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FFF-The Norwegian Ferroalloy Producers

Research Association

* Formed in 1989

* Annual Budget — 4 mill € (incl. other industry
partners). Total for the period 2000 - 2018, appr.
50 mill €

* More than 65 PhD candidates educated over the
last 30 years

* Pre-competitive research, development and
standard setting

Largest area of cooperation — environmental issues
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Close working relationships between FFF, NTNU and
SINTEF generate innovation and high quality research

“The Norwegian industry's unique openness I

with regard to sharing of benefits around D C C @) @
especially safety and environmental research ciimate chanee

outputs is worth noting as it elevates the 'ﬁ-‘

socio-economic impact of the research INOU st 060
conducted by the Centre. This unique The Norwe';EfFema”oy Et khmavennhg Norge
characteristic adds to the value proposition Producer Research R

Association

of the Centre. The value-add to Norway (and
the rest of the world) from this
institutionalised open-access principle is
highly commendable”

NTNU SINTEF
Quote from SFI Metal Productions Basic research and Multidisciplinary applied
education contract research

international evaluation panel report,
March 2019




My main message:

[t takes long-term commitment, investment
and collaboration/critical mass to become
international leaders. FFF has provided the
required support!



A history of focus on fugitive emissions!
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The NO, story — an example of long term research rewards

Common challenge of NO, emissions from FeSi/Si production -
solved after 18 years of cooperation

Not a gas-cleaning project, but a technological innovation that reduces NOx formation.

Technology implemented
at Elkem Salten. A
reduction of 40% in NOx is

FFF initiated Models-PhD the result of 18 years of
research .0 el o work by FFF.
projects Pilot testing

"Environment
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6 35 reports/publications from FFF 1995-2012 E



Environment and Processes I-IlI

aTabell 1: Milekampanjer i regi av FFF i perioden 1995-2010

Nr Dato malt Smelteverk Ovn(er) malt Produkt&chargemate Mailinger utfort av
1 1995-09-27 Rana Metall Ovn 5&6 Feli75: Batch** Veritas
2 1995-11-02 Elkern Fiska Ovn 9+10+11+12 Si-met: Batch Veritas
3 1996-06-27 Elkem Thamshavn Ovn2 Feli75: Batch SINTEF
4 1997-09-18 Elkern Thamshavn Ovn2 FeSi75 Dryss* SINTEF
5 1997-10-28 Holla Metall Ovn4 FeSi65 Batch SINTEF
6 1999-09-22 Elkem Thamshavn Ovn2 FeSi75 Dryss SINTEF
7 1999-09-23 Elkem Thamshavn Ovn2 FeSi75 Dryss & hoy temp SINTEF
8 2000-12-14 Elkem Thamshavn Ovn2 R FeSi75 Dryss Kjelforeningen
9 2000-12-14 Elkern Thamshavn Ovn 1 Si Batchddryss Kjelforeningen
10 2002-11-13 Elkem Thamshavn Ovn 1 51 Batch&dryss SINTEF
11 2002-11-13 Elkem Thamshavn Ovn1 51 Dryss SINTEF
12 2003-02-13 Holla Metall Ovn4 51 Batch SINTEF
13 2003-02-17 Elkem Thamshavn Ovn 1 51 Dryss Elkem
14 2003-11-04 Holla Metall Ovn4 51 Dryss SINTEF
15 2003-12-05 Elkem Thamshavn Ovn1 51 Dryss SINTEF
16 2004/2005 Finnfjord Ovn2 FeSi75 Dryss (auto) SINTEF
17 2005-03-09 Elkem Thamshavn Oovn2 FeSi75 Dryss SINTEF
18 2007-04-28 Elkem Thamshavn Ovnlog2 81 Dryss TUV
19 2009-04-28 Salten Verk Ovn3 51 Batch SINTEF
20 2010-04-21 Salten Verk Ovn 1l SiBatch SINTEF |

These projects marked the start of focus on NO, measurements!



The beginnings of modelling gas and dust flows, CFD

Chimney

Outlet channel

Ptotai=Crater Pressure+pgh

Ptotal1 = Ptotal2
\ Hood with three ’

) . electrodes T
External ;ur/ Xy
0.00e+00
volume

Contours of Static Pressure (mixture) (pascal) (Time=1.0000e+02) Dec 02, 2009
FLUENT 6.3 (3d, dp, pbns, vof, ske, unsteady)

Ravary, Colomb and Joghansen, Infacon, 2007 PhD Thesis M. Kadkhodabeigi, NTNU, 2011

Modelling extraction hoods, NO, and furnace gases! E



FUME, KPN BIA, 2008-2013

0, . Si0,
. [ Sg/
e Fundamental studies :..../'. M. Namss, PhD
Thesis NTNU,

* Modelling and design Sio 2012
* Measurement campaigns

Fardal &
Kadkhodabeigi,
SINTEF Report
F18726, 2011

Gradahl, FUME project seminar 2013 E




Fundamental understanding of NO, formation and
coupling to fuming/ SiO

M
in off gas: ~110 ppm
~ 13000 ppm \
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Understanding fuming/ oxidation from Si melt exposure

M. Naess, PhD Thesis
NTNU, 2012
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A large set of dust measurement campaigns

Measu rement campalgn instruments

Measurements campaigns in the FUME project

Eramet Kvinesdal: Gas composition at tapping, slag duct, mud pit, electrode welding.*
Eramet Sauda: Hall wind, hood design, slag duct, tapping area, roof exhaust. *****
Eramet Porsgrunn** (ProMiljg)

Tinfos Kvinesdal* (ProMiljg)

Elkem Salten: Offgas,Tapping- & casting areas, hall wind, hood design, refining.******#
Elkem Thamshavn: Tapping area + hood design.**
FeSil & Glencore, Mo-i-Rana: Tapping- and refining area, Roof exhaust.***

Wacker Holla: Preliminary assessment.*

*Internal report
*Published article
*Conference

Laser Dust monitors (Norsk Elektro Optikk, Sick)
DustTrak (TSI)

Gravimetric filters (MOLAB)

Electric Low Pressure Impactor (Dekati)
Thermometers, Thermocamera
Wind velocimeters,

Smoke «bombs»

FTIR, OpenPath FTIR, GC-MS etc.
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First time use of the ELPI to quantify particle size
distributions in dust from ferroalloy production

»7 nm-10 um measuring range in 12 steps, 2-3 sec response time

» Gravimetric and chemical analysis possible after measurement

> High dust concentrations allowed due to extra diluters and cyclone
> Electrostatic measuring principle

Flange connection

Pressure
measurement

Aerosol number concentration (%)

Three impactor
assembly clamps

03
oy
..O .
-0
-0

0
~0

uiding rail

0,08 0,03 0,02

0021 0039 0070 0,118 0,199 0313 048 0,757 1224 1,945 3,074 6,253

P

ric mean aerod er (micron)

Kero, Naess, Tranell, ] Occup Environ Hyg. 2015;12(1):37-
44. doi: 10.1080/15459624.2014.935783



https://www.ncbi.nlm.nih.gov/pubmed/25380385

Understanding the distribution of elements to dust from
fuming processes
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Silica fume
h Follow-up of work done by Myrhaug and
: Esls Tveit for the Si furnace in 2000.

Top slag

Side slag/
freeze lining

[l Naess, Kero, Tranell, JOM (2014) 66: 2343.
Silicon melt A
https://doi.org/10.1007/s11837-013-0797-7

Refining gas
Bottom slag




CFD tools extensively used for design of the new
«doghouse» for extraction of tapping gases
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Initiation of work on hall wind measurements and modelling

= Measurement of velocity, temperature and dust dispersion
profile in industrial buildings

= Implement building with emission sources (dust, temperature,
etc) in FLUENT

= Design measures:
B Smart ventilation
B Smart hood and duct design
B Smart building design

Furnace 11  Furnace 12 Pa njwa nia nd
[ uL-1213 / uL-1212 Olsen, FUME
Y Y Seminar 2011
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DeMaskUs Objectives

Establish cutting-edge Norwegian competence on the generation of,
protection against and effects of ultrafine dust emissions in industry.

v Establishing cross scientific network of researchers, engineers, etc.

v"Understanding how ultrafine particles form from Si, FeSi, SiMn, FeMn & SiC
production and processing

v Optimising protection and strategies for use of personal respiratory protection
v"Understanding health effects (through in vitro cell cultures) of relevant dust
types

2 /4 Ferroglobe ﬁg KE]JL ————
¢E’ Elkem erameT ' 7 FINNFIORD SAINT-GOBAIN  WASHINGTON MILLS

BNTNU @ siNTer -i. ST.OLAVSHOSPITAL . yversyessymusernomonosse | /s STAMI > Forskningsradet E
MILJGINSTITUTT

Kunnskap for en bedre verden 0 TR TR EEREEE s DT CATENs



Dust formation and rates

The fume from silicon- and manganese
alloys is formed in very different ways.

Ma, PhD Thesis NTNU, 2018

Mass flux (g/m’s)
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In general, there is more fuming at high
temperatures. The graph shows that the
fuming rate for a SiMn melt increases
exponentially (very fast!) with temperature.
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Mass flux /(g/m’s)

Can we rEduce fuming with Watersprays? Gates et al, Infacon 2018

Ma, PhD Thesis NTNU, 2018

* For FeMn, YES.

Moisture reduces fuming and
increases agglomeration of the
particles.

* For Si, NO.

Moisture actually increases -
fuming but the particles are not = wiy wmim e @NINU | e Ry s, et @NTIND
otherwise altered. Dust from a ferromanganese melt with dry vs. humid air.

* For SiMn, the answer depends
on temperature...
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The effect of PM on Astrocytes In-Vitro

* Industrial Acheson SiC PM is not very toxic to
astrocytes and very high doses are necessary to

see any effects on the cells

e Laboratory SiMn and Si PM only have significant
effects at high doses

* Crystalline SiO, powders have a much larger effect

on the cells than the amorphous Sio, dust Cells with dust particles under fluorescent light

* Arnoldussen et al. 2017 Neurotoxicology
Arnoldussen et al. 2018 [JMS
* Arnoldussen et al. 2019 1JMS




Do the RPE’s used in Norwegian smelters fit the workers?

Oval fgce . 0b|ol\g face . Heart face
RPE fit was tested with a TSI Portacount pro, - |
measuring leakage between face and mask. A 7
: . : : A ey
Counts particles inside and outside of the respirator. Swoeloe  ionglorh

14 RPE models (filtering half-face masks), 4 smelters, 127 workers, 701 tests.
Main findings?:

1. 37% did not pass the test with the RPE they normally used
2. Talking and large movements often cause leakage

3. Pass-rate for the tested disposable RPE models varied between 19-87%.

Fgreland et al. (Submitted to Safety and Health at Work)



O metal production
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Qmeta| production @etc Associated Projects RD4

Topic area emissions:

— Government
NGO's

* Workshops ‘M
» Standarisation/

Measurements
* Reporting

4 Academia

* Industrial campaigns
% * Modelling _ _
€4 « Laboratory experiments * Industrial campaigns
S5 s ©  Workshops * Workshops

., PhD, PD, MSc, * Industry researchers
* Reference groups PhD

Industry students

Researchers




metal production

Review articles - Si/FeSi, SiMn/FeMn and Al Production
Summarising state of the art in industrial emissions

JOM, Val. 71, No. 1, 2019
https:/doi.org/10.1007/s11837-018-3165-9 @ CrossMark
© 2018 The Author(s)

25 ELECTRIC ARC SMELTING

Airborne Emissions from Mn Ferroalloy Production

IDA TERESIA Iﬂ]ROl‘ "> PER ANDERS EIDEM,?* YAN MA,?
HEGE IND}}ESAND THOR ANDERS AARHAUG,' and
SVEND GRADAHL!

1—SINTEF Industry, Alfred Getz vei 2, 7465 Trondheim, Norway. 2.—SINTEF Helgeland,
1364, 8602 Mo i Rana, Norway. 3.—Norwegian University of Science and Technology,
JOM, Vol 69, No. 2, 2017 tz vei 2, 7491 Trondheim, Norway. 4—Teknova NorceResearch, Tordenskjolds gate 9,
DOL: 10.1007/s11837-016-2149-x @ CrossMark
© 2016 The Author(s). This article is published with open access at Springerlink.com

tiansand, Norway. 5.—e-mail: ida.kero@sintef.no

Airborne Emissions from Si/FeSi Production

IDA KERO,"* SVEND GRADAHL,' and GABRIELLA TRANELL?

1—SINTEF Materials and Chemistry, Alfred Getz vei 2, 7465 Trondheim, Norway
2.—Norwegian University of Science and Technology, Alfred Getz vei 2, 7491 Trondheim, Norway.
3.—e-mail: Ida.Kero@sintef.no

The of airborne from silicon and ferrosilicon production

is, in  many ways, sumlar to the of airborne emissi from other
but oemm hall are highly b h-specific, for

example the dust types d and the of NOx emissi b;

Yy
furnace design and operation. A major difficulty in the mission to reduce emis-
sions is that information about emission types and sources as well as abatement
and measurement methods is often scarce, incomplete and scattered. The sheer
diversity and complexity of the subject presents a hurdle, especially for new
professionals in the field. This article focuses on the airborne emissions from Si
and FeSi production, including greenhouse gases, nitrogen oxides, airborne
particulate matter also knnwn as dust, polyammanc hydrocarbons and heavy
metals. The aim s t currentk in a state-of-the-art overview
intended to i duce fresh industry engi and acad 2 to the
technological aspects relevant to the reduction of airborne emissions.

¢ emissions from metal production represent a health, safety, and
mental challenge to which more and more attention is being directed.

es worldwide, as well as authorities and others, are resolute in their
imiting, red and these Many
can be learned by sharing i ion between ind ial b hes, as
1dustries face similar challenges. Certain challenges are, however,
rranch specific. For the Mn ferroalloy industry, such examples include
'8 of dust generated in the primary processes and the management of
ic aromatic hydrocarbons (PAHs) and mercury with respect to furnace
ind operation. This article covers airborne emissions from manganese
y gases, nitrogen oxides (NO,),
1s gases, PAH, airborne particulate matter, and trace elements,
g mereury and other heavy metals. The aim is to summarize current
lgeina state—of the-art overview intended to introduce fresh industry
rs and to the aspects relevant to
m of airborne emissions.

Jom
https:/doi.org/10.1007/511837-019-03370-6 @ CrossMark
© 2019 The Author(s)

ALUMINUM: RECYCLING AND ENVIRONMENTAL FOOTPRINT

Aluminium Primary Production Off-Gas Composition
and Emissions: An Overview

THOR ANDERS AARHAUG®"? and ARNE PETTER RATVIK!
1.—SINTEF Industry, Trondheim, Norway. 2—e-mail: taarhaug@sintef.no

The raw gas from ion depends mosﬂy
on the process cechnology applled "and the composition of the raw materials. Al
steady state, a stationary condition is established among the material sources,
gas production and sinks: the gas treatment centre and escaping gases. Only a
few papers discuss the off-gas composition itself; most papers deal with the gas
composition from laboratory-scale experiments performed under inert condi-
tions. In this article, an overview of the literature describing gas production
from aluminium electrolysis is given. Effects of temperature and chemical
equilibrium on the stationary condmon are also discussed. The_typical
chemical of the ra valuate their input
into the gas composition, espemlly with respect to thelr lmpunty levels.




Qmetal production

Modelling the spreading of dust

An effective tool for design of facilities and extraction equipment

1 1
09 } 09
08 | 038
g()] h § o7 |
S 06 | S 06
& & I
o 05 } ® o5 f
‘E_ 04 r g_ 04 [
w S o3} \ S o3 f
2 02 | ——2600kg/m3 | 02 | —e—10000 Nm3/hr
s) 01 | —4800kg/m3 0.1 i & 25000 Nm3/hr
oL . = . ~ ol
1606 1E-05 1£04 1E03 1E02 0.0 05 1.0
Particle diameter - m Hall-wind - m/s
The spreading behaviour of The effect of particle density and hall
fume from an emission point wind on capturing efficiency

Panjwani and Olsen, Infacon, 2018



Qmetal production
The sensor setup

« Nova PM Sensor SDS011 Small and cheap
« PM2.5&PM10
 DHT22 Temperature and humidity sensor

+ 500 times cheaper than FIDAS
+ Easy to place and replace
+ Multiple sensors can be used
« Clusters forincreased reliability
« Distribution for increased coverage
+External access to data

- Limited measuring range (0-1000 ug/m3 for now..)
- Lower presicion and possible discrepancies
- Unable to handle high temperatures

Olsen, Blogg NTNU, 2018



Qmetal production

Industrial usage
How can we best make use of them?

 Measure rough values Q
* Red, Yellow, Green
* The bigger picture

* Use clusters for reliability

* Perform tests to reduce dusting with constant
measurements

* Monitoring the different zones over the course
of the process - coupling to dust spreading
models Olsen, Blogg NTNU, 2018

» Where can changes have the greatest impact?




Qmetal production

7 working sensors

* Measurements
overnight

 Comparisons with:
«  AQmesh
 FIDAS

* Encouraging results!

« Furtherlong term
testing and
quantification of
constraints

PM10 normalized

First testing -Kvinesdal November 2018
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and the road ahead

95% confidence interval
New sensors mean
AQmesh

FIDAS

y

Nov 14, 16:00

Nov 15, 00:00 Nov 15, 04:00 Nov 15, 08:00
Time 2018

Nov 14, 20:00

Olsen, Blogg NTNU, 2018



metal production

PAH emissions from Si Production

. Sum EPA 16 PAH Dusts

400

300

200

Y
0

Run3#1 Run3#2 Run2#5
[ng/g] [ng/gl [ng/gl

Run1#TOT-  Run2#TOT-  Run3#TOT-| Run1#TOT- Run2#TOT- Run3#TOT-

NORD 920 ED 971U

S@R [ng/g]
1736 1210 1544 | REDINe/g]l | REDIng/gl | RED [ng/gl [ CYCIng/gl | CYCIng/gl | CYCIng/g] [ng/gl [ng/g] [ng/g]
mseries1| 171 119 115 \157 100 96 115 83.2 73.6 116 122 437 205
Component Run3#1  Run3#2  Run2#5 | Runi#TOT-  Run2#TOT-  Run3#TOT- | Runi#TOT-  Run2#TOT-  Run3#TOT-  S@R 920 | NORD 971U
[ng/gl [ng/gl [ng/g] RED [ng/g]l  RED([ng/gl  REDI[ng/gl | CYCIng/gl  CYCIng/gl  CYClng/gl  [ng/gl ED ng/gl  [ng/gl
17:36 18:10 15:44 [ng/g]
Sum bicyclic PAH: 453 35.7 335 729 274 335 254 283 294 469 54.0 234 53.4
Sum 37 ring PAH: 125 83 82 9 73 63 69 60 a 70 383 88 151
Sum Borneff 6 29.7 127 58 17.8 140 16 141 514 737 1009 | 1540 | 148 15.4
I S O sta n d a rd m et h O d s n Ot Sum EPA16 PAH 171 119 115 167 100 %6 115 88.2 736 116 237 132 205
RSD % EPA16 PAH 16% 16% 17% 19% 17% 16% 17% 17% 18% 18% 13% 17% 17%

suitable for measurements

Annual samples of silica give higher emission
values than stable operation would grant

Gaertner et al., INFACON 2018



oP
PAHssion (IPN BIA, 2019-2022) Y PAR

Industrial efforts towards zero emission of PAH

Problems Innovations
e Large Variation & ; * Better Analytical
Uncertaint Need: Services
e High C SYR' K e Better Material
Igh Cost & Rls New Methods Selection
* Knowledge Gap o Better Industrial
e Not-Comparable Processes
Standards e Better Emission Reports

Elkem, Eramet, Finnfjord, Wacker, Ferroglobe, St Gobain, Washington
Mills, Tizir, SINTEF, NTNU, EYDE, Norce

31



My main message:
[t takes long-term commitment, investment

and collaboration/critical mass to become
international leaders. FFF and the rest of the
Norwegian Metallurgical Industry has
provided the required support!
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