gypsum, potato starch, 
finely crushed limestone, fly ash, fertiliser and pulverised coal. 

 Sheds or roofs:A shed or a roof above a heap can reduce the emissions to air in 
combination with filter systems. The sheds can reach sizes of 70 to 90 m diameter and 
capacities of up to 100.000 m3. The roof is generally complete and devoid of openings; 
the side-walls have doors for workers and machinery access. There are different types: 
longitudinal, circular and hangar type shed or automated depot.Sheds are in current use, 
e.g. for the homogenisation and storing of moisture sensitive or very dusty goods. 
Depots with bridge cranes are suited to handling very small or large quantities of all 
types of materials, including clinker and solid fuels. 

 Domes: Domes are structures than can be constructed in a short time and have a 
reasonable capacity (e.g. 4.000 tonnes). The main advantage of this technique is the 
absence of pillars and the ability to control the climate.Domes are used fairly widely and 
for different types of products such as coal and fertiliser. 

 Silos and hoppers: Silos and hoppers are broadly applied. Silos are mainly cylindrical 
containers with a conical discharge section. Smaller (intermediate) hoppers are often 
also rectangular, with a pyramid shaped discharge section. The residence time of solids 
bulk in these containers can be very short; sometimes a couple of minutes only, e.g. in 
dosage hoppers. However, in storage silos it can last also some days or weeks. 
Commonly, dust filters are installed to prevent emissions during filling and emptying. 
Compared to storage in heaps, emission levels are very low especially when they are 
equipped with dust filters. 

 Wind protection mounds, fences and/or plantings:A windshield can be a fence or a net 
(protective plantings, windbreak fences or upwind) at the boundary of the storage site. 
The purpose of a windshield is to lower the wind speed and thus lower the dust 
emissions. There are some options like windshield for the storage or the embankment of 
a rectangular heap in combination with/without a bridge reclaimer. 

These techniques can be applied to any quantity of any type of product. 

iii) Abatement techniques  

 Water spraying/water curtains and jet spraying:This is a spraying system that uses 
water mostly in combination with additives. There are several additives on the market, 
including products that are readily biodegradable. The additives can have the following 
functions: moistening, foaming and binding function. The effectiveness of spraying with 
water mixed with additives is very dependent on how the technique is operated and the 
method, frequency and maintenance of the treatment. Disadvantages are that the 
additives may affect the material quality and additional devices, for the mixing of water 
and the additives, are necessary. This system is used on stones, ores, hard and brown 
coal, bauxite, slags and building wastes, in heap construction, the unloading of wagons 
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and trucks and ships loading activities. It is sometimes integrated in a frontloader, in 
mobile loading devices or scraper conveyors. 

 Extraction of storage sheds and silos:All kind of closed storages (silos and hoppers), are 
normally equipped with filtering systems to clean the displaced air during loading, 
emptying, e.g. using a FFs. To prevent all the air in a shed being extracted, extraction 
only is carried out at those places with loading and or unloading activities. The filter 
systems (generic BATs for channelled emissions) are detailed in section 3 of the present 
document. 

Table 15 shows all measures identified from storage BREF for handling and transfer 
(including transport activities) solids.  
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Table 15. Approaches and techniques to reduce dust emissions from the transfer (including transport activities) and handling solids. 

Category Type Techniques 
Primary Organisational 

(behaviour of 
the operators) 

Reducing or stopping activities depending on weather conditions  
Measures (for the crane operator) when using a grab Reduction of the drop height when the material is 

discharged 
Total closing of the grab/jaws after material pick-up 
Leaving the grab in the hoppers for a sufficient time after 
discharge 

Measures (for the operator) when using a belt 
conveyor: 

Suitable conveyor speed 
Avoiding loading the belt up to its edges. 

Measures (for the operator) when using a mechanical 
shovel: 

Reducing the drop height when the material is discharged 
Choosing the right position during discharging into a 
truck. 

Layout and operation of storage sites (by the planner 
and the operating personnel) 

Reduction of transport distances and  adjust the speed of 
vehicles 
Paved roads or roads with hard surfaces 
Reduction of wind attack areas 

Technical 
(techniques 
which prevent 
dust formation 

Loading and unloading in a closed building 
Optimised grabs 
Use of closed conveyors (e.g. tube belt conveyors, screw conveyors) 
Conveyor belt without support pulleys, conventional conveyor belts 
Transfer chutes 
Minimising speed of descent and minimisation of free fall heights (e.g. cascade hoppers) 
Use of dust barriers on dump pits and hoppers 
Low dust bunker 
Chassis of vehicles with round tops 
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Secondary Abatement 
Techniques 

Screens for open conveyor belts 
Housing or covering of the emission sources 
Applying covers, aprons or cones on fill tubes 
Extraction systems 
Filter systems for pneumatic conveyors 
Dump pits with suction equipment, housing and dust barriers 
Optimised discharge hoppers (in ports) 
The techniques of water spraying/water curtains and jet spraying 
Cleaning conveyor belts 
Fitting trucks with mechanical/hydraulic flaps 
Cleaning of roads 
Cleaning of vehicle tyres 
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4.2.1.2 Mitigation measures to minimise dust from transfer and handling 

i) Organisational measures  

 Reducing or stopping activities depending on weather conditions:Preventing dust 
dispersion due to loading and unloading at open air by suspending transfer and 
handling activities during high winds or heavy rain events, etc., depending on the local 
situation and wind direction. 

 Measures (for the crane operator) when using a grab: Loading and unloading of 
materials take place with grabs kept in good condition and covered at the top. The 
grab may only be opened during unloading, after it has descended below the edge of 
the hopper, or, alternatively, below the edge of the wind screens. Other important 
measures are: closing the grab/jaws completely after the material pick-up and leaving 
the grab in the hoppers for a sufficient time after the material discharge.This system 
can always be applied. Operating the grab carefully might take more time. In this 
regard, some measures for the operator when using a belt conveyor are: suitable 
conveyor speed, and avoid loading the belt up to its edges. 

 Measures (for the operator) when using a mechanical shovel: Reducing the drop 
height and choosing the right position during discharging into a truck, using a 
mechanical shovel, are important factors in preventing dust accumulation.This action 
can always be applied. Operating  mechanical shovel carefully might take more time. 

 Layout and operation of storage sites (by the planner and the operating 
personnel):This action can be divided in some different parts: 

- Reduction of discontinuous transport and transport distances in order to minimise 
the number of traffic movements on-site. In general, discontinuous transport 
(shovel, truck) generates more dust emissions than continuous transport such as 
conveyors. Conveyors can relatively easily be covered, as where emission reduction 
measures for trucks and shovels are mostly less effective. 

- Adjusting the speed of vehicles to reduce the amount of dust that is swirled up from 
land. 

- Roads with hard surfaces to avoid the dust collecting on vehicles driving on sandy 
roads and land. The advantage of these roads is that they can easily  be cleaned. 
Another advantage of hard surfaced roads is that it prevents the pollution of soil. 

- Reduction of wind attack areas. 

ii) Technical measures to minimise dust from loading and unloading 

Loading and unloading in a closed building: Loading and unloading can take place in closed 
buildings, e.g. a shed. To prevent dust from escaping, the shed can be equipped with 
automatically opening and closing doors or curtains. This can be applied to loading/unloading 
activities from trucks, trains and (small) ships. This measure can be applied to new and 
existing installations and for all kind of materials. 

Primary techniques to minimise dust from handling 

 Optimised grabs: The essential properties of a dust preventing grab are: 
- Closing the top to avoid any influence from the wind. 
- Avoiding overloading. 
- Ensuring that the surface is smooth to avoid material adhering. 
- Closure capacity of the grab during permanent operation. 
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 Closed conveyors: There are a variety of conveyors and it is necessary to choose the 
most convenient depending on the characteristics of process and material. 

 Conveyor belt without support pulleys 

A main source of dust emissions from belts is when the returning part of the belt comes 
into contact with the support pulleys. Avoiding the use of support pulleys can prevent 
these emissions. Techniques without support pulleys are three: aerobelt, low friction 
conveyor, conveyor with diabolos. Belts without support pulleys are more suitable to 
close them in and, they need less maintenance than a conventional conveyor belt. 

  Conventional conveyor belts: To avoid dust coming from the top of the conveyor belt, 
the following measures are applied: 

- Increase the belt tension. 
- Place the support pulleys closer to each other. 
- Place a plate or a sheet below the belt at the loading point. 
- Decrease the belt speed. 
- Increase the belt width. 
- Make the belt more concave. 

To avoid dust coming from below the conveyor belt, the following measures are applied: 

- Type of belt (prevents material caking on). 
- Put an additive on the belt for the prevention of caking on. 

 Transfer chutes (e.g. on belt conveyors): The design of conveyor to conveyor transfer 
chutes plays a very important role in trying to achieve that: 

- The transfer generates zero spillage. 
- The transfer chute loads onto the receiving conveyor centrally and without bias 

so that the tracking of the receiving conveyor is not affected. 
- The transfer chute aims to achieve a material flow onto the receiving belt at or 

about the speed of the receiving conveyor. 
- Problems due to constraints such as excessive or insufficient drop height, 

existing head chute width and height, chute extension width, length etc., are 
managed efficiently. 

- Material degradation caused by the transfer are to be minimised so as to 
minimise dust generation. 

These objectives can be achieved by accurately calculating the material trajectory off the 
delivering conveyor and steering the material through the transfer at low angles of incidence 
so as to induce a ‘free flow’ of material through the transfer. A modelling process is available 
to generate detailed designs. 

 Minimising the speed of descent of the loaded material: The speed of descent of the 
material can be decreased by: 

- Installing baffles inside long pipes (e.g. In long fill pipes). 
- Applying a loading head at the end of the pipe to regulate the output volume. 
- Applying a cascade (e.g. Cascade tube and cascade hopper). 
- Applying a minimum slope angle (e.g. with chutes). 
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A cascade has the advantaged combination of low fall heights and decreasing velocity 
because the material slides and falls alternately. 
 Minimisation of free fall heights: To minimise dust emissions from loading trucks, 

trains or transport units or from constructing a heap, the outlet of the discharger (e.g. a 
fill pipe) should reach down onto the bottom of the cargo space or onto the material 
already piled up. Automatically adjusting the height is the most accurate way. Hoppers, 
fill pipes, fill tubes, and cascade tubes can achieve very low fall heights when operated 
properly. 

  Dump pits with dust barriers: Dump pits are ground excavations covered with a grid 
into which the material is tipped at high velocity. Dump pits are normally used to 
unload tipper wagons (e.g. with grain). Dump pits can be equipped with so-called dust 
barriers. 

 Low dust bunker: For dust emissions from the discharge of materials with a grab into a 
bunker, the construction of the receiving bunker is an important factor. 

 Chassis of vehicles with round tops: The chassis of trucks transporting bulk solid 
materials can be equipped with round tops, so material cannot accumulate. 

Technical measures to minimise dust from handling 

Besides handling techniques which generate less dust – the primary means – there are 
secondary techniques aimed at reducing generated emissions, such as: 

 Housing PM emissions, possibly combined with a suction system. 

 Use of PM abatement systems (filtering, others). 

 Use of sprinkling plants. 

For open conveyor systems in open air, placing screens or a roof is an alternative. In 
transporting powdery products, a secondary means to prevent emissions is covering the load. 

In the sections below, some of these measures have discussed in more detail.  

 Screens for open conveyor belts: Open conveyor systems in the open air can be 
protected from the effects of wind by means of: longitudinal screens and/or transverse 
screens.Also the intake and discharge sides of the conveyor can be provided with 
barriers in the form of wind reduction screens (or sprinklers). 

 Housing or covering of the emission source:Transfer points, hoppers, bucket elevators 
and other potential dust sources are housed in order to prevent dust spreading and/or to 
protect the material against the weather. 

 Applying covers, aprons or cones on fill tubes:In addition to minimize the speed of 
descent of the loaded material, covers or aprons can be fixed at the end of the tube to 
minimise the spreading of dust. For closed loading in solo trucks or containers, a cone 
with a fill alarm is fixed at the end of the tube so that no dust can be emitted. 

 Extraction systems:The use of extraction systems is common practice, whether as a 
central dedusting plant or several single dedusting units. See channelled emissions.  

 Dump pits with suction equipment, housing and dust barriers:Dump pits can be 
equipped with so-called dust barriers. These are valves or lamellae which open when 
the material is fed in. The dust that comes up is held back either by the following 
material or, when the mass flow stops, by the closing dust barriers. Dump pits can also 
be equipped with a suction system. 

 Optimised discharge hoppers (in ports):The following characteristics are relevant for 
dust prevention on hoppers: 
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- Suction hoppers; dust/air mixtures are drawn through a dust filter. 
- Closed hoppers; hoppers equipped with high side-walls with the following effects: 

 Wind disturbance is prevented by the wall. 

 Dust distribution is locally limited by the hopper wall and the grab (when the 
grab stays long enough within the walled area). 

 Any suction system installed is more effective (40% less suction capacity is 
required in comparison to open hoppers). 

Hoppers equipped with (primary) techniques such as baffles or a louvre-type grid 
closure with the effect that dust-air mixtures are held back; these installations require 
the bulk material to be fairly fluid. Notably those hoppers with high side-walls hinder 
the crane operator’s view. Additionally, the dust-reducing effect of high side-walls is 
essentially dependent on the crane operator’s technique. 

 The techniques of water spraying/water curtains: The moistening of bulk materials by 
sprinkler irrigation is a practically proven technique to prevent dust formation from 
loading/unloading activities. The spraying can be carried out by using a permanent 
installation or mobile containers (e.g. tankers). Water curtains are, e.g. used to keep 
dust in the hopper when grabs are opened above the water curtain. Another example is 
the tipping to stockpiles made through chutes equipped with wet suppression systems. 
The technique of water spraying is simple, but application is limited to bulk material 
that is not sensitive to moisture. Spraying is particularly suitable for existing plants 
where the space for installing extraction equipment is not sufficient and water 
resources are available. The technique of spraying with fine water fog prevents the 
material from getting too wet.Jet spraying can be used on heaps, for the 
loading/unloading of heaps and tip bunkers, the loading of ships with telescopic 
hoppers and the loading of trucks from silos. The technique also produces fine water 
fog, preventing the material from getting too wet. The disadvantages are that complete 
coverage and a compressor are needed. 

 Cleaning conveyor belts:To avoid dust emissions from conveyor belts there are some 
techniques to clean the belt (scraping off, eventually with a rotating elevator to collect 
the material that is scraped off, washing with water, blowing air, knocking or 
trembling, suction below the belt, turning the belt when it is running back, a self-
cleaning tray below the belt). 

 Fitting trucks with mechanical/hydraulic flaps:Trucks hauling powdery products are 
fitted with mechanical/hydraulic flaps which cover the cargo. 

  Cleaning of roads:Roads with hard surfaces of, for example, concrete or asphalt can 
be cleaned to avoid dust being swirled up by vehicles, using various sweepers. 

  Cleaning of vehicle tyres: To prevent motor vehicles from collecting dust on their 
tyres, different techniques for cleaning the tyres are available. This can be as simple as 
just a pool of water where the vehicle is forced to pass through. A more sophisticated 
technique is a pool in combination with cleaning of the tyres’ running surface with 
water sprinklers where the dust is removed from the dirty water in a settling tank and 
the water is re-used as washing water. When a vehicle is approaching the installation, 
the water automatically sprinkles on higher speed to minimise the amount of water and 
energy used.Besides using water for cleaning, dry cleaning techniques are also 
available; however, their use is less common as well as their efficiency. 
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4.2.2 Channelled PM emissions  

The selected BATs are the most widespread in PM treatment such as: Electrostatic 
precipitator (ESPs), fabric filters (FFs), hybrid filters (HYFs), wet scrubbers (WSs) and 
cyclones (CYs). 

i) Electrostatic precipitators ESPs generate an electrostatic field across the path of PM in 
the air stream. The particles become negatively charged and migrate towards positively 
charged collection plates. The collection plates are rapped or vibrated periodically, 
dislodging the material so that it falls into collection hoppers below. It is important that 
ESP rapping cycles are optimised to minimise particulate re-entrainment and thereby 
minimise the potential to affect plume visibility. ESPs are characterised by their ability to 
operate under conditions of high temperatures (up to approximately 400°C) and high 
humidity. 

The performance of an ESP is dependent on a variety of operational parameters, as: 
 moisture content of the gas 
 flue-gas chemistry 
 flue-gas flowrate 
 particle size distribution and chemical make-up 
 particulate electrical resistivity 
 particulate loading rate 
 gas temperature 
 start and stop operation 
 strength of the electric field 
 area and shape of the electrodes 
 SO2 concentration 
 moisture content 
 transition phases of different operating conditions 

The designed collection efficiency of the particulate is higher than 99.99%, and therefore 
emissions of only a few mgNm-3 can be achieved. ESPs are very efficient devices for 
collecting ultrafine particles (<0.5 μm), providing the particles the ability to agglomerate. 
ESPs are of a heavy-duty design leading to high applicability and also relatively insensitive 
to disturbances in the process. Existing ESP installations can often be upgraded without the 
need for total replacement, thereby limiting costs. This may be done by fitting more 
modern electrodes or installing automatic voltage control on older installations. In addition, 
it may be possible to improve the gas passage through the ESP or add supplementary 
stages.  Besides dust, the ESP also removes substances that adsorb to the dust particles, 
such as dioxins and metals if present. The size and electric power consumption of ESPs 
rise exponentially with decreasing clean gas dust content. The efficiency of an ESP 
depends on defined raw gas conditions, such as temperature and humidity, for optimum 
operation. The lifetime of an ESP can be several decades, providing all recommended 
maintenance is properly carried out. Some parts, such as hammers and bearings, need 
regular replacement after a few years of operation as part of routine maintenance. 
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Figure 33. Schematic view of a conventional ESP. Source: Instituto de Tecnología Cerámica. 

ii) Fabric filters (FFs) or baghouse filters are efficient dust collectors. The basic principle of 
fabric filtration is to use a fabric membrane which is permeable to gas but which will 
retain the dust, see a schematic view Figure 34.  Initially, dust is deposited both on the 
surface fibres and within the depth of the fabric, but as the surface layer builds up the dust 
itself becomes the dominating filter medium. Off-gas can flow either from the inside of 
the bag outwards or vice versa. As the dust cake thickens, the resistance to gas flow 
increases.  Periodic cleaning of the filter medium is therefore necessary to control the gas 
pressure drop across the filter. The most common cleaning methods include compressed 
air pulsing (pulse jet filters), reverse airflow, mechanical rapping or shaking and vibration.  

 

Figure 34. Schematic view of a conventional FF. Source: Instituto de Tecnología Cerámica. 

The FFs may have one or multiple compartments, the former configuration is simple and 
cheap, and allows individual isolation in case of fire risk or bag failure. FFs are available 
in a range of woven and non-woven fabrics. High temperature applications will result in 
the need for more expensive and sophisticate fabric types. However, a good range of 
fabric is currently available. The use of synthetic fabrics up to 200ºC is a very common 
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practice in the industry, and modern synthetic fabrics include materials which can operate 
in quite high temperatures of up to 280°C. Typical values of filter rating are between 0.5 
and 2.0 m/min. Besides dust, the FFs also remove substances absorbed on the dust 
particles, such as dioxins and metals if present. 

iii) Hybrid filters, HYFs are the combination of ESPs and FFs in the same device. They 
generally result from the conversion of existing ESPs. They allow the partial re-use of 
the old equipment. A schematic view of a HYF is shown in Figure 35: 
 

 

Figure 35. Schematic view of a conventional HYF. Source: Instituto de Tecnología Cerámica. 

 

iv) In the Wet scrubbers, WSs systems the PM is eliminated from off-gas streams by 
bringing the gas flow into close contact with a scrubbing liquid (usually water), so that 
the dust particles are retained in the liquid and can be rinsed away. WSs are chosen 
when the exhaust gas temperatures are close to, or below the dew point, although 
sometimes they are used with higher temperature gases, in which case, the water cools 
the gases and reduces their volume, this is of great relevance when space is limited.  In 
WSs, certain conditions of temperature (20-50ºC) and neutral pH (4-9) might favour the 
growth of Legionella, and if water droplets are not efficiently removed, there is a 
possibility that Legionella would be able to spread to the environment. Thus, in warm 
regions (like in the AIRUSE study areas), this risks should be carefully considered when 
a cleaning system is chosen.  On the other hand, in comparison with ESPs and FFS, the 
achievable emission level of wet scrubbers may be significantly higher. 
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Figure 36. Schematic view of a conventional WS (Venturi). Source: Instituto de Tecnología 
Cerámica. 

WSs can be divided into various types according to their design and working principles. 
Two of these types are: 

 Multi-cascade/multistage scrubbers: The raw gases pass through the multi-
cascade/multistage scrubber before being discharged to the air. Water is pumped to 
the unit and then cascades down through the several sections where the dust is 
entrained and finally drains away to the water treatment plant. Given a constant water 
feed, the performance of the WSs will remain constant and does not require 
consumable parts to be replaced. The water is generally recycled. 

 Venturi type: By using the Venturi scrubber, the gas is forced to pass through a 
pipeline, in which velocities reach 60 to 120 m/s. Water added upstream of the 
pipeline is shattered into fine drops by pneumatic forces, reaching an intimately 
mixed with the gas. Dust particles, trapped by the droplets, become heavier and are 
easily removed in an entrainment separator (usually cyclonic) attached to the Venturi 
scrubber 

v) In a Centrifugal separator/cyclone, CYs PM to be eliminated from an off-gas stream 
are forced out against the outer wall of the unit by centrifugal action and then 
eliminated through an aperture at the bottom of the unit. Centrifugal forces can be 
developed by directing the gas flow in a downward spiral motion through a cylindrical 
vessel or by a rotating impeller fitted in the unit (mechanical centrifugal separators).  
CYs are relatively inexpensive and easy to operate, but particles with small diameters 
are not captured effectively. The application of CYs may be limited when the particle 
size is too small. CYs are only suitable as pre-separators because of their limited 
particle removal efficiency and they relieve ESPs and FFs from high dust loading, 
reducing abrasion problems.  
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Figure 37. Schematic view of a conventional CY. Source: Instituto de Tecnología Cerámica. 

 

4.3 Specific BATS for diffuse and channelled PM emissions  

Regarding to PM emissions, there are specific considerations from some industrial processes, 
based mainly in the characteristics of the raw materials used and technological process, that 
are relevant to take into consideration during BATs selection process.  

In the case of diffuse emissions, it has been included in this section the specific BATs 
identified for each sector as it is detailed in its correspondent BREF. Regarding to the 
channelled emissions, the situation becomes very complex because these emissions and 
corresponding BATs depend on many factors. In this case, the BATs have been identified for 
each situation, such as type of fuel, stage process, PM size emitted, etc. 

It is important to remark that the BATs presented in this section are those identified from 
BREFs to reduce PM/dust emissions and it has not considered including those BATs for 
gaseous pollutants that during its removal treatment (chemical reactions mainly), they are 
finally treated as dust, e.g. acid gaseous pollutants as HF, HCl and SOx.  
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4.3.1 Thermal power stations and other contribution installations  

 

4.3.1.1 Diffuse PM emissions 

The BATs for preventing releases from the unloading, storage and handling of coal, and 
lignite, and also for additives such as lime, limestone, ammonia, etc. are: 

 The use of loading and unloading equipment that minimises the height of fuel drop to 
the stockpile, to reduce the generation of diffuse dust. 

 In countries where freezing does not occur, using water spray systems to reduce the 
formation of diffuse dust from coal stockpiles. 

 Covering stockpiles of petroleum coke. 

 Grassing over long-term storage areas of coal to prevent fuel loss caused by oxidation 
in contact with the oxygen of air. 

 Applying the direct transfer of lignite via belt conveyors or trains from the mine to the 
on-site lignite storage area. 

 Placing transfer conveyors in safe, open areas aboveground so that damage from 
vehicles and other equipment can be prevented. 

 Using cleaning devices for conveyor belts. 

 Rationalising transport systems and transport within the site. 

 The use of good design and construction practices and adequate maintenance. 

 Having enclosed conveyors, pneumatic transfer systems and silos with well designed, 
robust extraction and filtration equipment on delivery and conveyor transfer points. 

 

4.3.1.2 Channelled PM emissions  

The BATs selection depends mainly on the fuel used, and are also conditioned by the 
abatement of other pollutants. Then the BATs are identified for different types of fuel, making 
some specific recommendations to: 

 

i) Coal and lignite-fired and biomass and peat-fired combustion plants: ConsideredBATs 
are ESPs or FFs with flue-gas desulphurisation for capacities >100MW. Normally FFs 
reach PM levels well below 5 mg/Nm3, but have an elevated risk of fire, which is 
reduced if the FFs are applied in combination with flue-gas desulphurisation. These 
recommendations are applicable to new and existing combustion plants. 

ii) Gas-fired combustion plants: The emission levels of PM by using natural gas as a fuel 
are normally below 5 mg/Nm3 without any additional technical measures being applied. 
If other industrial gases are used as a fuel such as refinery gas or blast furnace gas, pre 
treatment gas cleaning measures (such as FFs) needs to be applied and considered as 
BAT, in order to reduce the PM content and the amount of SO2 in the flue-gas, which 
may otherwise damage the gas turbines or engines.  
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4.3.2 Production of pig iron or steel including continuous casting & Metal ore (including 
sulphide ore) roasting or sintering installations 

4.3.2.1 Diffuse PM emissions 

BAT is to prevent or reduce diffuse dust emissions from materials storage, handling and 
transport, by using one or a combination of the techniques mentioned below. If abatement 
techniques are used, BAT is to optimise the capture efficiency and subsequent cleaning, 
through appropriate techniques. 

i) General techniques include: Consideration of temporary cessation of certain operations 
where they are identified as a source of PM10 causing a high ambient reading; in order 
to do this, it will be necessary to have sufficient PM10 monitors, with associated wind 
direction and strength monitoring, to be able to triangulate and identify key sources of 
fine dust. 

ii)  Techniques for the prevention of PM releases during the handling and transport of bulk 
raw materials include: 

 Orientation of long stockpiles in the direction of the prevailing wind. 

 Installing wind barriers or using natural terrain to provide shelter. 

 Controlling the moisture content of the material delivered. 

 Careful attention to procedures to avoid the unnecessary handling of materials and 
long unenclosed drops. 

 Adequate containment on conveyors and in hoppers, etc. 

 The use of dust-suppressing water sprays, with additives such as latex, where 
appropriate. 

 Rigorous maintenance standards for equipment. 

 High standards of housekeeping, in particular the cleaning and damping of roads. 

 The use of mobile and stationary vacuum cleaning equipment. 

 Dust suppression or dust extraction and the use of a bag filter cleaning plant to abate 
sources of significant dust generation. 

 The application of emissions-reduced sweeping cars for carrying out the routine 
cleaning of hard surfaced roads. 

iii) Techniques for materials delivery, storage and reclamation activities include: 

 Total enclosure of unloading hoppers in a building equipped with filtered air 
extraction for dusty materials, or hoppers should be fitted with dust baffles and the 
unloading grids coupled to a dust extraction and cleaning system. 

 Limiting the drop heights if possible to a maximum of 0.5 m. 

 The use of water sprays (preferably using recycled water) for dust suppression. 

 Where necessary, the fitting of storage bins with filter units to control dust. 

 The use of totally enclosed devices for reclamation from bins. 
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 Where necessary, the storage of scrap in covered, and hard surfaced areas to reduce 
the risk of ground contamination (using just in time delivery to minimise the size of 
the yard and hence emissions). 

 Minimisation of the disturbance of stockpiles. 

 Restriction of the height and a controlling of the general shape of stockpiles. 

 The use of in-building or in-vessel storage, rather than external stockpiles, if the scale 
of storage is appropriate. 

 The creation of windbreaks by natural terrain, banks of earth or the planting of long 
grass and evergreen trees in open areas to capture and absorb dust without suffering 
long-term harm. 

 Watering waste tips and slag heaps. 

 Implementation of a greening of the site by covering unused areas with top soil and 
planting grass, shrubs and other ground covering vegetation. 

 The moistening of the surface using durable dust-binding substances. 

 The covering of the surface with tarpaulins or coating (e.g. Latex) stockpiles. 

 The application of storage with retaining walls to reduce the exposed surface. 

 When necessary, a measure could be to include impermeable surfaces with concrete 
and drainage. 

iv) Train or truck unloading techniques include: If necessary due to dust emission 
formation, use of dedicated unloading equipment with a generally enclosed design. 

v) Techniques to consider during material transport include: 

 The minimisation of points of access from public highways. 

 The employment of wheel-cleaning equipment to prevent the carryover of mud and 
dust onto public roads. 

 The application of hard surfaces to the transport roads (concrete or asphalt) to 
minimise the generation of dust clouds during materials transport and the cleaning of 
roads. 

 The restriction of vehicles to designated routes by fences, ditches or banks of recycled 
slag.  

 The damping of dusty routes by water sprays, e.g. At slag-handling operations. 

 Ensuring that transport vehicles are not overfull, so as to prevent any spillage. 

 Ensuring that transport vehicles are sheeted to cover the material carried. 

 The minimisation of numbers of transfers. 

 Use of closed or enclosed conveyors. 

 Use of tubular conveyors, where possible, to minimise material losses by changes of 
direction across sites usually provided by the discharge of materials from one belt 
onto another. 

 Good practice techniques for molten metal transfer and ladle handling. 

 Dedusting of conveyor transfer points. 
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4.3.2.2 Channelled PM emissions  

The presented BATs are applied to the activities considered in this report (Table 13), and 
included in the “Iron and Steel Production-BREF” (2013).  

- Sinter Plants:  
 BAT for primary emissions from sinter plants is to reduce dust emissions from the 

sinter strand waste gas by means of FFs or advanced ESPs when FFs are not 
applicable.The grain size distribution of the PM from a sinter strand before abatement 
shows two maxima: one for coarse dust (with a grain size of about 100 µm) and one 
for fine dust (0.1 – 1 µm). The chemical nature of fine dust (alkali chlorides) affects 
conventional ESPs efficiency, not ensuring high efficiency required to reach ELVs, so 
the BREF recommends using FFs or well-maintained ESPs with pulse discrimination 
or similar advanced control techniques in order to achieve the ELV. 

 BAT for secondary emissions from sinter strand discharge, sinter crushing, cooling, 
screening and conveyor transfer points is to prevent dust emissions and/or to achieve 
an efficient extraction and subsequently to reduce dust emissions by using a 
combination of the following techniques: hooding and/or enclosure and ESPs or FFs.  

 Pelletisation Plants: BAT is to reduce the dust emissions in the waste gases from the 
raw materials pre-treatment, drying, grinding, wetting, mixing and the balling; from 
the induration strand; and from the pellet handling and screening by using one or a 
combination of the following techniques: ESPs, FFs and WSs. 

- Coke Oven Plants 

 BAT for coal grinding plants (coal preparation including crushing, grinding, 
pulverising and screening) is to prevent or reduce dust emissions by using one or a 
combination of the following techniques: building and/or device enclosure (crusher, 
pulveriser, sieves) and an efficient extraction and use of a subsequent dry dedusting 
systems. 

 BAT is to charge coke oven chambers with emission-reduced charging systems. 
Treatment should consist of an efficient extraction of the emissions, with subsequent 
combustion to reduce organic compounds and, the use of FFs to reduce PM emissions. 

 BAT for the coke oven under firing is to reduce the emissions by using the following 
techniques: preventing and repairing (new plants) leakage between the oven chamber 
and the heating chamber by means of regular coke oven operation, using 
desulphurised coke oven gas (COG) process gases. 

 BAT for coke pushing is to reduce dust emissions by using the following techniques: 
extraction by means of an integrated coke transfer machine equipped with a hood, 
using land-based extraction gas treatment with a FFs or other systems and using a one 
point or a mobile quenching car. 

 BAT for coke quenching is to reduce dust emissions by using one of the following 
techniques: using coke dry quenching (CDQ) with the recovery of sensible heat and 
the removal of dust from charging, handling and screening operations by means of a 
FFs, using emission-minimised conventional wet quenching and using coke 
stabilisation quenching (CSQ). 

- Blast Furnaces:BAT is to reduce PM emissions from the blast furnace gas by using 
one or a combination of the following techniques: 
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 Dry prededusting devices such as: deflectors, dust catchers, CYs and ESPs. The coarse 
cleaning is done using deflectors, dry cyclonage or dust catchers. The velocity of the 
gas decreases as it descends through the duct and the dust particles in the gas are 
deposited in the lower part of the dust catcher under the influence of gravity. The gas 
then leaves the dust catcher and travels through a pipe to the equipment that performs 
the fine cleaning. 

 Subsequent dust abatement such as wet scrubbers (hurdle-type scrubbers, venturi 
scrubbers, annular gap scrubbers, wet ESP and disintegrators). 

 Basic oxygen steelmaking and casting: In this case the BATs are specified by stage 
process and/or type of installation due to the different nature of the emissions. The 
BATs identified for each stage are: 

 BATs for pre-treatment operations of the melt pig iron (transport, desulfurization, 
etc.): FFs. 

 BATs for basic oxygen furnace gas recovery during oxygen blowing in the case of full 
combustion. In this case there are two options depending on the type of the facility:  

 Dry dedusting (e.g. ESPs or FFs) for new and existing plants. 

 Wet dedusting (e.g. wet ESPs or WSs) for existing plants. 

The gases produced in the charge and discharge of the oven can be captured with 
extraction systems and be treated with FFs, ESPs or other systems with similar efficiency. 

- Electric arc furnace (EAF) steelmaking and casting: BAT for the electric arc furnace 
including scrap preheating, charging, melting, tapping, ladle furnace, and secondary 
metallurgy, is to achieve an efficient extraction of all emission sources by using one of 
the techniques listed below and to use subsequent dedusting by means of a FF: 

 a combination of direct off-gas extraction (4th or 2nd hole) and hood systems. 

 direct gas extraction and doghouse systems. 

 direct gas extraction and total building evacuation (low-capacity EAF may not require 
direct gas extraction to achieve the same extraction efficiency). 

4.3.3 Manufacture of ceramic products including tiles, bricks, stoneware or porcelain 

4.3.3.1 Diffuse particles emissions 

BAT is to prevent or reduce diffuse dust emissions from materials storage, handling and 
transport by using one or a combination of the techniques mentioned below: 

i) Measures for operations with dusty materials: 

 Enclosure of operations performed with dusty materials, such as loading and 
unloading, grinding, milling, and mixing.  

 Filtration of the air extracted from raw materials loading and proportioning.  
 Use of silos with an appropriate capacity, equipped with filtration systems of the air 

extracted from filling operations.  
 Dust covers for conveyor belts running with dusty raw materials.  
 Use of pneumatic conveying systems (provided this is technically feasible).  
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 Performance of handling operations in closed industrial buildings with extraction 
systems and subsequent cleaning of the gas stream.  

 Reduction of leaks and spillages, performing good maintenance of the facilities. 

ii) Measures for storage areas of bulk particulate materials: 

 Fencing using windbreaks, walls, (natural or artificial) plant barriers, etc.  
 Control of the height of materials unloading points, automatically whenever feasible, 

or reduction of the unloading rate.  
 Cleaning and wetting by spraying systems. 

iii) Measures for dusty materials transport 

 Paving and cleaning of circulating areas.  
 Limitation of circulating speed.  
 Wet cleaning systems for truck chassis and tires.  
 Dust covers for truck loads and avoidance of spillage and overflow.  
 Whenever feasible, transport shall be by tanker trucks, with pneumatic conveying 

systems for loading and unloading.  

4.3.3.2 Channelled emissions  

In general terms, BAT is to reduce channelled PM emissions from dusty operations by 
applying FFs. Nevertheless, there are some specific considerations to take into account for 
spray drying, drying and firing stage processes in the following industrial activities: 

 

i) Wall and Floor Tiles 
 BATs for dusty operations other than from drying, spray drying or firing. BAT is to 

reduce PM emissions from dusty operations other than from drying, spray drying or 
firing, by applying FFs. 

 BATs for spray-drying processes. Due to the high moisture content of the gas stream, 
problems of condensation may occur on the FF.  Because of these problems, many 
high efficiency WSs in combination with CYs have been installed, being common the 
reuse of the rinsing water, so for existing plants this technique is considered sufficient. 
Nevertheless, for new installations with advanced control systems, specially in wall 
and floor tile production where higher output units are used, BAT are FFs due to their 
better performance. 

 BATs for drying processes. The emission levels of PM by using natural gas as a fuel 
from this process are very low without any technical measure applied. Nevertheless, 
the BREF gives some recommendations: 

- Ensure good maintenance of the equipments. 

- Series of good practice are enough to not be necessary to use purification system. 

 BATs for glazing processes. BAT is to reduce PM emissions from spray glazing 
processes, by applying FFs or sintered lamellar filters.  

 BATs for firing processes. If gas fuels are used and formed products are produced the 
PM emissions in the firing stage are usually very low.Nevertheless, when liquid or 
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solid fuels are used PM emission may be significant. Therefore, to reduce PM 
emissions the main technique is the utilisation of low ash fuels. Moreover, the 
minimisation of dust formation caused by the charging of the ware to be fired in the 
kiln should be considered.  

4.3.4 Refining of mineral oil and gas 

4.3.4.1 Diffuse PM emissions 

BAT is to prevent or reduce diffuse dust emissions from materials storage, handling and 
transport by using one or a combination of the techniques mentioned below: 

 Store bulk powder materials in enclosed silos equipped with a dust abatement system 
(e.g. FFs). 

 Store fine materials in enclosed containers or sealed bags. 
 Keep stockpiles of coarse dusty material wetted, stabilise the surface with crusting 

agents, or store under cover in stockpiles. 
 Use road cleaning vehicles. 

4.3.4.2 Channelled PM emissions  

In order to reduce channelled dust emissions from dusty refining of mineral oil and gas 
operations, BAT is to use flue-gas cleaning with techniques for the prevention and control of 
emissions to air. The operations and corresponding BATs: 

i) Combustion units. In order to prevent or reduce dust and metal emissions to air from 
the combustion units, BAT is to use one or a combination of the techniques given 
below. Primary or process-related techniques, such as:  

 Selection or treatment of fuel: Use of gas to replace liquid fuel gas instead of liquid 
combustion leads to lower level of dust emissions. The applicability may be limited by 
the constraints associated with the availability of low sulphur fuels such as natural gas, 
which may be impacted by the energy policy of the Member State.  

 Combustion modifications. Optimisation of combustion. 

ii) Catalytic cracking process. In order to reduce dust and metals emissions to air from 
the catalytic cracking process (regenerator), BAT is to use one or a combination of the 
techniques given below. 

 Primary or process-related techniques, such as:  
-Use of an attrition-resistant catalyst. Selection of catalyst substance that is able to 
resist abrasion and fragmentation in order to reduce dust emissions. Generally 
applicable provided the activity and selectivity of the catalyst are sufficient. 

 Secondary or end-of-pipe techniques, such as:  

- ESPs. For existing units, the applicability may be limited by space availability. 
- Multistage Cys. 
- Third stage blowback filter. Applicability may be restricted. 
- WSs. The applicability may be limited in arid areas and in the case where the by-

products from treatment (including e.g. waste water with high level of salts) cannot be 
reused or appropriately disposed of. For existing units, the applicability of the 
technique may be limited by space availability. 
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iii) Green coke process 

In order to reduce dust emissions to air from the calcining of green coke process, BAT is to 
use a combination of the techniques given below.  

 ESPs. For existing units, the applicability may be limited by space availability. For 
graphite and anode coke calcining production, the applicability may be restricted due 
to the high resistivity of the coke particles. 

 Multistage CYs. 

4.3.5 Production of cement lime and magnesium oxide 

4.3.5.1 Diffuse PM emissions 

Diffuse dust emissions sources mainly arise from the storage and handling of raw materials, 
fuels and different products, as well as from vehicle traffic used at the manufacturing site.  

i) Techniques to minimise/prevent diffuse dust emissions from dusty operations. Several 
different techniques for diffuse dust abatement are presented here, which can be applied 
individually or in combination: 

 Use a simple and linear site layout of the installation. Applicable to new plants only. 
 Enclose/encapsulate dusty operations, such as grinding, screening and mixing. 
 Cover conveyors and elevators, which are constructed as closed systems, if diffuse dust 

emissions are likely to be released from dusty material. 
 Reduce air leakages and spillage points. 
 Use automatic devices and control systems. 
 Ensure trouble-free operations. 
 Ensure proper and complete maintenance of the installation using mobile and stationary 

vacuum cleaning: 

 During maintenance operations or in cases of trouble with conveying systems, spillage 
of materials can take place. To prevent the formation of diffuse dust during removal 
operations, vacuum systems should be used. New buildings can easily be equipped with 
stationary vacuum cleaning piping, while existing buildings are normally better fitted 
with mobile systems and flexible connections. 

 In specific cases, a circulation process could be favoured for pneumatic conveying 
systems. 

 Ventilate and collect PM in FFs. As far as possible, all material handling should be 
conducted in closed systems maintained under negative pressure. The suction air for this 
purpose is then filtered by a FF before being emitted into the air. 

 Use closed storage with an automatic handling system: 

- Silos and closed fully automated raw material storage areas are considered the most 
efficient solution to the problem of diffuse PM generated by high volume stocks. These 
types of storage are equipped with one or more FFs to prevent diffuse dust formation in 
loading and unloading operations. 

- Use storage silos with adequate capacities, level indicators with cut out switches and with 
filters to deal with dust-bearing air displaced during filling operations. 
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 Use flexible filling pipes for dispatch and loading processes, equipped with a dust 
extraction system for loading cement, which are positioned towards the loading floor of the 
lorry. 

 Proper and complete maintenance of the installation 

 

ii) Techniques to minimise/prevent diffuse dust emissions from bulk storage areas. 

 

BAT is to use one or a combination of the following techniques: 

 Cover bulk storage areas or stockpiles or enclose them with screening, walling or an 
enclosure consisting of vertical greenery (artificial or natural wind barriers for open pile 
wind protection). 

 Use open pile wind protection. Outdoor storage piles of dusty materials should be avoided, 
but when they do exist it is possible to reduce diffuse dust by using properly designed wind 
barriers. 

 Use water spray and chemical dust suppressors. When the point source of diffuse dust is 
well localised, a water spray injection system can be installed. The humidification of dust 
particles aids agglomeration and so helps dust settle. A wide variety of agents is also 
available to improve the overall efficiency of the water spray. 

 Ensure paving, road wetting and housekeeping. Areas used by lorries should be paved 
when possible and the surface should be kept as clean as possible. Wetting the roads can 
reduce diffuse dust emissions, especially during dry weather. They also can be cleaned 
with road sweepers. Good housekeeping practices should be used in order to keep diffuse 
dust emissions to a minimum. 

 Ensure humidification of stockpiles. Diffuse dust emissions at stockpiles can be reduced by 
using sufficient humidification of the charging and discharging points, and by using 
conveyor belts with adjustable heights. 

 Match the discharge height to the varying height of the heap, automatically if possible or 
by reduction of the unloading velocity, when diffuse dust emissions at the charging or 
discharging points of storage sites cannot be avoided. 

 

4.3.5.2 Channelled PM emissions 

i) Production of Cement 

In order to reduce dust emissions from flue-gases of different cement processes stages, BAT 
is to use dry flue-gas cleaning with a filter: ESPs, FFs, HYFs. 

 

ii) Production of Lime 

In order to reduce channelled dust emissions from dusty lime processes operations, BAT is to 
use flue-gas cleaning with a filter. One or a combination of the following techniques can be 
used: ESPs, FFs and WSs.  CYs are only suitable as pre-separators and can be used to pre-
clean the flue-gases from all kiln systems. 
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4.3.6 Emergent Techniques regarding PM emissions 

Emerging techniques (ETs) are defined in IED Directive, as a novel technique for an 
industrial activity that, if commercially developed, could provide either a higher general level 
of protection of the environment or at least the same level of protection of the environment 
and higher cost savings than existing BATs. 

Each BREF have a chapter entitled ‘Emerging techniques’ which identifies such ETs. These 
techniques are at a sufficiently advanced stage of development so that there is a good chance 
that they may become BAT in the (near) future.Table 16 summarizes the ETs from BREFs 
considered in this report and specially those ETs focused in PM abatement. 

Table 16 Emergent Techniques regarding PM emissions in industrial sector considered. 

Emergent Techniques Pollutant treated Industrial sector 

Catalytic ceramic filters PM and NOx (simultaneously) Production of pig iron 
or steel including 
continuous casting 

Hydro Hybrid Filters 
(WSs-based) 

PM [Basic Oxygen Furnaces 
(BOF) plants] 

Whirl hood Secondary dedusting 

Intermetallic bag filter PM, PCDD/F and heavy metals 
(simultaneously) 

Ceramic filters PM Production of cement 
clinker or lime in rotary 
kilns or other furnaces. 

Following, a brief description of the ETs listed in Table 13 is reported. 

4.3.6.1 Production of pig iron or steel including continuous càsting 

i) ETs: Catalytic ceramic filters for the abatement of both particles and nitrogen 
oxides from gas streams 

This dry flue-gas cleaning uses ceramic filters. They are designed to combine filtration and 
SCR reaction in one unit using a catalytic filter. This system can work at high temperatures 
(up to 500 °C) allowing for the use of the high energy content of the gas as well as preventing 
the plugging of the catalyst (oxides of Ti, V and W). Ceramic hot gas filter elements with a 
fine filtering outer membrane and a catalyst integrated into the support structure of the filter 
elements can be used to achieve an efficient PM removal as well as an efficient NOX removal. 
The use of these filter elements enables the combination of a filter and an SCR reactor into 
one unit. Moreover, the function of the integrated catalytic layer can be tailored in such a way 
as to allow not only catalytic NOX removal but volatile organic compounds (VOC), SO2 and 
HCl. Preliminary results reduced NO content by 83 – 98 %. By injecting sodium bicarbonate, 
the removal of SOX can be up to 99 %. Filtration efficiencies are typically higher than 99.99 
%. This system has a simpler plant set-up compared to a wet cleaning process and tends to be 
smaller, so it is especially applicable for small and medium scale plants. The capital 
investment, maintenance and running costs are lower than for a conventional multistep wet 
flue-gas cleaning system. Furthermore, the combination of two units into one unit reduces 
processing costs as well as investment and maintenance costs. Moreover, the dry cleaning 
system prevents waste water generation in the gas cleaning process. 

ii) ETs: Improving clean gas dust content in wet scrubber-based Basic Oxygen 
Furnaces (BOF) plants by upgrading to Hydro Hybrid Filters 
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Most BOF plants worldwide are equipped with a WS-based gas cleaning plant. These plants 
can usually achieve residual dust contents of between 30 and 50 mg/Nm3. Upgrading the 
existing plant with a downstream installation of a small wet electrostatic precipitator (wet 
ESP) can further reduce the clean gas dust emissions. The combined system is a ‘Hydro 
Hybrid Filter’. The idea is that the scrubber acts as a prededusting devise to precipitate coarse 
dust and as a cooling and conditioning tower for the downstream ESP. The drop pressure of 
the wet scrubber can be reduced significantly and hence, power consumption of the fan can be 
reduced. The downstream wet ESP is a small unit consisting of one or more fields only as the 
dust content of the gas is already significantly reduced by the scrubber. Furthermore, the gas 
volume decreases due to low temperature. Already existing equipment such as the fan or 
water treatment devices, etc. can be further used with few or no modifications. Existing BOF 
gas recovery is not affected by this modification. Although the technique is under 
development, preliminary results show that the Hydro Hybrid Filter systems can achieve clean 
gas dust emissions of ≤10 mg/Nm3. Installation is possible in all existing BOF plants with a 
wet scrubber gas cleaning plant. New plants would preferably be equipped with dry ESP 
techniques. Due to the small size of the additional ESP and further use of existing equipment, 
investment costs are low and additional energy consumption of the ESP will be 
overcompensated for by reduced energy consumption of the fan as it has been mentioned 
before. Operating costs can be reduced due to a decreased differential pressure of the scrubber 
which consequently reduces electric power consumption of the fan. 

iii) ETs: Whirl hood for secondary dedusting 

Dust emissions caused by tapping the converter or by charging scrap into the converter are 
difficult to capture because the converter is tilted out of its upright position and the fume 
escapes diffuse to the production hall. The production steps need some free space above the 
lids of the converter for the crane and the scrap basket. Therefore, the suction hood should 
have some distance to the dust source. To get a good capture ratio in the secondary dedusting 
system in spite of the construction conditions, there are different suction hood designs. A new 
development is the ‘whirl hood’ or ‘hurricane hood’. There is an air roll produced in the hood 
by evacuating the air at both sides on the axes of the roll. These flow conditions move the 
particles in the axial area of the air roll by the pressure distribution in the roll and they are 
evacuated through the opening of the two opposite suction pipes to the dedusting system. It is 
important that the evacuation pressure in the roll suction hood be strong enough to ensure 
stability. If the system is well designed, it should be able to reach a better capture rate of 
diffuse sources which cannot be evacuated directly at the source itself. It is not possible to 
quantify this effect because the capture cannot be measured and must be estimated by 
judgement of visible dust emissions. There are no results in operation facilities to compare 
this design. 

iv) ETs: Intermetallic bag filter to minimise emissions of dust, polychlorinated 
dibenzo-p-dioxins/dibenyofurans (PCDD/F) and heavy metals 

An intermetallic bag filter with high-temperature resistance combines filtering and catalytic 
operations and allows for a drastic decrease in PM and associated pollutant emissions. This 
technique should be operated at 350 – 550 °C, whereas traditional cleaning is operated at 150 
– 200 °C. In pilot tests at LME, France, a PM reduction of 99.9 %, a PCDD/F reduction 
efficiency of more than 95 % and a heavy metal reduction efficiency of 95 – 100 % (except 
for heavy metals present in the gas phase like mercury) were achieved. As this technique is 
under study, there are no available data about costs (investment, maintenance, etc.). 
Nevertheless, energy can be saved as a consequence of moderate waste gas cooling.  
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4.3.6.2 Production of cement clinker or lime in rotary kilns or other furnaces. 

i) ETs: Ceramic filters 

Although ceramic filters are not used on lime kilns in 2008, they are able to remove PM 
efficiently from gases at very high temperatures, and it is possible that, with kilns such as 
rotary kilns producing dead burned dolomite, dedusting high temperature gases might enable 
certain heat recovery systems to become viable.  

4.4  BATs and PM abatement efficiencies 

The BATs identified for industrial activities considered in the present report are compiled in 
tables including the PM abatement efficiencies. 

4.4.1 Diffuse PM emissions 

In the case of diffuse emissions there are no quantified efficiencies for PM reduction for each 
BAT identified in the corresponding BREFs. Nevertheless, relating to the main corrective 
measures implemented to reduce diffuse particle emissions, theoretical efficiencies have been 
obtained (Environment Australia, 2001; US-EPA, 1995; Orleman and Kalman, 1983) as it can 
be seen in Table 17. 

Table 17. PM emission reduction, different operations and mitigation measure implemented. 

Operation Mitigation measure Emission PM 
reduction (%) 

Traffic on unpaved road Watering (>2 liters/m2/h) 75 

Paving 90 

Paving and dry cleaning 97 

Paving and wet cleaning 99.4 

Traffic on paved road Dry cleaning 70 

Watering 80 

Wet cleaning 94 

Handling Water spraying of piles 50 

Enclosure  70 

Partial enclosure and use of bag filters 83 

Enclosure and use of bag filters 99 

Operations performed with 
dustry materials 

Enclosure  70 

Partial enclosure and use of bag filters 83 

Enclosure and use of bag filters 99 

Wind resuspension Windbreaks 30 

Water spraying to keep piles wet 50 

In the case of the ceramic industry from experimental studies (Monfort et. al., 2011), PM 
abatement efficiencies for different technological scenarios has been obtained (see Table 18.). 
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The lack of quantified efficiencies of the mitigation measures proposed in the corresponding 
BREFs and Environmental Permits is an important weakness in the control of diffuse 
emissions. Thus, the inclusion of a methodology to quantify these emissions and/or a rough 
efficiency data in the BREFs and Environmental Permits should be encouraged in the coming 
years to control and reduce these emissions.  

Table 18. PM10 reduction for different mitigation measures and corresponding technological 
scenarios. 

Mitigation techniques implemented Technological scenario and PM efficiency  

Reduce diffuse dust emissions by applying a 
combination of the  following techniques: 

Measures for dusty operations 

Bulk storage area measures  

Measures for dusty materials transport 

Close facilities and paved areas: >95% 

Semi-close facilities and paved areas: 75-
80% 

Open facilities with very few preventive 
measures: 25-50% 

4.4.2 Channelled PM emissions 

4.4.2.1 Thermal power stations and other contribution installations  

Table 19. BATs, Associated Emission Levels (AELs) and efficiency for dedusting off-gases 
from coal- and lignite-fired combustion plants, depending on the plant capacity (MW). 

Capaci

ty 

(MW) 

Combustion 

technique 

BATs to reach associated 

PM emission levels 

PM levels associated to BATs 

(mg/Nm3)* 

Efficiency  

New plants Existing plants 

50–100 Pulverised 

combustion 

ESP or FF 5–20 5–30 The 

efficiency 

associated 

with an: 

- ESP is 

99.5 % or 

higher 

- FF is 

99.95 % or 

higher 

Circulating fluidised 

bed combustion 

100–

300 
Pulverised 

combustion 

ESP or FF 

(in combination with wet 

flue-gas desulphurisation, 

flue-gas desulphurisation 

by using a spray dryer or 

by dry sorbent injection) 

5–20 5–25 

Circulating fluidised 

bed combustion 

ESP or FF 5–20 5–25 

>300 Pulverised 

combustion 

ESP or FF 

(in combination with wet 

flue-gas desulphurisation) 

5–10 5–20 

Circulating fluidised 

bed combustion 

ESP or FF 5–20 5–20 

 

*Values given in concentrations for high temperature process stages (hot emissions) apply under the following standard  conditions (dry gas, 
temperature of 273,15 K, pressure of 101,3 kPa) and 6% oxygen by volume. 
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4.4.3 Production of pig iron or steel including continuous casting   &          Metal ore 
(including sulphide ore) roasting or sintering installations 

Table 20. BATs, Associated Emission Levels (AELs) and efficiency for dedusting off-gases 
from production of pig iron or steel plants. 

Activities BATs to reach associated PM emission levels PM levels associated to 
BATs (mg/Nm3)* 

Efficiency  

Sinter Plants Primary emissions from sinter strand waste gas: 

- FFs 

- Advanced ESPs (when FFs are not applicable) 

FF: <1 – 15 FF: >98.5% 

ESP: <20– 40 ESP: >95% ~99% 

Secondary emissions from sinter strand discharge, sinter 
crushing, cooling, screening and conveyor transfer points: 

- Hooding and/or enclosure 

- ESPs or FFs. 

FF: <10 FF: >98.5% 

ESP: <30 ESP: >95% ~99% 

Pelletisation 
Plants 

ESPs, FFs and WSs For crushing, grinding and 
drying 

<20 ESP: >95% ~99% 

FF: >98.5% 
WSs no efficiency 
data available 

Other process steps or gases 
treated together 

<10 – 15 

Coke Oven 
Plants 

Coal grinding plants: enclosure devices,  efficient extraction 
and dry dedusting systems. 

<10 – 20 ESP: >95% ~99% 

FF: >98.5% 
 

Charge coke oven chambers: efficient extraction and FFs. <50 

Coke dry quenching with heat recovery: FFs. <20 mg/Nm3 

Coke firing: 
- Preventing and repairing (new plants) leakage between 
oven chamber and heating chamber.  

- Using desulphurised coke oven gas process gases. 

<1 – 20 mg/Nm3  
(the lower range is from 

one specific plant) 

*Values given in concentrations for high temperature process stages (hot emissions) apply under the following standard  conditions (dry gas, 
temperature of 273,15 K, pressure of 101,3 kPa) and under the following oxygen references: Coke Oven Plants (5% oxygen by volume) and 
(3% by volume for hot blast stoves by using desulphurised and dedusted surplus coke oven gas, dedusted blast furnace gas, dedusted basic 
oxygen furnace gas and natural gas, individually or in combination), Blast furnaces (3 % oxygen by volume). 

 
Coke pushing:  
- extraction by means of an integrated coke transfer machine 
equipped with a hood. 
- using land-based extraction gas treatment with a FFs or 
other systems, using a one point or a mobile quenching car. 

FFs: <10 FF: >98.5% 

Other systems: <20 

Blast 
Furnaces 

Dry prededusting devices such as: deflectors, dust catchers, 
CYs and ESPs and subsequent PM abatement such as: 
hurdle-type scrubbers, Venturi scrubbers, annular gap 
scrubbers, wet-ESPs and disintegrators. 

<10 Not available in  
BREF Document 

Basic oxygen 
steelmaking 
and casting 

Pre-treatment operations of the melt pig iron (transport, 
desulfurization, etc.): FFs 
Recovery of heat gases from the oven after a primary 
dedusting with ESPs or WSs (existing plants). 

Dry systems:  5–30 Not available in  
BREF Document 

Wet systems: <50 

Electric arc 
furnace 
steelmaking 
and casting 

Direct gas extraction and doghouse systems (furnaces 
installed inside buildings) 

FFs 

New plants: <5 >98% 

Existing plants: <15 
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4.4.3.1 Manufacture of ceramic products including tiles, bricks, stoneware or porcelain 

Table 21. BATs, Associated Emission Levels (AELs) and efficiency for dedusting off-gases 
from ceramic installations. 

Stages processes BATs to reach associated PM 
emission levels 

PM levels 
associated to 

BATs 
(mg/Nm3)** 

Efficiency  

Dusty operations FFs 1–10 Sintered lamellar 
filters: up to 
99.99% 

FFs: over 98 to 
99 % depending 
on the particle 
size 

CYs significantly 
lower efficiency, 
no efficiency data 
available  

Sintered lamellar 
filters: up to 
99.99 % 

Glazes preparation 
and glazing 

FFs 

Sintered lamellar filters 

1–10 

Spray drying FF 1–30 

CYs and high efficiency WSs 
(existing plants) 

1–50 

Drying Ensure good maintenance 1–20 

Firing Use of fuels with low ash 
generation capacity 

1-20 

FF (to treat gaseous pollutants*) 

Cascade-type packed bed adsorbers 
(to treat gaseous pollutants*) 

<50 

*BAT to reduce acid gaseous emissions are not considered under the scope of the present report. 

**Values given in concentrations for high temperature process stages (hot emissions) apply under the following standard conditions (dry gas, 
temperature of 273,15 K, pressure of 101,3 kPa) and 18% oxygen by volume. 
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4.4.3.2 Refining of mineral oil and gas 

Table 22. BATs, Associated Emission Levels (AELs) and efficiency for dedusting off-gases 
from mineral oil and gas refineries. 

Processes 
stages 

BATs to reach associated PM 
emission levels 

PM levels associated 
to BATs (mg/Nm3)* 

Efficiency 

Combustion 
units 

IPrimary or process-related 
techniques, such as:  

- Selection or treatment of fuel 

- Combustion modifications: 
Optimisation of combustion 

Existing units: 
5-50 

ESP: >95% 

CYs: 80% 

WSs: 85 -95% 

Combination:>99% New units< 50 MW: 5-
25 

Catalytic 
cracking 
process   

Primary or process-related 
techniques, such as:  

- Use of an attrition-resistant catalyst 

- Use of low sulphur feedstock  

Secondary or end-of-pipe techniques, 
such as:  

- ESPs 

- Multistage CYs 

- Third stage blowback filter 

- WSs 

Existing units: 10-50 

(the lower end of the 
range can be achieved 

with a 4-field ESP) 

3rd stage blowback 
filter: 30 - >90% 

Multistage CYs: 
80% 

WSs: 85 -95% 

Combination: 
>99% 

New units:  
10-25 

Green coke 
process 

- ESPs 

- Multistage CYs 

10–50 (the lower end of 
the range can be 

achieved with a 4-field 
ESP; when an ESP is 
not applicable, values 

of up to 150 may occur) 

ESP: <95% 

Multistage CYs: 
80% 

*Values given in concentrations for high temperature process stages (hot emissions) apply under the following standard  conditions (dry gas, 
temperature of 273,15 K, pressure of 101,3 kPa) and under the following oxygen references: Combustion units using liquid or gaseous fuels 
with the exception of gas turbines and engines (3% oxygen by volume), combustion unit using solid fuels (6% oxygen by volume) and 
catalytic cracking process (regenerator) (3 % oxygen by volume). 
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4.4.3.3 Production of cement lime and magnesium oxide 

 

Table 23. BATs, Associated Emission Levels (AELs) and efficiency for dedusting off-gases 
from cement and lime industry. 

Activities Processes stages BATs to reach 
associated PM 
emission levels 

PM levels 
associated to 
BATs (mg/Nm3)* 

Efficiencies (%) 

Cement 
Industry 

All kiln systems  ESPs <10 – <20 ESPs and FFs: 
99%  (both 
depend on 
particle size) 

WSs 
significantly 
lower efficiency,                  
no efficiency 
data available  

HYFs, no 
efficiency data 
available 

Clinker coolers  <10 – <20 

Cement mills <10 

All kiln systems FFs <5 

Clinker coolers <5 

Mills (raw material, cement, 
coal mills) 

<10 

All kiln systems, clinker 
coolers, cement mills 

HYFs <10 – 20 

Lime 
Industry 

All kiln systems, milling plants, 
subsidiary processes 

ESPs < 10 – < 20 

All kiln systems mlling plants, 
subsidiary processes 

FFs < 10 – < 20 

All kiln systems, hydrating 
plants 

WSs 10 – 30 

*Values given in concentrations for high temperature process stages (hot emissions) apply under the following standard  conditions (dry gas, 
temperature of 273,15 K, pressure of 101,3 kPa) and under the following oxygen references: Cement industry (10% oxygen by volume) and 
lime industry (11% oxygen by volume). In the case of lime industry, for sintered dolime produced by the 'double-pass process', the correction 
for oxygen does not apply. 
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5 CONCLUSIONS AND RECOMMENDATIONS 

This report presents the results of mitigation measures tests in Southern Europe for road dust 
(and soil dust) emissions and for biomass burning emission due to domestic heating. 
Moreover the reports presents the selection of the Best Available Techniques (BATs) for the 
industrial activities with impact in PM emissions in the AIRUSE cities (Porto, Barcelona, 
Milan, Florence and Athens).   Based on the field tests, laboratory tests and state-of-the-art 
literature review carried out, the following conclusions and recommendations can be made for 
reducing emissions from these three main sectors.  

5.1 Road dust and soil dust 

Several mitigation measures have been testes in AIRUSE in order to reduce road dust 
emissions namely Street washing, CMA and MgCl2 spraying. Tested were conducted in 
different environments: 

 A typical Mediterranean urban road (in Barcelona, Spain) 
 An industrial (ceramic industry) road with high road dust loading (in L’Alcora, 

Spain) 
 An unpaved road, used for the transport of the blasted material from the quarry to 

the primary grinder with dumpers (in Castelló, Spain) 

In addition, a nano-polymer solution was tested at urban unpaved area (public park), where 
soil dust particles suspend to air due to anthropogenic activities (walking, playground etc.).  

 

Table 24. Summary of the average efficiencies obtained in road dust and soil dust 

Source Location Dust 
loading 

Measure Dosage PM10 
reduction 

Notes on 
measurement 

Road dust 

Urban 
paved 
road 

3-6  

mg/m2 

Street 
washing 

1 L/m2 7-10% on a 
daily mean 

kerbside 

CMA 15-20 g/m2 Negligible kerbside 

MgCl2 15-20 g/m2 Negligible kerbside 

Industrial 
paved 
road 

20-40 
mg/m2 

Street 
washing 

27 L/m2 18% on a 
daily mean 

kerbside 

CMA 30-60 g/m2 8% on a 
daily mean 

kerbside 

Industrial 
unpaved 
road 

 

Street 
washing 

3.5 L/m2 >90% up to 
1 h 

downwind 

CMA 100 g/m2 Not observed downwind 

Soil dust 
Public 
park 

 
Nano-
polymer 

3 L/m2 -2.9 µg/m3 Inside the park 
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Street washing (combined with a preliminary sweeping) was found to be the most effective 
measure in all the tested roads (urban paved, industrial paved and unpaved). Reduction on 
mean PM10 levels was estimated at 7-10% (daily mean), 18% (daily mean) and >90% (first 
hour) respectively, as measured at kerbside monitoring sites. CMA and MgCl2 were not found 
to reduce PM10 levels with statistically significance and, in any case, reduction was lower 
than that of water only (e.g. 8% for CMA versus 18% for water at the industrial paved road). 
The low or null effectiveness of CMA and MgCl2 in Southern Europe (in contrast with 
Central and Northern Europe) is attributed to the high solar radiation, rapid evaporation of 
road moisture of the Mediterranean climate and consequently to the lower capacity of CMA 
and MgCl2 to keep a high road moisture and bind road dust particles.  

From the review of a number of studies AIRUSE suggests the use of a tandem operation, 
where the streets are first vacuumed-swept and then washed with water, since street sweeping 
alone resulted ineffective in reducing PM concentrations in the short term.  

The effectiveness of street washing is proportional to the magnitude of road dust contribution 
to total PM10. The higher the share of PM10 due to road dust, the higher the effectiveness of 
street washing. 

Street washing should be performed at the early morning (5-6 h am), before the rush traffic 
hour. This is due to the fact that the effectiveness of street washing is related to the higher 
road humidity and being generally short-lived (few hours).  

Street washing should be prioritized at roads with medium-high vehicle intensity (>10,000 
vehicles per day), during dry periods (for example after 15 days without precipitations) and 
right after African dust intrusion events, when road dust emissions are sensibly higher.  

Non-drinking phreatic water should be preferred. 

From a scientific point of view, it can be recommended that, before planning street washing, 
local authorities support research studies aimed at: 

1. Selecting those streets more critical for the road dust emissions (high traffic volume, 
high road dust load, proximity of sensible receptors such as hospitals, schools etc.)  

2. Estimating the accumulation rate of road dust (i.e. how rapidly the steady state 
between deposition and emission is reached), and  

3. Determine the most effective cleaning criteria (frequency, timing etc.). In this context, 
analysis of rainfall statistics are also important to ensure street washing is compatible 
with the frequency of rainfall events and therefore optimize the air quality 
effectiveness.  

For urban unpaved areas such as public parks, unpaved parking lots and access to construction 
sites, the use of the tested nano-polymer is recommended. As shown in Barcelona, the 
application of a 3 L/m3 dosage was found to reduce PM10 levels at one monitoring site 
located within the park by 2.9 µg/m3 on a daily mean.  

5.2  Biomass burning 

Taking into account that residential biomass combustion has been pointed out as one of the 
main sources of atmospheric pollutants, especially PM, and because emission factors vary 
greatly with wood type and combustion equipment, one of the motivations within AIRUSE 
was focused on fulfilling the need for detailed characterisation of emission profiles resulting 
from residential and industrial combustion of the most prevalent biofuels in Southern Europe.  
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Based on information provided by the AIRUSE partners, wood species widely used as 
biofuels in residential combustion in Southern European countries have been burned in 
traditional appliances: Pinus pinaster (Maritime pine), Eucalyptus globulus (eucalypt), 
Quercus suber (cork oak), Acacia longifolia (Golden wattle), Quercus faginea (Portuguese 
oak), Olea europea (olive), Quercus ilex rotundifolia (Holm oak), Fagus sylvatica (European 
beech), Quercus pyrenaica (Pyrenean oak), and Populus nigra (black poplar), and briquettes. 
Furthermore, at the request of the Madrid City Council Authority, the emissions from the 
combustion of olive pit, shell of pine nuts and almond shell were also studied, since these 
biofuels are currently penetrating in the residential and commercial heating sector. 

PM and gaseous emission factors (EFs, mg MJ-1) have been obtained for the most common 
types of household appliances: a fireplace, a traditional cast iron stove and an eco-labelled 
stove. The emissions from these devices have been compared to those from a new pellet stove 
with increasingly market share, in which different types of pellets and the other alternative 
biofuels mentioned above that are becoming common in Southern Europe, particularly in 
Spain, were also burned. 

PM emissions from the fireplace, traditional cast iron stove, eco-labelled stove and pellet 
stove were, respectively, in the following ranges: 312-1135, 149-703, 61-156 and 25-156 mg 
MJ-1 biofuel burned (dry basis). PM10 emissions from the fireplace were about 3, 12 and 15-
fold higher than those from the traditional woodstove, eco-labelled appliance and pellet stove, 
respectively. Emissions from the traditional woodstove exceeded 5 to 6 times those of the two 
more modern combustion devices. However, even the pellet stove, for most of the biofuels, 
does not meet the emission limits stipulated in countries where certification of combustion 
appliances is required (e.g. 50 mg MJ-1 in Denmark and Switzerland; 35 mg MJ-1 for wood 
fuels and 25 mg MJ-1 for pellets in Austria; 27 mg MJ-1 in Germany), although it is believed 
that these emission limits are referred to measurements performed at high temperature, 
excluding condensables. If condensables are taken into account these emission limits might be 
equivalent to 170-150 mg/MJ) according to recent studies that point to an underestimation of 
emission factors (up to 5 times) by the fact that this fraction is not accounted for. Among all 
the biofuels tested, only one type of pellets, with ENplus quality certification, complies with 
the limits. Thus, it is suggested to adopt as much as possible these certification processes, 
either of pellets or of combustion appliances, in Southern European countries. 

Concerning benzo[a]pyrene emission factors (dry basis) for different combustion devices and 
biofuels, results show that, as for PM, the lowest BaP emission factors were registered for the 
pellet stove. The lowest emitting wood species generated more than 8 times higher BaP 
concentrations than pellets. This study shows that flue gas from modern small scale heating 
systems, such as the eco-labelled stove, could produce elevated BaP emissions, especially 
during the combustion of conifer logs. These resinous woods are characterised by higher 
burning rates, which result in very hot flame and short, local drop of oxygen concentration 
during the combustion. Thus, although a “new” combustion technology contributes to the 
reduction of overall PM emissions compared with “old” burning appliances, higher 
combustion temperatures in the modern logwood stoves may lead to higher PAH emissions.  

Within AIRUSE Action B7, the combustion facility of UAVR has been used to test some 
abatement measures. Reduction of emissions from biomass combustion can be achieved by 
either avoiding formation of pollutants (primary measures) or by removal of such substances 
from exhaust gases (secondary measures). 

Aiming at adopting primary mitigation measures, different operating conditions have been 
tested in a woodstove: 
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  Softwood versus hardwood. 
  Split versus non-split logs. 
  Diverse fuel loads (1, 2 and 4 kg). 
  Diverse moisture contents. 
  Two distinct ignition techniques: upside down and bottom up lighting. 
  Injection of secondary combustion air. 

The highest PM10 EFs were recorded for the operation with low loads for both woods. 
Particle EFs increased with increasing fuel moisture content. Secondary air supply produced 
the lowest PM10 emission factors. Top ignition can decrease the PM10 EF to less than half 
when compared with the common technique of lighting from the bottom. 

With respect to secondary measures, two pollution control devices – a catalytic converter 
and an electrostatic precipitator - have been applied to the flue gases of two common 
residential combustion appliances: a woodstove and a pellet stove. For most cases, these tests 
could not document any significant reduction of particulate matter emissions. Although the 
catalytic converter is designed to clean the flue gas, most of the chemical compounds in wood 
smoke are only combustible at temperatures higher than 550-600 ºC. When installed in the 
early part of the chimney, connected to the outlet of the combustion chamber of small-scale 
traditional appliances, these temperatures are hardly achieved. In addition, ash/soot clogging 
and creosote fouling may take place on the surface of the catalyst. In the case of electrostatic 
precipitators, possible particle formation due to condensation of organic compounds, which 
result from poor burnout conditions, may contribute to particle formation downstream the 
charging electrode. This could lead to a higher aerosol load at filter outlet compared to filter 
inlet. Thus, depollution of flue gas from traditional residential combustion equipment, such as 
fireplaces and woodstoves, is very problematic, because of incomplete combustions and high 
emission of condensables. These appliances should be replaced by certified equipment, 
rather than installing flue gas depollution technologies. It should be also noted that the 
installation cost of pollution control technologies, such as those tested in this study, ranges 
between 1,000 and 3,000 €. Moreover, yearly costs for cleaning shall be added. The cost for a 
new stove will for many installations be comparable to the cost for the installation of an 
electrostatic precipitator and the maintenance for some years. Not all the systems could be 
installed on the chimney top on all types of houses and many people will probably not accept 
an electrostatic precipitator in the flue right above the stove due to sparkling noise and 
aesthetic aspects. Without national policies promoting, through financial incentives, the 
replacement of older wood-burning appliances by cleaner home heating, the main focus 
should be on the reduction of particulate emissions by primary measures. 

In summary, results from several measurement studies, together with disaggregation of 
emissions factors by technology and fuel type, lead to quite large differences, especially 
between old-type residential appliances, which dominate in Southern European countries, 
versus modern woodstoves and boilers with higher combustion efficiency. With regard to 
human health, emission requirements for the eco-labelling of small-scale combustion 
appliances for wood logs and pellets must be mandatory in all countries. The requirement 
for selling only certified pellets should also be widespread. The product testing should be 
performed by qualified and recognised laboratories. Similarly to what has already been 
implemented in a few countries, other regulations should be imposed so that aspects such as 
storage of wood logs or pellets and transportation are taken into account.  

It is important to highlight that some woods, wood products and wastes arising from specific 
industrial sectors may be subjected to phyto-treatments with metals and if these products are 
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directly used as biofuels or as raw material for manufacturing pellets, upon burning, the 
emission into the atmosphere of heavy metals, including copper, chromium and arsenic, as 
well as preservatives (e.g. pentachorophenol) will take place. For this reason, it is very 
important to regulate and exclude them from the biomass labelling in terms of combustion. 
The new EC directive on mid-size combustion plants is a good opportunity for this 
classification and labelling. 

The strategies to reduce biomass burning emissions may be of two types: 

1) Educational programmes that advise people what to burn, how to burn, what are the 
less polluting appliances, etc. 

2) Regulatory programmes. These could ban or restrict some biofuels or wastes and 
wood burning devices in new homes, create weatherisation and financial incentives for 
old stove changeouts, conceive enforceable emission reduction programmes, such as 
the establishment of “smoke control zones”, lay down regulations for the wood 
moisture content and for installation of only certified wood burning appliances, force 
the obligation to remove old stoves upon re-sale of a house. 

For areas that do not meet the EC PM and BaP standards, due in part to wood smoke, the local 
jurisdiction may consider banning the use of non-certified woodstoves. National governments 
and regional authorities should support voluntary woodstove and fireplace 
replacement/retrofit programmes to motivate households to replace older technologies with 
safer, more efficient, cleaner burning technologies. A plan for education and outreach to the 
public should definitely be included when introducing burn ban ordinances or wood-burning 
appliance replacement programmes. Financial incentives may be a necessity to encourage 
households to replace or retrofit old wood-burning appliances.  

It is also relevant to point out that, in case of an increased urban use of biomass for domestic 
heating, a programme to properly collect and dispose combustion ashes should be carried out. 

5.3 Industrial emissions 

The recently “Air Quality in Europe” report (EEA, 2014), by the European Environmental 
Agency, identifies the industry as the second largest source of emissions of primary PM10. 
This situation shows the great relevance of focusing efforts in identifying, assessing and 
implementing mitigation strategies in order to reduce pollution coming from different sources 
with the aim at improving air quality in general and protecting at the same time the 
environment and human health. 

Generally, air emissions are divided into two types, depending on the point of emission: 

 Channelled emissions: emissions released into the atmosphere through stacks or flues. 
 Diffuse emissions: emissions not released into the atmosphere through stacks or flues, 

but fundamentally produced by handling bulk solid materials.  

With regard to E-PRTR 2012 data, the sectors and activities that contribute to PM10 
emissions at European level, in a percentage higher than 2%, are: thermal power stations and 
other combustion installations (54.42%), production of pig iron or steel including continuous 
casting (9.15%), manufacture of ceramic products including tiles (7.02%), production of non-
ferrous crude metals from ore (metallurgical) (3.49%), metal ore (including sulphide ore) 
roasting or sintering installations (3.45%), mineral oil and gas refineries (3.44%) and 
production of cement clinker or lime in rotary kilns or other furnaces (2.12%). 
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Considering the AIRUSE industrial activities inventory compiled in the “Report on industrial 
sources contribution”, it has been obtained the number of facilities for each sector and 
activities identified above.  

This report identifies the Best Available Techniques (BATs) for each industrial activity that 
belong to the categories that have the highest impact in PM10 emissions and are present in 
AIRUSE cities. These techniques are included in the European Reference Documents on Best 
Available Techniques (BREFs), drawn up as part of the implementation of the Integrated 
Pollution Prevention and Control Directive (IPPC) currently abrrogated by the Industrial 
Emissions Directive (IED).  

In this sense, the present document addresses the generic and specific BATs for channelled 
and diffuse PM emissions identified for the activities selected. For this purpose, it has been 
consulted the corresponding BREFs and the horizontal BREF developed for diffuse 
emissions. It has been included as well those emergent techniques for PM abatement 
identified in the BREFs consulted.   

The structure of the information related to the BATs is as follows:  

 Generic BATs for channelled and diffuse PM emissions  
 Specific BATs for channelled and diffuse PM emissions  
 Emergent Techniques regarding PM emissions 
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