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b Federal Institute for Occupational Safety and Health (BAuA), 10317 Berlin, Germany 
c TNO, Princetonlaan 6, 3584 CB Utrecht, Netherlands 
d LEITAT Technological Centre, C/ de Pallars, 179 - 185, 08005 Barcelona, Spain   

A R T I C L E  I N F O   

Editor: Bernd Nowack  

Keywords: 
Mass-balance modelling 
Workplace exposure assessment 
Emission source 
Handling energy factor 
Indoor airflows 

A B S T R A C T   

The use of modelling tools in the occupational hygiene community has increased in the last years to comply with 
the different existing regulations. However, limitations still exist mainly due to the difficulty to obtain certain key 
parameters such as the emission rate, which in the case of powder handling can be estimated using the dustiness 
index (DI). The goal of this work is to explore the applicability and usability of the DI for emission source 
characterization and occupational exposure prediction to particles during nanomaterial powder handling. 
Modelling of occupational exposure concentrations of 13 case scenarios was performed using a two-box model as 
well as three nano-specific tools (Stoffenmanager nano, NanoSafer and GUIDEnano). The improvement of 
modelling performance by using a derived handling energy factor (H) was explored. Results show the usability of 
the DI for emission source characterization and respirable mass exposure modelling of powder handling scenarios 
of nanomaterials. A clear improvement in modelling outcome was obtained when using derived quartile-3 H 
factors with, 1) Pearson correlations of 0.88 vs. 0.52 (not using H), and 2) ratio of modelled/measured con
centrations ranging from 0.9 to 10 in 75% cases vs. 16.7% of the cases when not using H. Particle number 
concentrations were generally underpredicted. Using the most conservative H values, predictions with ratios 
modelled/measured concentrations of 0.4–3.6 were obtained.   

1. Introduction 

Substances produced or imported in quantities over 10 t a year and/ 
or classified as hazardous according to the CLP regulation EC 1272/ 
2008, require quantitative occupational exposure assessments to comply 
with the REACH (Registration, Evaluation, Authorization and Restric
tion of Chemicals) regulation (EC 1907/2006) as amended in the (EU) 
2018/1881 regulation. To comply with this, as defined in the ECHA 
(European Chemical Agency) Guidance R.14 (ECHA R.14, 2016), the 
occupational exposure assessment may be done using different model
ling approaches. The use of models is also included and recommended in 
the European Standard (EN 689, 2020). This has led to their increasing 

use in the occupational hygiene community and in the last years, efforts 
have been made in order to develop, refine and assess models and tools 
to support exposure- and overall risk assessment (Cherrie et al., 2020; 
Dols et al., 2018; Liguori et al., 2016; OECD ENV/CBC/MONO (2021)28, 
2021; Schlüter et al., 2022; Spinazzè et al., 2019; Tielemans et al., 
2007). Some of the most widely used tools, mentioned in ECHA guid
ance documents and accepted for use under the REACH regulation for 
general chemicals, are for example Stoffenmanager1 ART2 or ECETOC 
TRA.3 However, these tools were not designed and were found not 
suitable (OECD ENV/CBC/MONO(2021)28, 2021) for assessment of 
exposure to nanomaterials. Therefore, for nanomaterial assessment, 
specific tools have been developed in the last years (Dols et al., 2018; 
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Van Duuren-Stuurman et al., 2012), but most of them (e.g., Stoffen
manager nano,4 NanoSafer5 or GUIDEnano6) are still under refinement 
and are not suggested in e.g., ECHA guidances. Aside from the afore
mentioned models, the use of mass-balance models tailored for specific 
scenarios has been proposed and studied for worker exposure assess
ment by several authors in occupational environments (Arnold et al., 
2017a; Koivisto et al., 2021, 2015; Ribalta et al., 2021). 

However, the use of exposure assessment models and tools by the 
general occupational hygiene community is currently still limited. This 
is due to mainly difficulties in determining key parameters needed, such 
as the emission source strength, which mostly requires chemical prin
ciples or measurements to be determined (Schlüter et al., 2022). In this 
regard, the dustiness index (DI), which is defined as a measure of a 
material's tendency to generate airborne dust during mechanical or 
aerodynamic stimulus (Lidén, 2006), has been identified as a useful 
parameter to characterize the emission source for further modelling of 
powder handling scenarios (Schneider and Jensen, 2009; Levin et al., 
2014; Koivisto et al., 2015; Fonseca et al., 2018; Ribalta et al., 2019a). 
Some exposure assessment tools such as GUIDEnano or NanoSafer are 
based on mass-balance models and use the DI as input for emissions 
source characterization. The DI of powders containing nano-objects, can 
be relatively easily determined following the existent standardized 
methodologies (EN 17199:, 2019) which include modifications of the 
two EN 15051:, 2013 dustiness tests (the rotating drum (RD) and 
continuous drop (CD)) as well as the small rotating drum (SRD) and the 
vortex shaker. In addition, due to the special characteristics of high 
aspect ratio materials and nanomaterials (HARN), the fluidizer method 
has been developed to achieve disentanglement of agglomerates in in
dividual fibres (Broßell et al., 2019). Each dustiness method is different 
and intended to simulate different processes, therefore providing 
considerable different dustiness values. Even though the DI of (nano) 
materials has been identified as a useful parameter for emission source 
characterization, further understanding between the link of the different 
existing dustiness methods and particles emission during specific sce
narios is needed (Cherrie et al., 2020). Recent efforts were conducted in 
order to systematically determine the so-called handling energy factor 
(H), for pouring or dropping processes for the CD and the SRD dustiness 
methods (Fonseca et al., n.d., under revision). The H factor is used to 
adjust the method-specific DI to the process scenario by linking the 
effective mechanical energy applied during a specific process with the 
energy used during the dustiness test (Schneider and Jensen, 2007; 
Fonseca et al., n.d., under revision). Another key parameter with asso
ciated uncertainty is the air exchange between the different compart
ments due to indoor airflows (interzonal airflow; β), which is crucial to 
estimate how emitted particles move between compartments. The 
determination of indoor airflows can sometimes be difficult due to 
complex interactions between room air currents, ventilation systems or 
temperature (Ganser and Hewett, 2017) as well as contributions from 
activities and moving parts. Therefore, in many cases airflows will need 
to be assumed from literature or dispersion tests. Some authors have 
tried to determine and quantify air changes between compartments (Keil 
and Zhao, 2017), but a complete understanding it is not yet achieved 
and discrepancies have been encountered between different techniques 
(e.g., speed velocities or tracer gas) (Boelter et al., 2009). 

The aim of this work is to explore the applicability and usability of 
the DI for source strength characterization and occupational exposure 
prediction to particles during mechanical handling of nanomaterial 
powders, by using the H factors derived in Fonseca et al., n.d. (under 
revision). The characterized emission source term is later applied as 
input parameter in a two-box model (Ganser and Hewett, 2017) to 
calculate estimated exposure concentrations, which are compared to 

measured exposure concentrations. The applicability of the DI for 
exposure prediction is assessed for mass and particle number concen
trations and uncertainty due to the different parameters is investigated. 
Moreover, three nano-specific tools that use DI to determine exposure 
are tested. 

2. Materials and methods 

2.1. Case studies 

A total of 13 exposure scenarios (cases) from 6 different studies 
dealing with exposure to nanoparticles during handling of powdered 
materials were compiled. The cases are described in Table 1. 

2.2. Mass-balance modelling 

Exposure modelling was performed by using a two-box model (or 
near-field (NF)/far-field (FF) model) (Ganser and Hewett, 2017) 
assuming that 1) particles are fully mixed at all times; 2) airborne par
ticles are generated by a source inside the limits of the NF; and 3) par
ticle losses are only due to natural and mechanical ventilations. The 
model was used to calculate the respirable mass and particle number 
concentration. Particle losses by sedimentation and coagulation were 
not considered. 

In the two-box model, the mass balance concentration inside the 
model volume (NF and FF volume) is described as a function of time 
(Ganser and Hewett, 2017):  

- Mass balance in the NF: 

VNF
dCNF

dt
= S+ β⋅CFF − β⋅CNF (1)    

- Mass balance in the FF: 

VFF
dCFF

dt
= Q⋅C0 + β⋅CNF − (β+Q)⋅CFF (2)  

Q = ACH⋅(VNF +VFF) (3)  

where 
S (mg/min or #/min) is the emission source rate located in the NF; 
C0 (mg/m3 or #/cm3) is the concentration entering the FF volume 

with the incoming air flow (Q), considered 0 in this case; 
CNF and CFF (mg/m3 or #/cm3) are NF and FF concentrations; 
VNF and VFF (m3) are the NF and FF volumes; 
Q (m3/min) is the general air flow; 
β (m3/min) is the airflow between NF and FF zones. 
Total volumes were reported for all considered cases, and NF volume 

was assumed to be 8 m3, as a reasonable default value (Cherrie and 
Schneider, 1999; Ganser and Hewett, 2017) (Table 2). 

2.3. Emission source characterization 

The emission (S) from the process is described based on the DI 
(Koivisto et al., 2015): 

S(t) = DI • H •
dM(t)

dt
• LCn (4)  

where 
DI (mg/kg or #/kg) is the dustiness index of the material; 
H (− ) is the handling energy factor for the process; 
dM/dt (kg/min) is the mass flow of the material in the process; 
LCn (− ) are the reduction factors of the different local controls in 

place. 

4 https://nano.stoffenmanager.com/  
5 http://www.nanosafer.org/  
6 https://tool.guidenano.eu/ 
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Using LCn is a simplification in cases where exposure control is 
managed by exhaust ventilation in which a higher tier modelling would 
require knowledge on exhaust ventilation rate and capture efficacy of 
the system. Values used for modelling are detailed in Table 2. 

The H factors used were taken from Fonseca et al., n.d., under 
revision, where H values linking the energy during a dropping process 
and during the CD and SRD dustiness tests were derived. The H values 
derived are valid for dropping processes with a free drop air between 1 

Table 1 
Exposure case number, reference, description, and primary particle size and shape. LEV: local exhaust ventilation, HNT: halloysite nanotubes, MWCNT: multi-walled 
carbon nanotubes.  

Case 
n◦

Reference Description of activity and scenario Local Controls (LC) Primary 
product 

Primary 
object size 
(nm) 

Primary 
object shape 

A1 Koivisto et al. (2015) Powder handling – Pouring: of 500 kg TiO2 (93%) into a 
discharge cone with rim extraction 

Discharge cone with 
rim extraction 

Pigment grade 
TiO2 

220* Spherical 
/Isometric 

A2 Powder handling – Pouring: of 500 kg TiO2 (94%) into a 
discharge cone with rim extraction 

Discharge cone with 
rim extraction 

Pigment grade 
TiO2 

240* Spherical 
/Isometric 

A3 Powder handling – Pouring: of 25 kg RD3 TiO2 (93%) into 
a mixer without ventilation 

Mixer – Low level 
containment 

Pigment grade 
TiO2 

220* Spherical 
/Isometric 

B1 Fonseca et al. (2021) Powder handling – Pouring: of 2150 kg of TiO2 powder 
from 86 small bags for paint formulation into a mixer with 
LEV under the pouring point 

Mixer – Low level 
containment and LEV 
system 

Pigment grade 
TiO2 

200* Spherical 
/Isometric 

B2 Powder handling – Pouring: of 1475 kg of TiO2 powder 
from 59 small bags for paint formulation into a mixer with 
LEV under the pouring point 

Mixer – Low level 
containment and LEV 
system 

Pigment grade 
TiO2 

200* Spherical 
/Isometric 

B3 Powder handling – Pouring: of 2625 kg of TiO2 powder 
from 105 small bags for paint formulation into a mixer 
with LEV under the pouring point 

Mixer – Low level 
containment and LEV 
system 

Pigment grade 
TiO2 

200 Spherical 
/Isometric 

C1 H2020 CaLIBRAte project 
(original data from 
authors; not published)a 

Powder handling – Transferring of: SiO2 aerogel beads 
under fume hood 

Fume hood SiO2 N/A Spherical 
/Isometric 

C2 Handling: Quality tests (handling panels) No LC SiO2 N/A Spherical 
/Isometric 

D1 Koivisto et al. (2014) Powder handling – Handling: of Nanodiamonds in a glove 
box and sieving in a fume chamber 

Glove box and fume 
hood 

Nanodiamond Crystallite 
size: 
4–6** 

Rod-shaped/ 
Spherical 

D2 Powder handling – Handling: of Nanodiamonds in an 
under pressurized glove box and sieving in a room 

Glove box Nanodiamond Crystallite 
size: 
4–6** 

Rod-shaped/ 
Spherical 

E1 Koivisto et al. (2018) Powder handling – Pouring: of 10 times 100 g of dried 
HNTs from the trays. A total of 936 g HNTs was poured 
from ca. 20 cm height into a 6.7 L stainless steel mixing 
bowl 

Fume hood HNTs Diameter: 
15–45* 

Fibre-like 

E2 Powder handling – Mixing: of 936 g HNTs with same 
amount of carvacrol oil in a mixer with a K-beater mixing 
tip under a fume hood. Mixer covered with splashguard 

Fume hood HNTs Diameter: 
15–45* 

Fibre-like 

F1 Meyer-Plath et al. (2020)b Powder handling – Handling: of MWCNT in a closed 
system inside a safety workbench 

Safety workbench MWCNT Diameter 
10–20* 

Fibre-like  

* Determined using electron microscopy methods. 
** Determined using X-ray diffraction peak with. 
a Additional details on the case study are available in caLIBRAe D7.5. 
b Case ID: WP04. 

Table 2 
Input parameters used for modelling. FZ: fluidizer dustiness method; N/A: not available. *DI is under the detection limit of 7 mg/kg, for modelling purposes, 7 mg/kg 
was used. *1: 133 min of handling in a glove box (LCn of 0.0001) and 10 min of sieving under fume hood (LCn of 0.08). *2: 107 min of handling in a glove box (LCn of 
0.0001) and 10 min of sieving in a room (LCn of 1 = no local controls applied).  

Case n◦ DIM (mg/kg) DIN (#/mg) H level (− ) dM/dt (kg/min) LCn (− ) V (m3) ACH (1/h) β (m3/min) 

A1 SRD: <7 (5.3)* SRD:160 H6 33.3 0.25 1500 5 13 
A2 SRD: <7 (1.6)* SRD: 60 H6 125.0 0.25 1500 5 13 
A3 SRD: <7 (5.3)* SRD:160 H6 26.0 0.40 1500 5 13 

B1 
CD: 73.1 
SRD: <7 (6.3)* 

CD: 5568 
SRD: 2460 

H6 39.1 0.40 and 0.36 3010 2 15 

B2 CD: 73.1 
SRD: <7 (6.3)* 

CD: 5568 
SRD: 2460 

H6 61.5 0.40 and 0.36 3010 2 15 

B3 
CD: 73.1 
SRD: <7 (6.3)* 

CD: 5568 
SRD: 2460 H6 62.5 0.40 and 0.36 3010 2 15 

C1 SRD: 1693 N/A H4 0.44 0.08 70.25 2 6.5 
C2 SRD: 1693 N/A H1 0.15 1 109 3 7.5 
D1 SRD: 206 N/A H6 0.014 0.006*1 300 2 9.6 
D2 SRD: 206 N/A H6 0.017 0.09*2 300 2 9.6 
E1 SRD: 35.5 N/A H6 0.50 0.08 1230 3 13 
E2 SRD: 35.5 N/A H7 0.052 0.08 1230 3 13 

F1 
SRD: 12.7 
FZ: 0.00174 SRD: 24000 H4 0.0000009 0.30 71 3 6.6  
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and 100 cm. In this work, the H quartile-3 (HQ3) values were used as a 
conservative approach as applied in NanoSafer, but the H quartile-1 
(HQ1), mean and maximum (Hmax) values were also tested. In addi
tion, modelling were performed with a H value of 1 (H1) in order to 
explore its impact of no modification. Values used are detailed in Table 2 
and Supplementary Table S1. 

The reduction on the emissions due to LCn applied was assumed 
based on publically available values from the Exposure Control Efficacy 
Library ECEL v3.0 (https://diamonds.tno.nl/ - accessed on the 21/09/ 
2021). Values used are detailed in Table 2 and Supplementary Table S2. 

2.4. Air exchange: general air changes per hour (ACH) and interzonal air 
flow (β) 

When available, reported air changes per hour (ACH) were used for 
modelling. This information was available for A1-A3 and D1-D2. How
ever, when ACH information was not available, worst-case scenario of 2 
and 3 1/h were assumed for ordinary factory buildings and laboratories, 
respectively (Table 2). These values were assumed based on the mini
mum reported values, for a conservative approach, for these type of 
environments in The Engineering ToolBox (2005). In addition, to 
determine the error introduced due to ACH a range of typical values 
reported for occupational environments (Engineering ToolBox, 2005; 
Arnold et al., 2017a; Keil and Zhao, 2017), were tested (0.3, 0.5, 0.8, 1, 
3, 5, 8, 10 and 30 1/h). 

Interzonal airflow or NF-FF air exchange (β; m3/min) was not re
ported for any of the cases considered. Therefore, β was extrapolated 
from ACH using eqs. 5 and 6 (Keil and Zhao, 2017). 

QNF = QFF .
VNF

Vtot
+

(

k0 + k0⋅log
(

Vtot

38

))

(5)  

β = 1 /2⋅FSA.s (6)  

where 
QNF and QFF (m3/min) are the air flows in the NF and FF; 
Vtot and VNF (m3) are the total and NF volumes; 
k (m3/min) describes the convective airflow with k0 set to 10 m3/min 

in a 38m3 room (Cherrie, 1999; Cherrie et al., 2011); 
FSA (m2) is the free surface area of the NF, which was assumed to be 

a cube without base; 
s (m/min) is the wind speed. 
To determine the uncertainty introduced due to β a range of values 

was tested (0.3, 0.5, 0.8, 1, 3, 5, 8, 10 and 15 m3/min) based on typical 
reported values (Baldwin and Maynard, 1998; Keil and Zhao, 2017) 
corresponding to wind speds of 0.03, 0.05, 0.08, 0.1, 0.3, 0.5, 0.8, 1 and 
1.5 m/min. 

2.5. Risk and exposure assessment tools 

The dataset (Table 1) was used to test the performance of three nano- 
specific exposure assessment tools that use DI as input parameter to 
estimate the source strength and further modelling of exposure con
centrations. The three tools selected, Stoffenmanager nano, NanoSafer, 
and GUIDEnano, are representative of different levels of complexity, and 
are able to handle nanomaterial exposure due to powder handling. 

Stoffenmanager nano module v1.0 (https://nano.stoffenmanager. 
com/) is a first tier control banding (CB) tool designed for risk man
agement prioritization in nanomaterial exposure scenarios and to assist 
implementation of control measures to reduce exposure levels in occu
pational scenarios (Van Duuren-Stuurman et al., 2012). The tool com
bines the available hazard information of a substance with a qualitative 
estimate of potential for inhalation exposure based on the conceptual 
source-to-receptor model described by Schneider et al. (2011) and 
modifying factors by Marquart et al. (2008) to categorize the risk in 3 
control bands (Van Duuren-Stuurman et al., 2012). 

NanoSafer v1.1 beta (http://nanosafer.org/) is a CB and risk man
agement tool made to assess the risk level and recommended exposure 
control associated with production and use of nanomaterials in work
places. The tool classifies the hazard in 4 bands taking into account 
morphology of the primary nanomaterial, chemical surface, the OEL for 
the nearest analogue bulk material, risk phrases for the nearest analogue 
bulk material, and water solubility, and 5 exposure bands. The exposure 
assessment follows the conceptual model described by Schneider et al. 
(2011) and a theoretical nano-specific exposure limit derived from the 
hazard assessment and the volume-specific surface area of the nano
material. The exposure assessment takes into account the DI combined 
with the activity handling energy and mass handled in each work cycle, 
the duration of work cycle and ACH among other parameters. The tool 
exposure band output value can be converted into a quantitative expo
sure concentration by using nearest analogue OEL value, volume specific 
surface area, specific surface area and relative density (Liguori, 2016; 
Liguori et al., 2016; OECD ENV/CBC/MONO(2021)28, 2021). 

GUIDEnano v3.0 (https://tool.guidenano.eu/) is a tool intended to 
assess human and environmental health risks due of nanomaterials 
along their life cycle. GUIDEnano provides a quantitative output in 
terms of an exposure concentration and is based on computational 
exposure models. The tool requires several input parameters. The 
exposure condition-related parameters include operational time and 
frequency, room geometry, ACH, ventilation rate, amount of product 
used, room temperature and pressure, and personal protective equip
ment used. The nanomaterial-related parameters include composition, 
DI, OEL, size distribution, mean diameter, size type (e.g., aerodynamic 
size, primary size), shape, and density. 

2.6. Results assessment 

Modelled exposure concentration results obtained were assessed 
from the ratios of modelled/measured concentrations, the absolute 
difference, as well as mean absolute error (MAE) and root mean squared 
error (RMSE). 

The percentage of cases for which modelled concentrations were 
lower than the measured concentrations were determined (ratio 
modelled/measured <0.9) to assess model underestimation. Percent
ages for ratios between 0.9 and 5 were determined, considered repre
sentative of acceptable modelling outcome in this work. In addition, 
Spearman and Pearson correlations were calculated. 

3. Results 

A total of 13 occupational exposure case scenarios resulting in po
tential nanomaterial exposure during powder handling were used in 
order to test the applicability of dustiness data for emission source and 
worker exposure characterization. All 13 cases had SRD data available, 
whereas only three and one had CD and Fluidizer data, respectively 
(Table 1). Mainly granular/isometric and granular/rod-shaped nano
materials (10 cases) compose the data set and, only three cases handle 
fibre-like nanoparticles. The type of scenarios included are mostly 
pouring (7), mixing (1), transferring (1) and general handling scenarios 
(4). Average primary particle sizes range from approximately 10 to 240 
nm. 

For the two-box modelling assessment, NF modelled concentrations 
were compared to breathing zone (BZ) or NF measured concentrations, 
depending on availability. FF modelled concentrations were compared 
to FF measured concentrations. 

3.1. Comparison of modelled and measured respirable mass 
concentrations 

Measured respirable mass concentrations range from 0.00024 to 
0.6440 mg/m3 at the BZ or NF (Table 3), and from 0.022 to 0.051 mg/ 
m3 at the FF (Table 4). Thus, this work is based on a representative and a 
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relatively wide range of respirable mass concentrations measured in 
occupational environments during nanomaterial handling, but without 
considering very high respirable mass concentrations. Measured respi
rable mass concentrations were mostly obtained from real-time devices 
(optical particle counters and electrical low pressure impactor) by 
converting particle number data to mass. In case E1 and E2, respirable 
mass concentrations were gravimetrically measured by using a cyclone. 
Dustiness data used as input for modelling is based on respirable mass 
concentration gravimetrically measured. 

Modelled respirable mass concentrations were calculated by using 
SRD DI for all cases (Table 3 and Supplementary Table S3), and by using 
CD DI for cases B1-B3 (Table 3). In Table 3, modelled concentrations are 
shown for B1-B3 using CD DI (considered to be the method that best 
resembled the case scenarios) and SRD DI for the rest of the cases. 

Modelled respirable mass concentrations using HQ3 for granular 
nanomaterials range from 0.0005 to 3.03 mg/m3 at the NF (Table 3) and 
from 0.132 to 0.201 mg/m3 at the FF (Table 4). NF modelled concen
trations for fibre-like particles range from 3.6 × 10− 8 to 0.013 mg/m3 

using SRD DI (Table 3). 
The ratio of NF HQ3 modelled/measured concentrations range from 

1.7 to 14.2 for granular nanomaterials. Overall, for granular nano
materials 60% of the cases were predicted within 0.9–5 ratio, and 40% 
were estimated with ratios between 5 and 15. When the H factor was not 
included (H1) in the emission source equation, modelled respirable 
concentrations for granular nanomaterials ranged from 0.0031 to 62.8 
mg/m3 (Table 3), with ratios modelled/measured of 11–775 (data not 
shown). From the 10 cases dealing with granular nanomaterials, 60% 
were highly overpredicted with ratios >15. Thus, not considering the H 
factor greatly increased overprediction, and decreased accuracy. 

For fibre-like particles, only three cases were available and from 
these, only two had available respirable mass exposure data. The ob
tained ratios for modelled/measured concentrations using SRD DI and 
HQ3 were 0.2 and 0.9 for cases E1 and E2, respectively. Conversely, 
using H1 resulted in ratios modelled/measured of 1.5 and 3.9. For case 
F1, dustiness data with the fluidizer method was also available and was 
used for testing. Modelling results without considering the H factor were 
on the order of 1.3 × 10− 10 mg/m3 (data not shown) which is about 1/ 
7000 times the concentrations obtained using the SRD DI. The same 
difference is observed between the mass-based DI obtained for the two 
methods (Table 2). It is important to note that the two mass-based DI are 
determined differently, while for the SRD respirable DI is determined 
based on gravimetric measurements, it was estimated from online par
ticle number data in the fluidizer method. 

A similar behaviour was observed for FF modelled concentrations, 
with ratios modelled/measured concentrations ranging 2.9–9.0 
(Table 4) and 42.8–134.7 (data not shown) for modelled concentrations 
using HQ3 and H1, respectively. 

Correlations of modelled and measured respirable mass concentra
tions for all data set (granular materials and fibres) were explored and 
are shown in Fig. 1 for NF concentrations, and using data as shown in 
Table 3. Correlations were performed for HQ3 (Fig. 1a) and H1 concen
trations (Fig. 1b) and in both cases significant positive Spearman cor
relation coefficients were obtained of 0.881 (HQ3) and 0.804 (H1) (n12), 
respectively. However, this was not the case when using Pearson cor
relation, which was greatly improved when considering HQ3 values (r =
0.882; R2 = 0.777; n 12) versus when not considering the H factor (r =
0.518; R2 = 0.268; n 12). 

Absolute difference and percentage error between modelled and 

Table 3 
Modelling results for respirable mass NF concentrations (mg/m3) using HQ3 and H1, of the corresponding H level (from Supporting Table S1), and ratio modelled/ 
measured concentrations. Arithmetic standard deviation (σ) associated to the different H, ACH and β values tested, and total. Cases B1-B3 with CD DI. Cases A1-A3, C1- 
C2, D1-D2, E1-E2 and F1 with SRD DI. *Near field measured concentrations. **Breathing zone measured concentrations.  

Case 
n◦

Measured respirable mass concentration 
(mg/m3) 

Modelled respirable 
mass concentrations 
(mg/m3) 

Ratio Modelled concentration 
(using HQ3)/ 
Measured concentration 

Model standard deviation due to changes in: 

Using 
HQ3 

Using H1 H σ 
(mg/m3) 

ACH σ (mg/ 
m3) 

β σ 
(mg/m3) 

Total σ (mg/ 
m3) 

A1 0.0327* 0.4630 3.0685 14.2 0.2152 0.0540 4.64 4.65 
A2 0.3140* 0.5613 3.7194 1.8 0.2609 0.0672 5.51 5.51 
A3 0.1671* 0.3650 2.4186 2.2 0.1696 0.0090 2.00 2.01 
B1 0.6440* 1.9478 28.644 3.0 0.9542 0.0749 18.81 18.83 
B2 0.4080* 2.7588 40.570 6.8 1.3515 0.0443 18.15 18.20 
B3 0.5750* 3.0264 44.505 5.3 1.4826 0.0890 26.23 26.27 
C1 0.0683* 0.5684 14.999 8.3 0.2500 0.0922 0.8303 0.872 
C2 0.0810* 0.2386 62.795 2.9 0.1034 0.0782 0.6417 0.655 
D1 0.00024* 0.0005 0.0031 2.1 0.0002 0.0002 0.0024 0.002 
D2 0.0050* 0.0083 0.0551 1.7 0.0039 0.0027 0.0413 0.042 
E1 0.0568** 0.0133 0.0878 0.2 0.0062 0.0002 0.0429 0.043 
E2 0.0027** 0.0024 0.0105 0.9 0.0012 0.0001 0.0110 0.011 

F1 N/A 3.6 ×
10− 8 

9.5 ×
10− 7 N/A 1.6 ×

10− 8 4.5 × 10− 8 1.0 ×
10− 8 1.0 × 10− 7  

Table 4 
Modelling results for respirable mass FF concentrations (mg/m3) using HQ3 and H1, and ratio modelled/measured concentrations. Arithmetic standard deviation (σ) 
associated to the different H, ACH and β values tested, and total. Cases B1-B3 with CD DI.  

Case 
n◦

Measured respirable mass concentration 
(mg/m3) 

Modelled respirable 
mass concentrations 
(mg/m3) 

Ratio Modelled concentration (using 
HQ3)/ 
Measured concentration 

Model standard deviation due to changes in: 

Using 
HQ3 

Using 
H1 

H σ 
(mg/ 
m3) 

ACH σ (mg/ 
m3) 

β σ 
(mg/ 
m3) 

Total σ (mg/ 
m3) 

B1 0.0510 0.1485 2.1834 2.9 0.0727 0.0764 0.0269 0.1089 
B2 0.0350 0.1317 1.9368 3.7 0.0645 0.0466 0.0369 0.0877 
B3 0.0220 0.2014 2.9622 9.0 0.0987 0.0915 0.0434 0.1414  
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measured concentrations is reported in Supplementary Table S4 and S5 
for NF and FF concentrations, respectively. The descriptive statistics 
MAE and RMSE were calculated for HQ3 and H1 and are shown in 
Table 5. In short, both MAE and RMSE were smaller and closer to 0 when 
the HQ3 factor was considered with values of 1.1 × 10− 14 and 3.1 vs. 1.1 
and 29.1 for MAE and RMSE, respectively. This indicates a better 
agreement between modelled and measured values when using the 
experimental HQ3 values than when not considering the H factor (H1). 
Therefore, the use of derived H values improves modelling performance 
but also increase the usability of dustiness data available. 

3.2. Uncertainty on modelled respirable mass concentrations due to 
variations on H, ACH and β 

In this work we explored the variability on modelled concentrations 
due to different possible values for three input parameters, which are 
sometimes not well known or complex to determine: 1) the H factor, 2) 
ACH, and 3) NF-FF flows (β). Tested ranges for ACH and β were 0.3, 0.5, 
0.8, 1, 3, 5, 8, 10 and 30 1/h, and 0.3, 0.5, 0.8, 1, 3, 5, 8, 10 and 15 m3/ 
min, respectively. For the H factor, HQ1, Hmean, HQ3 and Hmax values 
were tested based on the corresponding H levels from Supplementary 
Table S1. 

Obtained ranges of NF and FF modelled concentrations and corre
sponding deviation values are shown in Fig. 2, Tables 3 and 4. The 
lowest variability was introduced by the ACH, with variations between 
maximum and minimum modelled concentrations of 1–2.5, followed by 
the H factor, with variations between 3.5 and 4.5. NF modelled con
centrations over the tested range of H factor values, and comparison 
with actual exposures are shown in Fig. 2a for CD and SRD derived 
modelling results. Overall, the use of the HQ3 or even Hmax values 
(Fonseca et al., n.d. under revision) is advisable for accurate, 

precautionary modelling prediction. The use of mean or HQ1 values 
would result in increased modelling underprediction of the exposure 
concentrations. The parameter introducing the highest error was β, 
which in turn is the most difficult value to determine and characterize, 
variations between max and min modelled concentrations of 5.5 to 22.4. 
However, even though β is the parameter showing higher variability 
(Fig. 2b), the use of a different β value selected among the ones tested, 
would only represent a change in terms of whether the modelled con
centrations would suffer a change from under to overprediction of 
measured concentrations or vice versa in three cases (B1, E1 and E2) 
(Fig. 2b). 

3.3. Modelling of particle number concentrations 

For the modelling assessment of particle number concentrations only 
3 cases (B1-B3) could be used for comparison of NF concentrations. NF 
background corrected measured particle number concentrations range 
from 2575 to 5428 #/cm3 (Table 6). 

The ranges in modelled particle number concentrations using CD DI 
data are 750.5–1166 1/cm3, 5952–9248 #/cm3 and 2182–3390 /cm3 

when using HQ3, Hmax, and H1 respectively (Table 6). Similar modelled 
particle number concentrations of 748.0–1162 #/cm3 were obtained 
when using SRD DI and HQ3. Conversely, SRD DI modelled concentra
tions were lower than those obtained with CD DI when using H1 
(964.0–1498 #/cm3). 

Modelled particle number concentrations using CD and SRD DI for 
source strength as applied in this work slightly underestimated 
measured particle number concentrations. Most accurate and precise 
results were obtained when using CD DI and Hmax with ratios modelled/ 
measured of 1.1, 1.8 and 3.6. In addition, results show slightly more 
accurate model performance when using CD DI than SRD. However, 
additional tests are needed to confirm the results, as limited cases are 
available. 

3.4. Exposure assessment tools 

The 13 cases in Table 1 were used to assess the performance of 3 
nano-specific exposure assessment tools that use DI as input parameter 
to calculate the source strength (Stoffenmanager nano, NanoSafer and 
GUIDEnano). The tools output scores and/or modelled concentrations 
were compared to measured NF exposure concentrations (Table 7), and 
Spearman and Pearson coefficient correlations were calculated (Sup
plementary Fig. S1). For NanoSafer and GUIDEnano, the ratio of 
modelled/measured concentrations were determined and percentages of 
modelling underprediction were calculated. 

For Stoffenmanager Nano v1.0, the output exposure class score was 
correlated with measured respirable mass (n11), with Spearman and 
Pearson correlation coefficients of 0.459 and 0.189. For NanoSafer v1.1 

Fig. 1. NF modelled and measured respirable mass concentrations correlation when (a) using the corresponding HQ3 value and (b) not considering H factor (H1). 
Solid line shows linear correlation and dashed line indicates line of identity. 

Table 5 
Mean absolute error (MAE) and root mean squared error (RMSE) calculated from 
the difference between NF and FF respirable measured and modelled concen
trations. *all cases considered, B1-B3 with CD DI, and all other cases with SRD 
DI.  

Case 
combination 

MAE RMSE 

CD SRD All cases* CD SRD All 
cases* 

NF 
HQ3 2.5 

4.2 ×
10− 18 

1.1 ×
10− 14 1.8 0.23 1.1 

H1 16,467.1 
1.7 ×
10− 3 3.1 29.4 18.7 29.1 

FF 
HQ3 

5.6 ×
10− 4 

9.9 ×
10− 7 N/A 0.13 0.02 N/A 

H1 4.0 2.1 ×
10− 3 N/A 2.4 0.20 N/A  
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beta, Spearman and Pearson correlation coefficients obtained (n 12) 
were of 0.552 and 0.731 for NF mass converted from tool output score, 
and 0.762 and 0.824 for NF mass converted with LC applied. The 
modelled/measured concentration ratios were calculated for modelled 
and modelled with LC applied (Table 7) with 25% and 75% of the cases 
between ratios of 0.9–5, respectively. For GUIDEnano, average mass 
concentrations show Spearman and Pearson correlations with measured 
respirable concentrations of 0.750 and 0.353 (n12). The modelled/ 
measured ratios were calculated and it was found that 33.3% of the cases 
showed ratios between 0.9 and 5.5 whereas 66.7% were lower than 0.9 
(0.02–0.76). 

4. Discussion 

Respirable mass concentrations of the total case scenarios (including 
granular and fibre nanomaterials; n12) were predicted within a ratio 
range of 0.9–5 with a higher percentage when using derived HQ3 values 
by Fonseca et al., n.d. (under revision) than when using H1 (58.3% vs. 
16.7%). In addition, Pearson and Spearman correlations were improved 
when using HQ3 values compared to not using them. These two facts, 
plus results from the statistics MEA and RMSE support the idea of the 
potential usability of the DI to the estimate emission source of a given 
process and use for exposure modelling, provided that a good linkage 
between the energy applied during the dustiness test and the process 
exist (Cherrie et al., 2020; Koivisto et al., 2015; Lidén, 2006; Ribalta 
et al., 2021; Schneider and Jensen, 2007; Fonseca et al., n.d., under 

Fig. 2. Range of obtained NF modelled respirable mass concentrations with variations of (a) H and (b) β per case study when using CD and SRD DI. Individual data 
points represented as filled dots. Solid line indicates HQ3 modelled concentration and β value according Table 2. 

Table 6 
Modelling results for particle number NF concentrations based on CD DI and SRD (CPC data; total particle number concentration).  

DI method Case n◦ DiSCmini Measured (#/cm3) Modelled (#/cm3) Ratio Modelled/ 
Measured 

HQ1 HMean HQ3 H1 HMax HQ1 HMean HQ3 H1 HMax 

CD DI 
B1 5428 61.1 1396 750.5 2182 5952 0.011 0.26 0.14 0.40 1.1 
B2 4793 86.5 1978 1063 3090 8430 0.018 0.41 0.22 0.65 1.8 
B3 2575 94.9 2170 1166 3390 9248 0.037 0.84 0.45 1.3 3.6 

SRD DI 
B1 5428 44.7 636 748.0 964.0 2148 0.008 0.12 0.14 0.18 0.40 
B2 4793 63.6 901 1060 1365 3042 0.013 0.19 0.22 0.29 0.64 
B3 2575 69.5 989 1162 1498 3337 0.027 0.38 0.45 0.58 1.3  
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revision). The ratios obtained for respirable mass concentrations are in 
line with ratios obtained for non-nano granular powder handling ac
tivities (Arnold et al., 2017a; Koivisto et al., 2015; Ribalta et al., 2021, 
2019a) as well as general modelling (Arnold et al., 2017b; Jensen et al., 
2018; Koivisto et al., 2021; Lopez et al., 2015; Ribalta et al., 2019b). 
Thus, showing a similar applicability of the methodology for nano
materials. It is important to note that these results were obtained using a 
dataset that did not include respirable mass concentrations higher than 
0.7 mg/cm3, and the cases were limited in regards to H level represen
tativity, with most cases being around medium H level values. Nine of 
the cases had a H level of 6, one a H level of 7, two a H level of 4 and one 
a H level of 1. However, differences on model prediction do not seem to 
be associated with this fact, for example case C2 (H1 level) shows a ratio 
modelled/measured concentrations around 3, similar to what is ob
tained for case B1, with a H6 level. 

For fibre-like materials slightly improved modelling performance 
was obtained when using H1. This, could indicate that H values specif
ically derived for fibre-like nanoparticles are needed. This is plausible 
considering the behavioural differences between granular and fibre-like 
aerosols and the fact that H values used were derived using kaolin, clay 
and talc materials with a plate-like shape (Fonseca et al., n.d. under 
revision). Overall, the results seem to indicate that the methodology has 
potential applicability to determine respirable mass concentrations of 
fibres given the similarity of the ratios obtained with those for granular 
nanomaterials. However, further research considering the specificities 
of fibre-like nanoparticles is required. 

Effectiveness of the different control measures applied in this work 
was extracted from the ECEL v3.0 database (as detailed in Supplemen
tary Table S2). A median of the reported values was used and the cor
responding multiplying factor was applied to the source term. This is a 
simplification given that for a higher tier model additional knowledge 
on the e.g., ventilation rates and collection efficacies are needed. 
However, it is important to note that the efficacy variability for the 
different type of risk management measures is known to be substantial 
and depends on different aspects such as specific settings and charac
teristics as well as operational and behavioural conducts (Fransman 
et al., 2008). Given the complexity and data limitation for efficacies, 
uncertainty on model output due to efficacy controls was not assessed. 

For particle number concentrations, only three cases were available 
with relatively low particle number concentrations when compared to 
general reported values in literature (Viitanen et al., 2017). Thus, 
further studies should consider higher number of cases covering a 
broader range of particle number concentrations. The use of Hmax 
showed improved model prediction and accuracy (ratios 1.1–3.6 with 
CD) when compared to using H1 (0.4–1.3 with CD). This indicates that 1) 
modelling particle number concentrations from DI data is possible; 2) 

specifically derived H factors are needed; and 3) for an improved per
formance and precaution, the use of Hmax is advisable. As opposed to 
respirable mass concentration, where HQ3 or Hmax were both seen to 
provide good modelling results, for particle number HQ3 provided un
derestimations of the measured particle number concentrations. A 
possible explanation for this is the difference related to the instrumen
tation used. Measured particle number concentrations are given by the 
DiSCmini, whereas DI data used to calculate emission rates as well H 
derived values were obtained using the CPC 3007. Differences on 
measured concentrations by these two instruments have been previously 
described (Mills et al., 2013). Other plausible explanations are 1) lower 
number of data points used for determining the H factors for particle 
number than respirable mass concentrations; and 2) behavioural dif
ferences between aerosols generated during pouring simulation for H 
determination with talc, clay and kaolin materials and during the spe
cific modelled cases with the specific nanomaterials. 

Although, the results seem favourable to the usability of dustiness for 
exposure modelling of respirable mass and particle number concentra
tions, there is still room for improvement for a more robust predicted 
exposure assessment. In this regard, there are several aspects, which 
require further research. On the one hand, H factors used were derived 
1) using clay, talc and kaolin, with limited material shape representation 
(isometric and plate-like shapes) and, 2) simulating a drop process by 
pouring materials into an open bucket, and using free-drop height to link 
the energy applied. However, in some real exposure cases, pouring oc
curs into a liquid and moreover usually through a tank or mixer opening. 
This is expected to have an impact on the released particle number and 
mass. It is still not known whether the total drop height (total distance of 
the material fall until the bottom of e.g., mixer) would be a better esti
mate than the drop height in free air, which currently is used in the H 
factors determination and use. On the other hand, the dustiness kinetics 
(e.g., particle generation rate and time required to generate 50% of the 
particles emitted) seem to have an important role on describing the 
aerosol dynamics of emitted particles (Schneider and Jensen, 2007; 
Levin et al., 2014; EN 17199–4:, 2019; Fonseca et al., n.d. under revi
sion). This information can be especially beneficial for example, when 
modelling repetitive processes, as the number of repetitions can have a 
higher impact on the concentrations than the time duration or amount of 
material (Koponen et al., 2015; Ribalta et al., 2019c). Therefore, the 
improvement and addition of modifying factors to determine the emis
sion source could be key for improving modelling performance and 
needs further research. 

For Stoffenmanager nano, the Spearman correlation coefficient 
(0.46) differs from the coefficient obtained for particle number con
centration in previous work (0.78), which considered a larger dataset (n 
82) and broader particle number concentration range (OECD ENV/CBC/ 

Table 7 
Modelling results of Stoffenmanager nano (exposure class score), NanoSafer (NF score, NF mass converted and NF mass converted with LC applied), and GUIDEnano 
(average mass concentrations). Cases B1-B3 with CD DI and the rest with SRD DI. *Process is <15 min, acute and peak concentrations used for NanoSafer and 
GUIDEnano, respectively.  

Case 
n◦

Measured 
(mg/m3) 

NanoSafer Original Stoffen. nano GUIDEnano 

NF 
score 

NF mass 
converted 

NF mass 
converted with 
LC 

Ratio modelled/ 
measured 

Ratio modelled 
LC/measured 

Exposure class 
(time weighted) 

Average conc. 
(mg/m3) 

Ratio modelled 
long/measured 

A1 0.0327 0.029 0.285 0.071 8.7 2.2 2 0.17 3.7 
A2 0.3140 0.011 0.108 0.027 0.34 0.09 2 0.19 0.20 
A3* 0.1671 0.040* 0.804* 0.322* 4.8* 1.9* 2 0.69* 4.1* 
B1 0.6440 0.423 2.39 0.9542 3.7 1.5 2 0.27 0.42 
B2 0.4080 0.029 0.166 0.066 0.47 0.16 1 0.17 0.41 
B3 0.5750 0.516 2.91 1.165 5.1 2.0 2 0.32 0.56 
C1 0.0683 351.6 1.33 0.106 19.4 1.6 2 0.052 0.76 
C2 0.0810 21.4 0.081 0.081 1.0 1.0 3 0.45 5.5 
D1 0.00024 0.763 0.112 0.0007 466.2 2.9 1 0.000099 0.41 
D2 0.0050 0.763 0.112 0.0101 22.4 2.0 1 0.00011 0.02 
E1* 0.0568 0.832* 0.755* 0.060* 13.3* 1.1* N/A 0.0020* 0.04* 
E2 0.0027 0.010 0.0015 0.0004 0.56 0.15 1 0.00715 2.7  
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MONO(2021)28, 2021). In the cited work, the tool was observed to have 
the tendency to overestimate low exposures. For NanoSafer, Spearman 
and Pearson correlation coefficients and percentage of predicted values 
within 0.9–5 ratio range are comparable to those obtained using the 
two-box mass-balance model for this data set and with the specified 
modelling settings, especially after application of the LC reduction. 
Moreover, the Spearman correlation found for NanoSafer (0.76) is 
comparable to the obtained correlation in previous work (0.72) using a 
larger dataset (n30) (OECD ENV/CBC/MONO(2021)28, 2021). For 
GUIDEnano Spearman and Pearson correlation coefficients and ratios 
modelled/measured concentrations are in line with those obtained using 
the two-box mass-balance model, but slightly lower. The tool was 
observed to generally underestimate concentrations for the cases used in 
this dataset and with the specified modelling inputs. These results are of 
relevance considering ongoing discussions regarding best approaches to 
estimate worker exposure concentrations (Schlüter et al., 2022). 

5. Conclusions 

The obtained results demonstrate 1) the usability of the dustiness 
concept for respirable mass exposure modelling of powder handling 
scenarios (pouring/transferring) of granular nanomaterials, and 2) the 
clear improvement of this concept by using a derived handling energy 
factor (H) based on the following key findings:  

- Not considering the H factor resulted in highly overpredicted 
workplace dust concentrations. Conversely, the use of a derived H 
factor clearly improved modelling precision and accuracy.  

- Overall NF concentrations for granular particles were predicted 
(applying the HQ3 factor) in a ratio range 0.9–10 when using CD DI 
(n3) and SRD DI (n10) in 100% and 80% of the cases, respectively. 
From the rest of the cases, one has a ratio slightly over 10, whereas 
the other has a ratio of 0.64.  

- Not only precision and accuracy were improved when using the 
derived H factor values, but Pearson and Spearman correlations as 
well, with values of 0.88 and 0.88 when considering H factor vs. 0.80 
and 0.52 when not considering it.  

- The good prediction of respirable mass concentration is true for both 
NF and FF respirable mass concentrations, although only 3 cases are 
available for FF concentrations.  

- Only three cases dealing with fibres were included in this work. 
Results are not conclusive, and slight underestimation of measured 
concentration using SRD DI was observed, but the methodology 
seems to be applicable to fibre-like nanomaterials. 

In addition, from the model variability assessment due to changes on 
ACH, β and H factor, results suggest that the parameter β introduced the 
highest variability. However, only the lowest value was found to have a 
significant change on the model output. Thus, the use of assumed values 
based on literature can provide acceptable modelling results. Results on 
the application of the concept of using DI and H factor for modelling 
particle number concentrations demonstrate a potential applicability of 
the method, but further work is required to improve modelling perfor
mance since slight underprediction of measured concentrations was 
found on the case studies. From the three nano-specific tools tested, 
NanoSafer was seen to provide most comparable results to the two-box 
mass-balance modelling performed. GUIDEnano results were also com
parable but measured concentrations were generally underpredicted. 
Stoffenmanager nano comparability was difficult due to low number of 
cases and differences in output (exposure category vs. concentration). 
This shows the potential usability of nano-specific tools for exposure 
prediction but also highlights the need for 1) further improvements and 
2) guidelines on the tool's usability. 
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