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Abstract 7 

Ni in PM10 can contribute to health problems such as cardiovascular mortality at low ambient 8 
concentrations, and in the UK is measured through the Heavy Metals Network. Localised 9 
concentrations of nickel in PM10 have resulted in a Sheffield air quality monitoring station exceeding 10 
the EU target value of 20 ng/m3. Two localised sources of nickel have been identified; one relating to 11 
point source emissions, and one relating to fugitive dust emissions. Fugitive dust emissions from a 12 
Sheffield steelworks have therefore been assessed using a novel approach, with six months of sticky 13 
pad and PM10 dust monitoring, and subsequent elemental characterisation of dust and control 14 
samples using ICP-OES and ICP-MS used to inform dust dispersion modelling. Three new fugitive dust 15 
source areas on-site were identified from the dust monitoring and characterisation results. Emission 16 
rates of Ni were estimated from each source, with adjustments made based on the dust monitoring 17 
and characterisation results. Dispersion modelling was undertaken using the new and existing Ni dust 18 
sources and results compared favourably to the previous study. Source apportionment of measured 19 
concentrations was investigated with regard to the modelling and characterisation results and showed 20 
that on-site fugitive dust sources were not significantly different to a fugitive nickel source identified 21 
in previous research. However, both source apportionment results and dust monitoring results show 22 
that Ni concentrations at the local monitoring station were not increased when fugitive emissions 23 
from the study site were highest, or when the winds from the south were most frequent, indicating 24 
that fugitive dust emissions that caused increased concentrations throughout this study period were 25 
derived from sources in the area other than the study site.  26 

Keywords 27 

Dust; PM10; Nickel; Dust monitoring; Dust modelling; Fugitive emissions 28 

1 Introduction 29 

Particulate matter (PM) is measured to agreed standards and in the UK forms part of the national Air 30 
Quality Objectives (AQO) and the overriding National Air Quality Strategy (NAQS)0F

1. The PM10 fraction 31 
of dust is measured in accordance with the PM10 ‘convention’, being particulate matter that passes 32 
through a size-selective inlet with 50% efficiency at 10 µm, and is frequently used as an indicator for 33 
air quality (CEC, 20081F

2) as it is commonly associated with health problems such as cardiovascular 34 
disease and COPD (Caiazzo et al., 20132F

3).  35 

The toxicity and adverse health effects associated with the PM10 fraction of dust can vary significantly 36 
based on the chemical composition of the particles present (e.g. Pinter et al., 20173F

4; Romano et al., 37 
20204F

5). Ni is a toxic metallic element that can be present in PM10 and is associated with industrial 38 
processes including steelworks and metal processes (Suh et al., 20195F

6) and coal combustion (Moreno 39 
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et al., 20196F

7). The main source of emissions to air of Ni in the UK are combustion of heavy fuel oil and 40 
solid fuels derived from petroleum (Defra, 20187F

8). Ni compounds can cause irritation to the thoracic 41 
system and allergic responses can damage the sense of smell. Some evidence suggests long-term 42 
exposure could be linked to respiratory diseases and cancers (WHO, 20108F

9); Ni has been found to 43 
contribute to cardiovascular mortality at low ambient concentrations (Lippmann et al., 20069F

10) and 44 
communities with higher PM2.5 Ni concentrations have been found to have a higher risk of 45 
hospitalisation associated with short-term PM2.5 exposure (Bell, 200910F

11).  46 

Whilst there are currently no objectives for Ni emissions or concentration limit values for public 47 
exposure to Ni in PM10, the European Environment Agency (EEA) set a target value (TV) annual mean 48 
of 20 ng/m3 in its 2004 4th Daughter Directive11F

12. Assessment of Ni levels in PM10 in the UK has 49 
therefore been undertaken by the UK Department for Environment, Food and Rural Affairs (Defra)  50 
since 2004 through the Heavy Metals Network, comprised of 24 monitoring sites measuring weekly 51 
average PM10 concentration of As, Cd, Cr, Co, Cu, Fe, Mn, Ni, Pb, Se, V and Zn using Partisol 2000 and 52 
2025 samplers and subsequent Inductively Coupled Plasma Optical Emissions Spectrometry (ICP-OES) 53 
analysis (Defra, 202012F

13). In 2014, three zones were reported to have exceeded the TV for Ni in the UK; 54 
the Sheffield Urban Area, Swansea Urban Area and South Wales (Defra, 201613F

14). A study by Brookes 55 
and Rose (201614F

15) on concentrations in Sheffield found that the TV for Ni was exceeded at the 56 
Sheffield Tinsley Heavy Metals Network monitoring station in 2004 and 2014 (Grid reference 440238, 57 
390588). Subsequent modelling studies undertaken by Defra (201615F

16) and the National Physical 58 
Laboratory (Butterfield & Goddard, 201616F

17) indicated that the most significant industrial source of Ni 59 
in the area was a steelworks approximately 1 km south of the Tinsley monitoring station, which 60 
included known point source Ni emissions and potential fugitive dust sources which require further 61 
study. 62 

A joint investigation undertaken by King’s College London and Defra17F

18 in 2017 also modelled known 63 
Ni sources around the Tinsley monitoring station and suggested that 47% of the total measured 64 
concentration of Ni in PM10 at Tinsley could be attributed to emissions from the steelworks, equating 65 
to an annual average contribution of 11 ng/m3 at the monitoring study location. Two distinct sources 66 
of Ni were identified: one related to known point sources (i.e. stack emissions), and one estimated to 67 
be from local fugitive dust sources such as vehicle movements, material handling and stockpiles. Other 68 
notable industrial sources of Ni near the Tinsley monitoring station are set out in modelling by Defra 69 
8 and Kings College London and Defra 18 and include a steel strip mill north of Tinsley, a producer of Ni 70 
shot and other smaller industrial operations regulated by the local authority. This paper therefore 71 
describes an investigation using dust monitoring and characterisation to assess fugitive dust emissions 72 
from the steelworks site, enabling modelling of fugitive dust sources in addition to known point 73 
sources. This will fill the shortfall between the known point source contributions from the steelworks 74 
at the Tinsley monitoring station and the estimated total contribution from the site. This technique of 75 
modelling metallic point source and fugitive emissions has also been used successfully in other studies, 76 
such as by Otero-Pregigueiro et al. (201818F

19) and Carter et al. (201519F

20) in modelling Mn emissions from 77 
ferromanganese alloy plants. A six month dust and PM10 monitoring programme, subsequent 78 
characterisation analysis of the Ni content of dust samples using ICP-OES, and dispersion modelling 79 
was therefore used to assess the primary sources of fugitive dust emissions from the site and 80 
investigate the proportion and characteristics of fugitive emissions migrating off site. This enables the 81 
site operator and the relevant regulators to have a better understanding of the source contributions 82 
to the measured exceedances of the Ni TV at Tinsley. This study also aims to demonstrate the novel 83 
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technique of assessing dust levels using passive sticky pad dust monitoring for use in dust dispersion 84 
modelling. 85 

Site setting and operations 86 

The study site is located within the Europa Link industrial estate in Sheffield, UK and is bounded by 87 
several other industrial units (Figure 1). There is a railway siding to the north of the site which allows 88 
transportation of materials to and from site and an asphalt storage facility approximately 130 m north 89 
of the site.  90 

Operations at the site produce a variety of semi-finished stainless steel products for export, and with 91 
the use of Ni and Cr additives, products typically have a high Cr and Ni content, ranging from 0.5% to 92 
26% Cr and 0.25% to 42% Ni. Raw materials in the form of scrap metal and ferro-alloys are transported 93 
to site via road or rail networks where they are stored prior to being charged to an electric arc furnace. 94 
The resultant molten metal is refined and cast into slabs, blooms and billets, which are stored on-site 95 
before being dispatched to customers.  96 

Many of the operations on-site have the potential to generate dust and particulate matter emissions. 97 
These are controlled by the employment of Best Available Techniques (BAT) and are set out in the 98 
site’s environmental permit. There are a number of area sources around the site that are set out below 99 
and could also give rise to emissions to air through wind-whip and scouring, or by resuspension caused 100 
by the movement of heavy goods vehicles (HGVs) and other site vehicles. The site areas are shown in 101 
more detail in Figure 2. 102 

2 Methods 103 

Dust monitoring 104 

A dust monitoring programme was designed to investigate the dispersion of PM10 and dust from area 105 
sources at the study site. A site inspection was undertaken to observe and investigate potential 106 
sources of fugitive dust on site and areas were reviewed after discussions with site workers. Locations 107 
were subsequently chosen around the site to monitor the largest potential suspected sources of 108 
fugitive dust, including at the landfill area to the south where steel slag was deposited, near the main 109 
working areas at the centre, north and north-east of the site, and 200 m to the north of the site. 110 
Monitoring was used to investigate dust emissions from: 111 

• HGV movements and resuspended road dust 112 
• Material storage stockpiles 113 
• The landfill area 114 
• Off-site sources 115 

Monitoring was also undertaken off-site to the north to measure any emissions that could potentially 116 
be migrating from the study site towards the Tinsley monitoring station.  117 
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 118 

Figure 1: Site location, location of Tinsley monitoring station and dust monitoring locations 119 

DustScan DS100-D combined directional and depositional sticky pad dust monitoring gauges were 120 
installed at the four on-site locations (a photograph of the monitor can be seen in Bruce, Smith & 121 
Fowler (202020F

21). The directional unit is cylindrical and collects dust in flux from 360° around the 122 
sampling head, whilst the depositional component (the ‘DustDisc’) slots in above the directional 123 
sampling head. Directional results are reported in discrete 15° intervals (i.e. 0 – 15°, 15 – 30° and so 124 
on) and the depositional unit collects dust that deposits from the air onto a horizonal surface. Samples 125 
are taken over weekly intervals and are returned to DustScan for processing where they are sealed 126 
using a transparent film and scanned using a flatbed scanner for analysis (Datson and Birch, 200721F

22). 127 
Depending on dust levels in the monitoring area, these monitors can collect up to 100 mg of dust in 128 
heavily soiled samples that can be removed for further analysis. 129 

DustScan DS500X-D combined PM10, directional and depositional dust monitors were installed at two 130 
off-site locations. The equipment used combines all the aspects of a DS100-D monitor with a 131 
gravimetric PM10 filter reference sampler. DS500X samplers utilise a certified size-selective inlet jet 132 
impactor system to sample and collect PM10 from ambient air and retain it on a filter paper for 133 
subsequent quantification. The device is typically used over seven-day intervals and, as a filter 134 
reference sampler, collects a physical sample of dust for analysis using geochemical techniques.  135 

The equipment was installed in April 2018 and samples were collected for six months on a weekly 136 
basis. Following completion of the monitoring, characterisation analysis was carried out on selected 137 
dust and PM10 samples to determine the composition relative to those at Tinsley and the potential 138 
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sources of dust. Dispersion modelling was carried out to map the potential pathway of dust sources 139 
from site and to investigate the impact of other dust emission sources that have not been considered 140 
in earlier work. 141 

Control samples 142 

Three control samples from suspected dust sources on site were collected for subsequent analysis and 143 
comparison with PM10 and dust samples. Two samples were taken from the landfill area to the south 144 
of the site (“Steelmaking Slag” and “Filter Cake”) and one road sweeping was taken from the surface 145 
of the main working area where HGVs movements were highest and near large stockpiles of scrap 146 
metals (“Primary Dust”). Samples from the landfill site were from the Filter Cake, the product of an 147 
acid neutralisation process undertaken at a nearby site mixed with waste refractory materials, and 148 
from the Steelmaking Slag, a by-product produced on site during steelmaking from separation of the 149 
molten steel from impurities in the furnace.  150 

 151 

Figure 2: Locations of control samples, dust monitoring locations and areas of the site 152 

Analysis 153 

Directional and depositional sticky pad samples were measured for dust soiling (EAC%) and coverage 154 
(AAC%) (Datson and Birch, 2007). The quantity of dust and potential risk of annoyance through 155 
directional dust and dust settlement at each sampling location was also assessed in accordance with 156 
a ‘risk’ matrix such as that used in guidance by the UK Institute of Air Quality Management in 201822F

23 157 
and a report for the Mineral Industry Research Organisation in 201123F

24. 158 
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Gravimetric PM10 samples were collected over seven-day intervals at two locations over the 159 
monitoring period, although the monitor at DMP6 was relocated to DMP7 (approximately 100 m 160 
distance) during the study period for logistical reasons.  161 

Other Data 162 

Data provided by the site operator and the EA were also used in this study, including those from a 163 
real-time PM10 monitor owned by the study site, co-located at DMP5. The EA provided weekly Ni 164 
average concentrations recorded at the Tinsley Monitoring Site for the duration of the project. It 165 
should be noted that, for logistical reasons beyond this studies control, Ni concentrations measured 166 
at Tinsley had 7-day monitoring periods that were typically different by up to 24 hours compared to 167 
the 7-day monitoring periods used for dust monitoring in this study. Concentrations between monitors 168 
can therefore be compared carefully with reference to this on the understanding that any emissions 169 
towards the end of each 7-day period may fall within the next monitoring period; however, general 170 
trends are still very likely to be consistent between monitors. 171 

Weather data from Doncaster Sheffield Airport, approximately 27 km north east of the site, were used 172 
in the dispersion model. Due to the flat terrain surrounding the site, detailed terrain data was not 173 
included, and a uniform surface roughness of 0.5 m was used, as appropriate for open suburbia. A 174 
minimum Mono-Obukhov Length of 30 m was used for the dispersion site, appropriate for mixed 175 
urban/industrial areas. 176 

Dust Characterisation 177 

Dust characterisation was undertaken to determine the composition of on-site dust sources both from 178 
dust monitoring and control samples, and to determine potential sources of dust deposited at off-site 179 
receptor locations. 180 

Selected directional dust and PM10 samples were analysed to quantify elemental composition using 181 
ICP-OES and Inductively Coupled Plasma Mass Spectrometry (ICP-MS). Samples were filtered onto 182 
mixed cellulose ester filter papers and underwent a total digestion using nitric, hydrochloric and 183 
hydrofluoric acids (8:3:2ml) in sealed vessels within a CEM Mars 5 microwave digestion system. 184 
Resultant solutions were gradually evaporated to near dryness before being taken up in 10 ml of 50% 185 
v/v nitric acid and made to a final volume of 50 ml. Quantification of elemental abundance was 186 
undertaken using a combination of a Thermo Scientific iCAP 6500 ICP-OES (for major elements) and a 187 
Thermo Scientific X Series 2 ICP-MS operated in KED mode (for minor elements). Calibration was 188 
achieved via multi-element, matrix matched, ICP grade single element; calibration lines have a best fit 189 
regression line of >0.996. Instrumental precision by repeat measurement was better than 2% for ICP-190 
OES measurements and better than 5% for ICP-MS measurements and accuracy for this method has 191 
been validated using certified reference materials by Fowler et al (2007 26). 192 

Sample Selection 193 

Samples were selected for further analysis and characterisation based on dust and PM10 monitoring 194 
data from the site and Ni monitoring data from Tinsley. Two monitoring periods were chosen to focus 195 
on; when concentrations for Ni at Tinsley were highest during the study period (10 – 17 May) and 196 
winds were mixed, and when Ni concentrations at Tinsley and PM10 concentrations at the study site 197 
were average for the study period but during the peak summer period and when winds were most 198 
frequent from the south (26 July – 2 August), as shown in Figure 3.  199 
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 200 

  201 

Figure 3: Wind roses for selected monitoring periods; 10 – 17 May (left) and 26 July – 2 August (right) 202 

Selected directional dust arcs from towards the site were analysed as shown in Figure 4 and set out in 203 
Table 1 to investigate the proportion of material that could potentially be associated with the site and 204 
the concentration of key elements, including Ni. 205 

 206 

Figure 4: Site map with directional dust monitoring arcs chosen for further analysis (with DMP6 inset) 207 
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Table 1: Directional dust samples chosen for characterisation analysis and suspected dust sources in the 208 
chosen direction 209 

Period Location Direction Suspected dust source(s) 

Week 3  
(10 - 17 May) 

DMP 2 300° - 360° Product and dispatch area 
Haul roads 

DMP 3 180° - 240° Stockyard 
Haul roads 

DMP 4 120° - 180° Delivery area 
Haul roads 

DMP 5 105° - 165° Stockyard 
Haul roads 

DMP 6 120° - 180° Off-site dust for comparison 

Week 14 
(26 July - 2 

August) 

DMP 1 135° - 195° Landfill area 

DMP 2 165° - 225° Haul roads 

DMP 3 135° - 195° Stockyard 
Haul roads 

DMP 4 165° - 225° Delivery area 
Haul roads 

DMP 5 120° - 180° Stockyard 
Haul roads 

DMP 7 120° - 180° Off-site dust for comparison 

Dispersion modelling 210 

Dispersion modelling was undertaken using commercial software ADMS 5, a new generation gaussian 211 
plume model frequently used for detailed assessments of industrial emissions and for environmental 212 
regulatory purposes (CERC, 202024F

25).  213 

ADMS 5 uses line, area, point, volume and jet source input types to model specified pollutant 214 
dispersion from domestic and industrial sources; calculation of these parameters is set out below. 215 
Hourly sequential meteorological data for 2018 was used from Doncaster Sheffield airport (the 216 
nearest suitable measurement station) and model results were output in a 4 x 4 km grid at a 40 m 217 
resolution surrounding the study site. 218 

Point source emission rates from stack emissions on-site were supplied by the site operator and used 219 
in the model and are shown in Table 2. The location and dimension of buildings input into the model 220 
are shown in Table 3. 221 

All Ni emissions were modelled as PM10 using the ADMS default parameters with the exception of 222 
density, estimated at 8500 kg/m3. Dry and wet deposition of particles were not considered in this 223 
assessment, in line with Defra modelling studies in this area. 224 

Calculation of dispersion modelling parameters 225 
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Dust monitoring and characterisation data were used to attribute new dust emissions sources from 226 
other areas around the study site. Site observations, the technical knowledge of on-site staff, vehicle 227 
traffic and product movements and, primarily, directional dust monitoring results were used to inform 228 
new area emissions sources for input into the model. Four main areas of the site were identified that 229 
had a combination of high traffic movements, leading to increased potential for resuspended dust by 230 
HGVs and other on-site vehicles, and material handling and storage of potentially dusty materials. 231 
Directional dust monitoring results were evaluated to investigate the significance of these sources of 232 
dust across the site. 233 

 234 

 235 

Figure 5: Area and point source locations and buildings used in the model 236 

Table 2: Point source emission locations and model variables used in the model 237 

Grid reference Height 
(m) 

Temperature 
(°C) 

Diameter 
(m) 

Flow 
rate 

(m³/s) 
Emissions 

(g/s) Building 

440408 389259 27 60 21.4 450 4.95E-02 E 

440383 389296 46 80 1.6 12.3 2.09E-05 E 

440472 389224 21 25 0.8 6.7 5.52E-04 C 
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440499 389287 21 25 0.8 8.3 5.52E-04 C 

440523 389301 21 25 0.8 8.9 5.52E-04 C 

440511 389370 21 25 0.32 0.4 5.52E-04 C 

440412 389128 43 40 17.2 350 9.22E-03 E 

440265 389210 43 40 11.7 129 3.26E-03 E 

440376 389286 18.5 40 2.2 4.4 1.31E-04 E 

440508 389169 37 30 1.32 12.3 3.93E-03 AB 

440550 389351 22 25 0.6 3.4 2.67E-04 C 

440241 389176 40 30 1.33 20.4 3.67E-05 E 

440249 389171 40 30 1.33 13.4 4.69E-05 E 

440388 389270 18.5 20 0.1 0.14 3.08E-06 E 

 238 

Table 3: Location and dimensions of buildings in the model  239 

Location of 
centre point of 

building Height (m) Length 
(m) 

Width 
(m) 

Angle from 
north (°) 

Building 
reference 

x (m) y (m) 
440331 389173 42 306 76 302 E 
440479 389279 20 250 35 212 C 
440467 389166 18 61.47 51.48 302 AB 
440404 389251 23 38 32 300 D 

 240 

Source apportionment of Ni in PM10 241 

Meteorological data 242 

Meteorological data were used to assign a proportion of the measured Ni concentration at Tinsley 243 
each week to emissions from the south and towards the study site. Hourly wind speeds were binned 244 
based on direction and those > 1 m/s were split into south (170° – 190°), west (200° – 310°) and east 245 
(320 – 160°) to replicate previous source apportionment wind directions 18. Samples were weighted 246 
using Equation 1 to account for the Ni concentrations assigned from each direction; for example, to 247 
allow for the fact that 11.6% of winds, but 46.9% of Ni emissions, were from the south. Weightings 248 
use the values in Table 4 and are consistent with the scaling factor previously used by Defra 8. Table 4 249 
shows that wind speeds during this study period were consistent with those during the Defra source 250 
apportionment period; therefore, the weighting adjustment based on that period has been used. 251 

The estimated weekly measurement of Ni at Tinsley that could potentially be attributed to the south, 252 
and therefore the study site, was produced for the study period by calculating the approximate 253 
southern, western and eastern apportionment per monitoring period. An example calculation is 254 
shown in Table 5. 255 
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Equation 1: weighting adjustment (𝑐𝑐) = 1
𝑎𝑎

× 𝑏𝑏 256 

Table 4 : Weighting by wind direction and adjustment calculations 257 

Wind direction South 
(170° - 190°) 

West 
(200° - 310°) 

East 
(320° - 160°) 

Proportion of winds speeds 
during this study period (for 
reference) 

11.0% 44.4% 44.6% 

Proportion of wind speeds during 
the Defra source apportionment 
period (a) 

11.6% 40.7% 47.6% 

Defra source apportionment from 
each direction (b) 46.9% 13.6% 39.6% 

Weighting adjustment (c) 4.03 0.34 0.83 
 258 

Table 5: Example calculation of south apportionment at Tinsley 259 

Week  
Tinsley 

Ni 
(ng/m3) 

Southern 
winds 

(southw) 

Adjusted 
southern 

proportion 
(southw x 

cs) 

Weekly 
correction1 

𝟏𝟏
𝚺𝚺 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒘𝒘 𝒆𝒆𝒆𝒆𝒔𝒔𝒔𝒔𝒘𝒘 𝒘𝒘𝒆𝒆𝒔𝒔𝒔𝒔 𝒘𝒘

  

Tinsley - 
South 

(ng/m3) 

1 21.90 10.7% 43.2% 1.003 9.50 
2 18.49 21.4% 86.4% 0.784 12.54 
3 26.88 4.8% 19.2% 1.259 6.50 
4 19.31 6.6% 26.7% 0.978 5.05 
5 17.26 0.0% 0.0% 1.203 0.00 
6 8.64 2.4% 9.7% 1.209 1.01 
7 13.69 3.6% 14.5% 1.113 2.21 
8 6.02 16.1% 64.8% 1.060 4.14 
9 18.43 1.8% 7.2% 1.585 2.10 
10 10.34 0.6% 2.4% 1.180 0.29 
11 11.34 2.4% 9.7% 1.217 1.34 
12 9.16 7.2% 29.2% 1.219 3.26 
13 10.32 7.1% 28.8% 1.456 4.33 
14 11.89 27.5% 111.1% 0.643 8.49 

Footnote: 1 To ensure the sum of the estimated south, west and east apportionments match the Tinsley concentration. 260 

Binary mixing model 261 

Kings College London (201718) used Positive Matrix Factorisation (PMF) to identify two distinct sources 262 
of Ni at Tinsley; one related to point source dust emissions in the area and characterised by high 263 
concentrations of Ni and Mo (hereafter “Source 1”), and one estimated to be from local fugitive dust 264 
sources and characterised by high concentrations of Cr and Mn (hereafter “Source 2”). The use of PMF 265 
allowed the study to identify and characterise potential significant sources of Ni without any prior 266 
information regarding source composition. Source 1 and Source 2 were estimated to account for 267 
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76.6% and 23.4% of Ni concentrations at Tinsley, respectively. The study site was estimated to account 268 
for 46.9% of Ni concentrations at Tinsley, and this was estimated to be comprised of 31.4% of Source 269 
1 emissions (i.e. stack emissions) and 15.5% of Source 2 emissions (i.e. fugitive emissions). 270 

A binary mixing model has therefore been designed to investigate the proportions of Source 1 and 271 
Source 2 material from the study site using the ICP-OES data. Binary mixing models allow the 272 
contribution of two proportions of a sample from two different sources (‘end members’) with distinct 273 
chemical compositions to be assessed, and have been used in previous dust source apportionment 274 
studies (e.g. Datson and Fowler, 200725F

26; Fowler et al, 201026F

27). Firstly, key elements consistently above 275 
detection limits were identified that distinguished between the two previously identified Ni sources. 276 
Fe was chosen as the elemental marker for the Ni Mo source, as Mo data was not available from the 277 
ICP-OES data, and Ni could not be used as it was prominent in both sources. Mn and Cr were chosen 278 
as markers for the alternative Ni source as these were identified as the main components aside from 279 
Ni. Differences were plotted using the ratios of Fe/Cr and Fe/Mn.  280 

3 Results 281 

Directional Dust Monitoring 282 

Directional dust monitoring results are visually summarised in Figure 6, with full data tables available 283 
in supplementary materials (Bruce et al, 202127F

28). The figures show the directional dust rose plots on 284 
an annotated diagram of the site to show the dust direction and ‘risk’ count.  285 

The most significant directional dust results occurred at DMP3 with ‘High’ dust levels measured from 286 
the south and southwest, approximately from the direction of the main stockyard and material 287 
storage area. Dust levels at DMP2 were also primarily from towards the dispatch area to the 288 
southwest, west and northwest. In addition, DMP4 regularly showed ‘High’ levels of dust emissions 289 
from the delivery area towards the south. 290 

By comparison, directional dust readings recorded at other monitoring locations were significantly 291 
lower. Dust levels were mostly ‘Very Low’ at DMP1, indicating that dust emissions from the landfill 292 
area were not significant in comparison to other nearby areas.  293 

At DMP5 and DMP7, most dust levels were ‘Very Low’, indicating minimal dust flux in their respective 294 
locations, and at DMP6 directional levels were also ‘Very Low’ apart from towards the north east 295 
towards a nearby motorway.  296 

In summary, the delivery, dispatch and stockyard areas were therefore identified as the most 297 
significant fugitive dust sources on the site for the modelling to consider. The landfill area was also 298 
included as a less significant source. 299 
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 300 

Figure 6: Summary of directional dust results 301 

Emissions from the three new fugitive dust area sources were added to the model in addition to the 302 
existing point sources (Table 2) and the stockyards area source (Figure 5).  303 

PM10 emission estimations for each new source area were calculated according to US EPA AP4228F

29 304 
emission factors for Paved Roads (section 13.2.1), Unpaved Roads (13.2.2) and Aggregate Handling 305 
and Storage Piles (13.2.4), using vehicle traffic numbers from the site operator, with the method of 306 
calculation for each source shown in Table 7. Paved Road emission calculations are based on the 307 
average quantity of particulate emissions from resuspension of loose material on the road surface, 308 
and calculations used an average road surface silt loading of 9.7g/m2, suggested by the guidance as 309 
typical for iron and steel production sites. 310 

Area source emission rates were corrected for Ni content using dust monitoring and control sample 311 
characterisation results (available in the supplementary material as a Mendeley dataset), as shown in 312 
Table 6, and are presented in Table 7. As a conservative measure, the proportion of Ni in emissions 313 
from the Delivery and Dispatch sources was taken from the control sample material (Primary Dust), 314 
which had a significantly higher proportion of Ni (3%) than nearby dust samples (0.2 – 1.5%). It is 315 
considered that dust samples will have diluted proportions of Ni due to other dust sources in the area 316 
with lower proportions of Ni. 317 

As emission calculations from aggregate handling and storage piles depend on mean wind speeds per 318 
hour, emissions for the Landfill area source were initially entered in the model as hourly time varying 319 
emissions rates for the study period. However, model sensitivity testing revealed that emissions from 320 
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aggregate handling were so low they essentially had no impact on results. To avoid unnecessary model 321 
computation, an average emission rate for the study period was therefore used instead. 322 

Table 6: Ni proportions in dust 323 

Area source 
Estimated Ni 
content of PM10 
emissions 

Based on proportion from 

Landfill 0.05% DMP5, Landfill samples 
Delivery 3.00% Primary Dust sample 
Dispatch 3.00% Primary Dust sample 

 324 

Table 7: Area source emission rates and calculation methods 325 

Source AP42 
methodology 

Height 
(m) a 

Temperature 
(°C) b 

Flow rate 
(m3/s) 

Ni PM10 
emissions 

(g/m2/s) 
Stockyard n/a c 0 15 0 2.20E-07 

Landfill 

Unpaved 
Roads 
Aggregate 
Handling and 
Storage Piles 

0 15 0 2.24E-10 

Delivery Paved Roads 0 15 0 4.13E-07 
Dispatch Paved Roads 0 15 0 8.63E-08 

Footnotes: a Area source heights of 0.5m were tested but had no impact on model results. 326 
b Area source ambient temperature was also tested but had no impact on model results. 327 
c This emissions area source was provided by the site operator from an internal report. 328 

Temporal variation 329 

Results at DMP3, the highest on-site, were also used to assess fugitive dust emission temporal 330 
variations during the study period from the site towards the north. A plot showing weekly dust levels 331 
at DMP3 from the south, and therefore towards Tinsley, is shown below in Figure 7, and shows three 332 
periods when fugitive emissions were measured to be highest (> 2.5% EAC per day); weeks 7 and 8 (7 333 
– 14 and 14 – 21 June), week 16 and 17 (9 – 16 and 17 – 23 August) and week 21 (13 – 20 September). 334 
These monitoring periods were considered with regard to source apportionment results. 335 
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 336 

Figure 7: DMP3, average %EAC per day, south arcs only (165 - 195°)  337 
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Dust and control sample composition 338 
The ICP-OES results for directional dust, PM10 and control samples are set in the supplementary 339 
material. Results show that the Primary Dust sample contained a high proportion of Cr (86,056 ppm), 340 
a key marker for Source 2 material. The directional dust samples from the main on-site locations 341 
(DMP2 - 4) contained a higher proportion of both Cr and Mn than those off-site (DMP5 – 7) or near 342 
the landfill area (DMP1), indicating that the main site area was a significant emission source of fugitive 343 
Cr and Mn emissions. Directional dust samples from towards the stockyard (DMP3), product and 344 
dispatch area (DMP4) and delivery area (DMP2) from 26 July to 02 August contained the highest 345 
concentrations of both Cr and Mn across all dust samples.  346 

Binary mixing model 347 

As precise elemental compositions of source materials were not available from the Kings College 348 
London study 18, control and dust samples collected from the site were used to assess potential end 349 
members in the mixing model. Figure 8 shows samples for all monitoring periods from 25 April  - 02 350 
May (week 1) to 19 - 26 September (week 22) at Tinsley on a binary mixing model, in addition to the 351 
directional dust and PM10 samples analysed from weeks 3 (10 – 17 May) and 14 (26 July – 2 August). 352 
Mixing lines using three different end members for fugitive dust composition (Source 2) are shown; 353 
using average site dust composition (from DMP1, 2, 3 and 4), using PM10 composition at DMP5 (the 354 
nearest PM10 sample to the site), and using Primary Dust composition from the control samples. End 355 
member composition for Source 1 material has been estimated from the Kings College London PMF 356 
model as relatively abundant in Fe and deficient in Cr and Mn in comparison with Source 2 material.  357 

 358 

Figure 8: Binary mixing model with potential Source 2 end members and potential mixing lines from each 359 
source material (average site dust, primary dust and PM10 from DMP5) 360 
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PM10 composition at DMP5 and average site dust composition were chosen as upper and lower 361 
bounds for the mixing model and between them create a mixing field. Figure 9 shows the final mixing 362 
model with increments at 10% intervals between Source 1 and Source 2 composition. The model 363 
therefore indicates which source each sample is compositionally closest to. 364 

 365 

 366 

Figure 9: Final binary mixing model including selected control samples, upper and lower mixing lines and 367 
indicative percentages of Source 2 composition 368 

Source apportionment 369 
The model indicates that samples closer to the bottom left have a composition closer to Source 1 370 
material (i.e. relatively enriched in Fe and deficient in Mn and Cr) and samples closer to the top right 371 
have a composition closer to Source 2 material (i.e. relatively enriched in Mn and Cr and deficient in 372 
Fe). The filter cake sample from the site is also plotted in Figure 9 to show its composition relative to 373 
other samples. The ratio of Source 1 to Source 2 material for each Tinsley monitoring period has been 374 
derived from the model and is shown in Table 8. 375 

The mixing model and subsequent derived proportion of Source 1 material in Table 8 shows that the 376 
monitoring periods with composition potentially closest to the Source 2 material were week 1 (25 377 
April - 02 May) and week 3 (09 – 16 May), which also coincide with the two highest weeks of Ni 378 
concentrations monitored during this study period (21.9 and 26.9 ng/m3 for weeks 1 and 3, 379 
respectively). Similarly, the two monitoring periods at Tinsley with the lowest Ni concentrations during 380 
the study period (3.1 ng/m3 during week 15 [01 – 08 August] and 5.2 ng/m3 during week 18 [22 – 29 381 
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August]) coincide with the highest proportion of samples with a similar composition to Source 1 382 
material.   383 

The analysis of directional dust samples and PM10 samples from the study site therefore had a stronger 384 
relationship with Source 2 elements than Source 1. Both Filter Cake and Primary Dust samples 385 
collected on-site also had an elemental composition similar to dust samples collected on-site and to 386 
the end member material. The binary mixing model therefore shows that whilst the elemental 387 
composition of dust at Tinsley varied throughout the study period, monitoring periods when Ni 388 
concentrations were highest had an elemental composition closer to Source 2 and therefore closer to 389 
the study sites fugitive dust composition. 390 

Table 8 shows the results for the source apportionment of Tinsley data using Equations 1 and 2 above 391 
and Figure 10 presents a scatter plot of the southern apportionment against the Ni concentration at 392 
Tinsley. Results show a very weak negative correlation, indicating that Ni concentrations at Tinsley 393 
were not significantly affected or were slightly decreased when apportionment from the south was 394 
highest during this study period.  395 

Table 8: Tinsley data with weekly source apportionment 396 

Week Start End Tinsley ng/m3 
South apportionment  Proportion Source 2 

from mixing model ng/m3 Proportion 
1 25/04/2018 02/05/2018 21.90 9.50 43% 33% 
2 02/05/2018 09/05/2018 18.49 12.54 68% 19% 
3 09/05/2018 16/05/2018 26.88 6.50 24% 26% 
4 16/05/2018 23/05/2018 19.31 5.05 26% 9% 
5 23/05/2018 30/05/2018 17.26 0.00 0% 15% 
6 30/05/2018 06/06/2018 8.64 1.01 12% 9% 
7 06/06/2018 13/06/2018 13.69 2.21 16% 15% 
8 13/06/2018 20/06/2018 6.02 4.14 69% 6% 
9 20/06/2018 27/06/2018 18.43 2.10 11% 10% 
10 27/06/2018 04/07/2018 10.34 0.29 3% 12% 
11 04/07/2018 11/07/2018 11.34 1.34 12% 13% 
12 11/07/2018 18/07/2018 9.16 3.26 36% 7% 
13 18/07/2018 25/07/2018 10.32 4.33 42% 9% 
14 25/07/2018 01/08/2018 11.89 8.49 71% 9% 
15 01/08/2018 08/08/2018 3.05 1.82 60% 1% 
16 08/08/2018 15/08/2018 6.25 4.55 73% 4% 
17 15/08/2018 22/08/2018 7.30 4.36 60% 7% 
18 22/08/2018 29/08/2018 5.24 3.12 60% 5% 
19 29/08/2018 05/09/2018 15.35 7.75 50% 19% 
20 05/09/2018 12/09/2018 12.97 8.61 66% 10% 
21 12/09/2018 19/09/2018 14.70 11.13 76% 18% 
22 19/09/2018 26/09/2018 8.01 5.46 68% 16% 

Average for study period 12.57 4.89 43%   12% a 
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Footnote: a 12% as an average of each monitoring period; however, accounting for the concentration 397 
during each period gives an average Source 2 estimation of 1.89 ng/m3, or 15% of the study period 398 
average. 399 

 400 

Figure 10: Tinsley Ni concentration compared to south apportionment, with trendline and equation 401 

Dispersion modelling 402 
Summaries of the modelling results are presented in Table 9 and Table 10 and results for the Ni 403 
dispersion model for all sources are shown in Figure 11 before adjustment. The tables show a good fit 404 
with predicted long-term source-apportioned concentrations at Tinsley after emission rates were 405 
adjusted.  406 

Total modelled emissions from the site were at similar levels to those found in previous studies18. A 407 
long-term adjustment factor for average Ni emissions from the site of 0.46 was applied to give an 408 
average source contribution of 4.89 ng/m3 at Tinsley for the study period. Adjustment factors are 409 
frequently used in the verification process for dispersion modelling studies to ensure that model 410 
predictions are representative of monitoring data (Defra, 201029F

30). Calculation of adjustment factors 411 
is explained in Defra guidance TG16 (Defra, 201830F

31) and is typically undertaken by graphing modelling 412 
and monitoring results, deriving a trend line for the data (y=mx) and checking for systematic under or 413 
over prediction. Where either is present, modelling results are corrected using the regression 414 
correction factor (m); this technique was used in this study.  415 

Short-term adjustment factors were also used to facilitate short-term emission rate model 416 
adjustments for the two characterisation monitoring periods to assess short-term dispersion 417 
predictions and are presented in Table 9. Although these limited results show that the model requires 418 
significant adjustment in short-term emission rates for results to be accurate in comparison to short-419 
term monitoring, they also demonstrate that, after emissions are adjusted, dispersion towards Tinsley 420 
is accurately predicted. This indicates that the model and emission source location setup are suitable, 421 
but that the dust source emission rates require refinement to be useful in short-term comparisons. 422 

y = -0.0149x + 0.6176
R² = 0.121

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

0 5 10 15 20 25 30

Ap
po

rt
io

nm
en

t f
ro

m
 so

ut
h

Tinsley Ni concentration (ng/m3)



20 
 
 

 

Comparing long-term predictions, however, it can be seen that the modelled emissions are more 423 
accurate as a whole, with a long-term adjustment factor of 0.46, indicating that the model is over-424 
predicting emissions from the site. The new area sources added in this study revealed that the delivery 425 
and dispatch areas had similar predicted concentrations of Ni PM10 emissions. Emissions from the 426 
dispatch area were reduced in comparison, and emissions from the landfill area had a negligible 427 
impact on concentrations. This is also reflected in the dust monitoring results, with very low fugitive 428 
emissions measured from towards the landfill area. 429 

 430 
Figure 11: Dispersion of Ni from all modelled sources before adjustment, presented as an average for the 431 
study period 432 

Table 9: Source apportionment on short-term and long-term averages at the Tinsley monitoring station 433 

 Source contribution 
Ni concentration at Tinsley (ng/m3) 

Long-term Short-term 
Study period Week 3 Week 14 

Modelled total before 
adjustment 10.66 4.84 30.39 
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Table 10 shows the measured and modelled dispersion of Ni from the study site for the two monitoring 434 
periods with Ni PM10 data from DMP5 and DMP6/7, and demonstrates that modelled dispersion 435 
patterns from the site were good after emission rates were amended using the short-term adjustment 436 
factors, with model results showing a significant drop-off of Ni levels away from the steelworks site, 437 
consistent with the dust monitoring data. 438 

Table 10: Measured vs. adjusted modelled Ni concentrations at DMP5, DMP6 and Tinsley for selected 439 
monitoring periods. Measured concentrations at Tinsley are shown with the estimated source apportioned 440 
concentration from the south shown in parentheses. 441 

a Below Detection Limit 442 

Sensitivity testing 443 
Model sensitivity testing was undertaken on several factors (some of which are set out in Table 7), 444 
including the impact of variable source emission rates on model results. Variable emission rates for 445 
both the existing point sources and for area sources were explored, with emissions limited to the main 446 
site delivery hours.  447 

Sensitivity testing results for modelling with and without constant emission rates from all sources are 448 
presented in Figure 12 after adjustment and show that temporal variations in constant source 449 
emissions were much more accurate when compared to measured concentrations (r2 0.76 and 0.47 450 
respectively). Modelling results were therefore significantly improved with continuous emission rates, 451 
with time varying emissions also decreasing modelled off-site concentrations by of approximately 452 
89%, despite a decrease in total emissions of approximately 63%. Although this general decrease in 453 
average emissions could be accounted for by increasing model emission rates, the poorer temporal 454 

Model adjustment 
factor 0.46 2.30 0.11 

Delivery area 0.69 (14%) 1.05 0.29 
Dispatch area  0.21 (4.2%) 0.30 0.14 
Landfill area 0.00 0.00 0.00 
Stockyard area  0.75 (15.4%) 0.99 0.47 
Point sources  3.25 (66%) 8.80 2.45 
Total 4.89 11.14 3.34 

Monitoring period Location 
Ni concentration (ng/m3) 

Measured Modelled 

Week 3 

DMP5 109.62 108.74 
DMP6 10.48 12.97 

Tinsley  
(south apportionment) 

26.88  
(6.5) 11.14 

Week 14 

DMP5 21.24 24.73 
DMP7 BDL a 10.66 

Tinsley  
(south apportionment) 

11.89  
(8.49) 3.34 
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relationship with monitored values indicates that a constant release better captured the monitoring 455 
data.  456 

 457 

Figure 12: Tinsley measured (after source apportionment applied) and adjusted modelled concentrations for 458 
constant source emissions compared to time varying emissions from all sources 459 

4 Discussion 460 

Dust monitoring results were successfully used to assess emissions from area sources of fugitive dust 461 
on-site and to help input emission rates into the model. Good comparisons of model results against 462 
existing studies also validate this novel method of assessing and modelling dust emissions. The model 463 
results show that of the four main area sources that were studied (the stockyard, landfill, delivery and 464 
dispatch areas), the stockyard and delivery areas had the highest proportion of potential fugitive PM10 465 
emissions. Emissions from these areas are likely to have come from a combination of vehicle 466 
movements and wind-blown dust from stockpiles and exposed surfaces, including Primary Dust 467 
resuspended from haul routes. 468 

Source apportionment results indicate that dust samples collected at ground levels near the site are 469 
more similar in elemental composition to Source 2 (Ni/Cr) than Source 1 (Ni/Mo) material. This 470 
suggests that fugitive dust from the study site may be a source of Source 2 type Ni emissions, as 471 
indicated by previous studies. Average source apportionment at Tinsley matches well with previous 472 
studies; the study site was previously estimated to contribute an average of 46.9% to Ni 473 
concentrations (Kings College London, 2017), and this study presents a weekly average contribution 474 
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of 45%. The binary mixing model also suggested an average contribution of 15% Source 2 emissions 475 
for the study period, comparing favourably to the previous estimates of 15.5% from the study sites 476 
Source 2 emissions or 23.4% from all Source 2 type emissions. 477 

The binary mixing model also indicates that, during this study period, Ni concentrations measured at 478 
Tinsley were highest when Source 2 emissions were elevated in comparison to Source 1 emissions. 479 
However, there was a very weak negative correlation between Ni concentrations at Tinsley and source 480 
apportionment from the south, indicating that the Source 2 emissions responsible for these increased 481 
concentrations were derived from emissions in the area other than the study site during this 482 
monitoring period. This can also be seen in week 5 when there were no southerly winds, but source 483 
apportionment shows that Source 2 type Ni was present at Tinsley, indicating an impact from other 484 
sources with a similar composition. It is also possible that dust from the site or other similar sources 485 
was deposited near the monitor during a previous period and was resuspended near the monitor by 486 
strong winds or road traffic. 487 

Concentrations at Tinsley and Ni source apportionment results can also be compared to fugitive dust 488 
emissions measured from the site. DMP3 recorded three distinct periods when potential fugitive 489 
emissions were highest from the site towards Tinsley; weeks 7 and 8 (7 – 14 and 14 – 21 June), week 490 
16 and 17 (9 – 16 and 17 – 23 August) and week 21 (13 – 20 September). The average Ni concentration 491 
at Tinsley for these periods combined (9.59 ng/m3) is below the average for the whole study period 492 
(12.57 ng/m3), indicating that despite higher fugitive dust emissions from the site during these periods, 493 
concentrations at Tinsley were not significantly affected. This can be emphasised further by 494 
summarising the month of August, where Ni concentrations at Tinsley were consistently at their 495 
lowest (5.46 ng/m3 from 1 – 29 August) despite winds occurring more often from the south (15% 496 
southerly winds from 1 – 29 August compared to an 11% average for the study period) and during the 497 
peak of summer when fugitive dust emissions were measured to be amongst the highest towards the 498 
north at monitoring point DMP3 (Figure 7). 499 

Although the average contribution from the study site and the average proportion of Source 2 type Ni 500 
was similar in this study to previous work, this result suggests that fugitive dust emissions from the 501 
study site did not have a significant impact during this study period on the TV for Ni at Tinsley. 502 
Additional work is therefore required to understand other potential local fugitive dust sources, or 503 
other sources of the Source 2 (Ni/Cr) material. 504 

Model sensitivity testing demonstrated that constant source emissions have better comparisons with 505 
monitoring results than variable emission rates, suggesting that emissions from the site are consistent 506 
throughout the day due to some site operations taking place 24 hours a day. Further work is needed 507 
in this area to understand how site emissions may fluctuate per day. 508 

5 Conclusion 509 

This study has successfully demonstrated that fugitive dust levels on an industrial site can be assessed 510 
using passive sticky pad dust monitoring and monitored emissions can be modelled using dust 511 
dispersion modelling. Monitoring results suggest that dust on-site largely comprised materials that 512 
could be associated with the steelworks. Dust generated from the on-site vehicle traffic appeared to 513 
also have an influence on disamenity dust.  514 
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Modelling and monitoring results suggest that the stockyard and delivery areas had the highest 515 
potential fugitive dust and PM10 emissions. Emissions from these areas may be due to vehicle 516 
movements and wind-blow of stockpiles and exposed surfaces, including Primary Dust resuspended 517 
from haul routes.   518 

Source apportionment results suggest that fugitive dust collected at ground levels from close to and 519 
on the study site had an elemental composition that was potentially similar to the Source 2 (Ni/Cr) 520 
type dust emissions measured at Tinsley and indicated by a previous study (Kings College London, 521 
2017). However, both source apportionment results and dust monitoring results show that Ni 522 
concentrations at Tinsley were not increased when fugitive emissions from the study site were 523 
highest, or when the winds from the south were most frequent, indicating that the Source 2 dust 524 
emissions that caused increased concentrations at Tinsley during this study period were likely to be 525 
derived from sources in the area other than the study site. 526 

Further work is recommended to understand temporal variations in Ni emissions in the Tinsley area 527 
and from the study site and to explore other fugitive dust sources or sources of Ni/Cr emissions in the 528 
local area. 529 
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