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$QDO\VLV�RI�0RUSKRORJLFDO�DQG�&KHPLFDO�3URSHUWLHV�RI�7\UH�DQG�%UDNH�:HDU�3DUWLFOHV�8VLQJ�5HDO�7LPH
0HDVXUHPHQW�7HFKQLTXHV�

$��6FKZHQGLPDQQ���(��*UDI���0��/RHEHU���)��(SSOH���(��1LHGHUEHUJHU���1��5HLMULQN���)��3KLOLSSV�
�

�6ZLVHQV�$*��0HLHUKRIVWUDVVH��D�������(PPHQ��6ZLW]HUODQG���*HUPDQ�$HURVSDFH�&HQWHU��'/5���,QVWLWXWH�IRU�&RPEXVWLRQ
7HFKQRORJ\��6WXWWJDUW���*HUPDQ�$HURVSDFH�&HQWHU��'/5���,QVWLWXWH�IRU�9HKLFOH�&RQFHSWV��6WXWWJDUW�

7KLV VWXG\ IRFXVHV RQ WKH UHDO�WLPH DQDO\VLV RI W\UH DQG EUDNH ZHDU SDUWLFOHV �QRQ�H[KDXVW HPLVVLRQV� E\ XWLOLVLQJ DGYDQFHG
WHFKQLTXHV� 7KH UHVHDUFK DLPV WR EHWWHU XQGHUVWDQG WKH G\QDPLFV RI WKHVH HPLVVLRQV XQGHU FRQWUROOHG FRQGLWLRQV� 7KH
SULPDU\ JRDO LV WR H[SORUH WKH PRUSKRORJLFDO DQG FKHPLFDO SURSHUWLHV RI QRQ�H[KDXVW HPLVVLRQV XVLQJ UHDO�WLPH GDWD
DFTXLVLWLRQ�PHWKRGV�IRU�D�EHWWHU�XQGHUVWDQGLQJ�RI�WKH�IDFWRUV�WKDW�OHDG�WR�W\UH�DEUDVLRQ�
7KH VWXG\ DLPV WR HYDOXDWH WKH IHDVLELOLW\ RI PHDVXULQJ QRQ�H[KDXVW HPLVVLRQV ZLWK DGYDQFHG LQVWUXPHQWDWLRQ DQG WR
FRPSDUH WKH DFFXUDF\ RI GLUHFW DQG LQGLUHFW VDPSOLQJ PHWKRGV WR VXSSRUW IXUWKHU UHJXODWRU\ IUDPHZRUNV ZLWK UREXVW
HPLVVLRQ�GDWD�
$ FKDVVLV G\QR WHVW EHQFK ZLWK WHVWLQJ YHKLFOH� ZKLFK LV HTXLSSHG ZLWK D W\UH SDUWLFOH VDPSOLQJ V\VWHP �'/5 W\UH WHVWLQJ

V\VWHP��� ZDV XVHG� 'LUHFW VDPSOLQJ LQYROYHG LPPHGLDWH SDUWLFOH FROOHFWLRQ IURP HPLVVLRQ VRXUFHV� ZKLOH LQGLUHFW
VDPSOLQJ DFFXPXODWHG SDUWLFOHV EHIRUH DQDO\VLV� 'LJLWDO KRORJUDSK\� 89�LQGXFHG IOXRUHVFHQFH VSHFWURVFRS\ WHFKQLTXHV ZHUH
HPSOR\HG IRU PRUSKRORJLFDO DQG FKHPLFDO DQDO\VLV XVLQJ D 6ZLVHQV3ROHQR -XSLWHU >�@ ZKLFK FDQ GLIIHUHQWLDWH VHYHUDO
PLFURSODVWLFV�FODVVHV�XQGHU�ODERUDWRU\�FRQGLWLRQV�>�@�

7KH DQDO\VLV UHYHDOHG WKDW LQGLUHFW VDPSOLQJ FDSWXUHG ODUJHU SDUWLFOHV� ZKHUHDV GLUHFW VDPSOLQJ VKRZHG OLPLWDWLRQV IRU
SDUWLFOHV !�� �P� ZLWK VWURQJ FRUUHODWLRQV EHWZHHQ PHFKDQLFDO VWUHVV DQG HPLVVLRQ FKDUDFWHULVWLFV� &RPSDUDWLYH DQDO\VLV
KLJKOLJKWHG�VLJQLILFDQW�GLIIHUHQFHV�LQ�VL]H�GLVWULEXWLRQ�EHWZHHQ�VDPSOLQJ�PHWKRGV�

�

�

)LJXUH����OHIW��UDWH�RI�YDOLG��DQG�IOXRUHVFHQW�SDUWLFOHV�PHDVXUHG��5LJKW��3DUWLFOHV�ELQQHG�E\�VL]H�PHDVXUHPHQW�EDVHG�RQ
OLJKW�VFDWWHULQJ��/HIW�DQG�ULJKW��%UDNH�SUREOHP�SKDVH�LQGLFDWHG�E\�WKH�UHG�EDU�
����6DPSOLQJ�RI�ODUJHU�SDUWLFOHV�QHFHVVLWDWLQJ�RSWLPL]HG�VDPSOLQJ�VHWXSV��7KHVH�ILQGLQJV�HPSKDVL]H�WKH�QHHG�IRU
VWDQGDUGLVHG�HPLVVLRQ�PHDVXUHPHQW�SURWRFROV�DQG�VXSSRUW�XSFRPLQJ�UHJXODWLRQV�
����7KLV�UHVHDUFK�GHPRQVWUDWHV�WKH�HIIHFWLYHQHVV�RI�6ZLVHQV3ROHQR�-XSLWHU��LQ�FKDUDFWHULVLQJ�QRQ�H[KDXVW�HPLVVLRQV�
SURYLGLQJ�D�IRXQGDWLRQ�IRU�IXWXUH�HQYLURQPHQWDO�SROLFLHV�DQG�VXVWDLQDEOH�DXWRPRWLYH�WHFKQRORJLHV�

>�@ 6DXYDJHDW� (ULF� <DQLFN =HGHU� .HYLQ $XGHUVHW� %HUWUDQG &DOSLQL� %HUQDUG &ORW� %HQRvW &URX]\� 7KRPDV .RQ]HOPDQQ�
*LDQ /LHEHUKHUU� )LRQD 7XPPRQ� DQG .RQVWDQWLQD 9DVLODWRX� $WPRVSKHULF 0HDVXUHPHQW 7HFKQLTXHV� ����� �� ����
����±���
>�@ %HUHV� 1LFKRODV '�� -XOLD %XUNDUW� (OLDV *UDI� <DQLFN =HGHU� /HD $QQ 'DLOH\� DQG %HUQDGHWW :HLQ]LHUO� $WPRVSKHULF
0HDVXUHPHQW�7HFKQLTXHV���������������������±��
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$GYDQFLQJ�7LUH�DQG�5RDG�:HDU�3DUWLFOHV��75:3��0HDVXUHPHQWV��%DODQFLQJ�/DERUDWRU\�&RQGLWLRQV�DQG�5HDO�

:RUOG�5HOHYDQFH�

-��:DKOVWU|P���<��/\X���-��/XQGEHUJ���-��3DJHOV���5��+MHOP�

�'HSDUWPHQW�RI�,QGXVWULDO�DQG�0HFKDQLFDO�(QJLQHHULQJ��/XQG�8QLYHUVLW\��6ZHGHQ���'HSDUWPHQW�RI�7HFKQRORJ\�DQG�6RFLHW\�
/XQG�8QLYHUVLW\��6ZHGHQ���(UJRQRPLFV�DQG�$HURVRO�7HFKQRORJ\��/XQG�8QLYHUVLW\��6ZHGHQ�

$LUERUQH QRQ�H[KDXVW HPLVVLRQV �1((� IURP URDG WUDIILF RULJLQDWH IURP PXOWLSOH VRXUFHV� LQFOXGLQJ EUDNHV� GU\ FOXWFKHV�
WLUHV� DQG URDGV� $ VLJQLILFDQW SURSRUWLRQ RI WKHVH SROOXWDQWV LV EHOLHYHG WR FRQVLVW RI DLUERUQH WLUH DQG URDG ZHDU SDUWLFOHV
�75:3�� 6WXGLHV RQ DLUERUQH 75:3 W\SLFDOO\ LQYROYH SDUWLFOH FROOHFWLRQ LQ ILHOG FRQGLWLRQV RU FRQWUROOHG ODERUDWRU\ VHWXSV�
/LWHUDWXUH UHYLHZV UHSRUW WKDW DLUERUQH 75:3 PD\ FRQWULEXWH �±��� RI WRWDO URDG WUDQVSRUW 30�� HPLVVLRQV� GHSHQGLQJ RQ D
ZLGH UDQJH RI FRQGLWLRQV >�@� 7KH QHHG IRU UHOLDEOH 7:3 PHDVXUHPHQW PHWKRGV KDV EHHQ KLJKOLJKWHG LQ WKH OLWHUDWXUH WR
LPSURYH RYHUDOO XQGHUVWDQGLQJ >�@� 7KLV NQRZOHGJH LV FUXFLDO WR DVVHVV ZKHWKHU DLUERUQH 75:3 LQ XUEDQ HQYLURQPHQWV SRVH
D SXEOLF KHDOWK FRQFHUQ� 7KH FRQWDFW EHWZHHQ WKH WLUH DQG URDG FDQ EH GLYLGHG LQWR D UROOLQJ DQG D VOLGLQJ �WLUH VOLS� SDUW�
0RVW SULPDU\ 75:3 DUH JHQHUDWHG IURP WKH VOLGLQJ LQWHUDFWLRQ EHWZHHQ URDG VXUIDFHV DQG WLUHV� ([LVWLQJ H[SHULPHQWDO
DSSURDFKHV VRPHWLPHV RYHUHVWLPDWH VOLS VSHHG� UHVXOWLQJ LQ H[FHVVLYHO\ KLJK FRQWDFW WHPSHUDWXUHV� &RQVHTXHQWO\� WKH
DLUERUQH 75:3 JHQHUDWHG DQG DQDO\VHG XQGHU VXFK FRQGLWLRQV PD\ QRW DFFXUDWHO\ UHSUHVHQW WKRVH IURP UHDO�ZRUOG URDG XVH�
HVSHFLDOO\ QDQRVL]HG SDUWLFOHV� )XUWKHUPRUH� VRPH H[SHULPHQWDO PHWKRGV IDLO WR LQFOXGH ERWK FRQWDFW VXUIDFHV �WLUH DQG URDG��
ZKLFK�LV�HVVHQWLDO�WR�VLPXODWH�WKH�DFWXDO�WULERORJLFDO�PHFKDQLVPV�RFFXUULQJ�GXULQJ�UHDO�GULYLQJ�
7KLV VWXG\ LGHQWLILHV UHSUHVHQWDWLYH ORDG DQG VOLS FRQGLWLRQV XVLQJ D VFDOHG H[SHULPHQWDO DSSURDFK� 7KH PHWKRG DOORZV
WHVWLQJ XQGHU GLIIHUHQW QRPLQDO FRQWDFW SUHVVXUHV DQG VOLS VSHHGV� /RDG DQG VOLS VSHHG FRQGLWLRQV DUH LWHUDWLYHO\ DGMXVWHG
EDVHG RQ YLVXDO FRPSDULVRQV RI WLUH ZHDU VFDUV WR WKRVH REVHUYHG RQ UHDO� XVHG FDU WLUHV� $ SLQ�RQ�GLVF WULERPHWHU� GHVLJQHG
VSHFLILFDOO\ IRU 1(( VWXGLHV� ZDV HPSOR\HG WR LQYHVWLJDWH IULFWLRQ� ZHDU� DQG DLUERUQH 75:3� 7HVW VSHFLPHQV ZHUH SUHSDUHG
IURP D XVHG FRPPHUFLDO WLUH �SLQ� DQG DQ DVSKDOW URDG GLVF �60$�� ZLWK SHQ� %LWXPHQ �������� 7KH WULERPHWHU ZDV
HQFORVHG ZLWKLQ D VHDOHG ER[� 'XULQJ WHVWLQJ� FRPSUHVVHG SDUWLFOH�IUHH DLU ��� /�PLQ� ZDV GLUHFWHG DW WKH FRQWDFW ]RQH WR
PDLQWDLQ FOHDQ DLU ZLWKLQ WKH ER[ DQG VLPXODWH DLUIORZ HTXLYDOHQW WR ��� NP�K� FKHHULQJ ZHDU SDUWLFOHV WR EHFRPH DLUERUQH�
$ 76, &3& DQG D *ULPP0LQL:5$6 ZHUH XVHG WR PHDVXUH SDUWLFOH QXPEHU FRQFHQWUDWLRQV LQVLGH WKH ER[� 1RPLQDO FRQWDFW
SUHVVXUH ZDV YDULHG EHWZHHQ ���� DQG ���� EDU� ZLWK VOLGLQJ VSHHGV UDQJLQJ IURP ���� WR ���� P�V ����� WR ���� NP�K FDU
VSHHG DVVXPLQJ D WLUH VOLS RI ���� 7HVW GXUDWLRQV UDQJHG IURP �� WR ��� PLQXWHV� FRUUHVSRQGLQJ WR D WRWDO VOLGLQJ GLVWDQFH RI
����PHWHUV�������NP�RI�GULYLQJ�DVVXPLQJ�D�WLUH�VOLS�RI������
7KH UHVXOWV LQGLFDWH WKDW VOLGLQJ VSHHG DQG QRUPDO ORDG VWURQJO\ LQIOXHQFH IULFWLRQ DQG ZHDU EHKDYLRXU� DQG UHVXOWLQJ 75:3
JHQHUDWLRQ� 8QGHU PRGHUDWH FRQWDFW FRQGLWLRQV� DOPRVW QR FRQFHQWUDWLRQ �� � FP�� IRU ERWK LQVWUXPHQWV� RI DLUERUQH 75:3
ZHUH PHDVXUHG LQVLGH WKH ER[� 7KHVH FRQGLWLRQV SURGXFHG VPRRWK VXUIDFHV� D VWDEOH FRHIILFLHQW RI IULFWLRQ� DQG UHDVRQDEOH
FRHIILFLHQW RI ZHDU� $LUERUQH 75:3 ZHUH REVHUYHG XQGHU VHYHUH RU FDWDVWURSKLF FRQWDFW FRQGLWLRQV� ZKHUH IULFWLRQ DQG ZHDU
PHFKDQLVPV �DQG FRQWDFW WHPSHUDWXUHV� GUDVWLFDOO\ FKDQJHG� UHVXOWLQJ LQ VLJQLILFDQW GHWDFKPHQW RI WLUH PDWHULDO� +RZHYHU�
VXFK ZRUQ FRQWDFW VXUIDFHV DUH QRW UHSUHVHQWDWLYH RI WKRVH IRXQG RQ URDG�XVHG FDU WLUHV� 7KLV VWXG\ WKHUHIRUH VXJJHVWV
SULRULWL]LQJ UHSUHVHQWDWLYH WHVW FRQGLWLRQV LQ IXWXUH H[SHULPHQWDO VWXGLHV� DV WKH\ EHWWHU UHSOLFDWH UHDO�ZRUOG GULYLQJ
FRQGLWLRQV�
�� *LHFKDVNLHO %� HW DO� &RQWULEXWLRQ RI 5RDG 9HKLFOH 7\UH :HDU WR 0LFURSODVWLFV DQG $PELHQW $LU 3ROOXWLRQ� 6XVWDLQDELOLW\�
��������
���0HQQHNHV�'��1RZDFN�%��7LUH�ZHDU�SDUWLFOH�HPLVVLRQV��0HDVXUHPHQW�GDWD�ZKHUH�DUH�\RX"�6FL��7RWDO�(QYLURQ������������
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  Session 10: Brake and tyre wear particles (Part2), Talk S10-3
  

Enhancing the Testing Methodology for Measuring Tyre Particle Emissions 

M. Chacón-Mateos1, N. Reijrink1, M. Löber1, S. Reiland2, M. Eßl2, F. Epple2, N. Gaiser1, F. Philipps2*, M. Köhler1* 

1German Aerospace Center (DLR), Institute of Combustion Technology, 70569 Stuttgart, Germany, 2German Aerospace
Center (DLR), Institute of Vehicle Concepts, 70569 Stuttgart, Germany 

Road transport is one of the major contributors to environmental pollution. The exhaust emissions have been regulated for
years, and with the current trend, it is expected that by 2050, non-exhaust emissions (NEE) will constitute up to 90 % of all
particles emitted by road transport [1]. The Euro 7 regulation, which has recently been introduced, is the first legislation
where non-exhaust emissions are regulated. In this context, more research is needed regarding the standardisation of the
testing methodologies for measuring tyre abrasion.

At DLR, NEE have been a focus for the past years. For instance, a zero-emission vehicle (ZEDU-1) was designed aiming to
promote the transition towards clean mobility [2]. Moreover, a brake- and tyre encapsulation (patent pending) was
developed, to increase the collection efficiency of emissions coming from tyres on a chassis dynamometer test bench. The
particles are measured and characterised by a plethora of instruments. A condensation particle counter is used for counting
the smaller particles (7 nm – 2 µm), an optical particle sizer (0.3 –10 µm) as well as low-cost sensors (0.35 – 40 µm) are
used to count larger particles and determine the size distribution. An impactor and cyclones are used to collect particles by
size fraction. The collected filters have been used for offline analysis with a scanning electron microscope (SEM) and
energy-dispersive X-ray spectroscopy (EDS) for morphological and chemical particle characterization.

In this talk we will present the most recent research carried out at DLR in the field of NEE, with special focus on tyre
emissions characterisation and how the encapsulation of tyres combined with optical sensors can help to improve the
sampling performance and can thereby be a robust methodology for tyre abrasion assessment.

[1] EU Directive 2024/1257, Official Journal of the European Union, 2024, Regulation - 2024/1257 - EN - EUR-Lex
(accessed on 24 Jan. 2025)

[2] M. Löber, L. Bondorf, T. Grein et al. Investigations of airborne tire and brake wear particles using a novel vehicle
design, Environ. Sci. Pollut. Res., 2024, 202431, 53521–53531. https://doi.org/10.1007/s11356-024-34543-9
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$SSURDFK�IRU�0HDVXULQJ�9RODWLOH�7\UH�3DUWLFOH�(PLVVLRQV��

*��7VDNRQDV���'��.RQWVHV���$��'LPDUDWRV���5��2X]RXQLV���/��1W]LDFKULVWRV���=��6DPDUDV�
�

�/DERUDWRU\�RI�$SSOLHG�7KHUPRG\QDPLFV��$ULVWRWOH�8QLYHUVLW\�RI�7KHVVDORQLNL��*5��������7KHVVDORQLNL��*UHHFH�

7\UH�HPLVVLRQV�DUH�D�FULWLFDO�VRXUFH�RI�DLUERUQH�SDUWLFXODWH�PDWWHU��FRQWULEXWLQJ�WR�XUEDQ�DLU�SROOXWLRQ�DQG�
SRVLQJ�SRWHQWLDO�ULVNV�>�@�
7KLV�VWXG\�SUHVHQWV�ILQGLQJV�IURP�WZR�H[SHULPHQWV�GHVLJQHG�WR�LQYHVWLJDWH�WKH�PHFKDQLVPV�EHKLQG�W\UH�
SDUWLFOH�HPLVVLRQV��7KH�PHDVXUHPHQW�VHWXS�LQFOXGHG�D�WKHUPRGHQXGHU�WR�UHPRYH�YRODWLOH�SDUWLFOHV�DQG�
WZR�SDLUV�RI�DQ�(/3,�DQG�D�&3&�IRU�SDUWLFOH�GHWHFWLRQ��2QH�SDLU��SODFHG�DIWHU�WKH�WKHUPRGHQXGHU��PHDVXUHG�
VROLG�SDUWLFOH�QXPEHU��ZKLOH�WKH�RWKHU��FRQQHFWHG�GLUHFWO\�WR�WKH�VDPSOLQJ�OLQH��PHDVXUHG�WKH�VXP�RI�VROLG�
DQG�YRODWLOH�SDUWLFOHV��$�SUHOLPLQDU\�RYHQ�H[SHULPHQW��ZKLFK�LQYROYHG�KHDWLQJ�D�VPDOO�VHFWLRQ�RI�WKH�W\UH�
WUHDG��ZDV�FRQGXFWHG�WR�LGHQWLI\�WKH�WHPSHUDWXUH�UDQJH�DW�ZKLFK�YRODWLOH�SDUWLFOHV�DUH�UHOHDVHG��7KH�
UHVXOWV�LQGLFDWHG�WZR�NH\�WHPSHUDWXUH�UDQJHV��WKH�ILUVW�EHWZHHQ�����&�DQG�����&��DQG�WKH�VHFRQG�
EHWZHHQ�����&�DQG�����&��7KH�ODWWHU�UDQJH�H[KLELWHG�D�VXEVWDQWLDO�UHOHDVH�RI�YRODWLOH�SDUWLFOHV�

�

�

7KH�VHFRQG�H[SHULPHQW�LQYROYHG�PHDVXUHPHQWV�RQ�D�FKDVVLV�G\QDPRPHWHU�XVLQJ�D�QRYHO�VDPSOLQJ�V\VWHP�
WR�FDSWXUH�W\UH�SDUWLFOHV��%DVHG�RQ�WKH�ILQGLQJV�IURP�WKH�SUHOLPLQDU\�H[SHULPHQW��WKH�WKHUPRGHQXGHU
WHPSHUDWXUH�ZDV�VHW�WR�����&��7KLV�WHPSHUDWXUH�ZDV�FKRVHQ�WR�HIIHFWLYHO\�UHPRYH�YRODWLOH�SDUWLFOHV�ZKLOH�
PLQLPL]LQJ�SDUWLFOH�ORVVHV�DQG�SUHYHQWLQJ�WKH�IXUWKHU�YRODWLOL]DWLRQ�RI�VHPL�YRODWLOH�FRPSRQHQWV�ZKLFK�
PD\�EH�FDXVHG�E\�H[FHVVLYH�KHDWLQJ��'XULQJ�WKHVH�WHVWV��YRODWLOH�SDUWLFOHV�ZHUH�GHWHFWHG�RQO\�XQGHU�WKH�
PRVW�GHPDQGLQJ�GULYLQJ�SDWWHUQV�

>�@�*ULJRUDWRV��7���0DUWLQL��*���5HSRUW�(85��������������3XEOLFDWLRQV�2IILFH�RI�WKH�(XURSHDQ�8QLRQ�
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'LVWULEXWLRQ�RI�WLUH�ZHDU�LQ�WKH�HQYLURQPHQW�WKURXJK�DWPRVSKHULF�WUDQVSRUW�DQG�GHSRVLWLRQ�

&��+XHJOLQ���0��5DKPDQ���%��6LQQHW���5��.DHJL�

�(PSD��6ZLVV�)HGHUDO�/DERUDWRULHV�IRU�0DWHULDOV�6FLHQFH�DQG�7HFKQRORJ\�������'�EHQGRUI��6ZLW]HUODQG���(DZDJ��6ZLVV
)HGHUDO�,QVWLWXWH�IRU�$TXDWLF�6FLHQFH�DQG�7HFKQRORJ\�������'�EHQGRUI��6ZLW]HUODQG�

:KHQ GULYLQJ� WKH IULFWLRQ EHWZHHQ WKH WLUHV DQG WKH URDG SURGXFHV SDUWLFOHV FRQVLVWLQJ RI D PL[WXUH RI WLUH ZHDU DQG URDG
ZHDU� 7KHVH SDUWLFOHV DUH FDOOHG WLUH DQG URDG ZHDU SDUWLFOHV �75:3�� WKH WLUH ZHDU LQ 75:3 LV UHIHUUHG WR DV WLUH ZHDU
SDUWLFOHV �7:3�� ,Q (XURSHDQ FRXQWULHV� DURXQG ��� WR ��� NJ RI 7:3 DUH SURGXFHG SHU LQKDELWDQW SHU \HDU� ,Q 6ZLW]HUODQG
DORQH� DURXQG ������ WRQV RI 7:3 DUH UHOHDVHG HYHU\ \HDU�>�@ $ ODUJH SURSRUWLRQ RI WKH SURGXFHG 7:3 HQGV XS LQ URDG
UXQRII DQG LV WUHDWHG LQ WKH VHZHU V\VWHP RU LQ UXQRII WUHDWPHQW SODQWV RU LV ZDVKHG LQWR URDGVLGH VRLOV�>�@ +RZHYHU� D VPDOOHU
SURSRUWLRQ RI WKH 7:3 SURGXFHG LV VXVSHQGHG LQ WKH DLU DQG WUDQVSRUWHG E\ WKH ZLQG DQG GHSRVLWHG LQWR WKH HQYLURQPHQW IDU
DZD\ IURP URDGV� 7KH DPRXQW RI WLUH ZHDU WKDW LV WUDQVSRUWHG YLD WKH DWPRVSKHUH LV ODUJHO\ XQNQRZQ GXH WR D ODFN RI
PHDVXUHPHQWV�

7KH W\SLFDO VL]H RI 7:3 LV DERYH WKH VL]H RI LQKDODEOH SDUWLFOHV� ZLWK VHYHUDO SHU FHQW RI WKH PDVV RI 7:3 SURGXFHG EHLQJ LQ
WKH 30�� DQG 30��� VL]H UDQJHV� 7:3V DUH WKHUHIRUH LPSRUWDQW IRU DLU TXDOLW\� 7KH UHOHDVH RI 7:3 LQWR WKH HQYLURQPHQW LV�
KRZHYHU� RI DGGLWLRQDO FRQFHUQ DV WLUH ZHDU SDUWLFOHV DUH D PDMRU VRXUFH RI PLFURSODVWLFV DQG WKH\ FRQWDLQ D ZLGH UDQJH RI
SRWHQWLDOO\�WR[LF�RUJDQLF�FKHPLFDOV�

7KH TXDQWLWDWLYH GHWHUPLQDWLRQ RI 7:3 LQ WKH HQYLURQPHQW LV FKDOOHQJLQJ GXH WR WKH KLJK XQFHUWDLQWLHV DVVRFLDWHG ZLWK WKH
DYDLODEOH DQDO\WLFDO PHWKRGV�>�@ :H SUHVHQW D QHZ PHWKRGRORJ\ IRU DQDO\]LQJ 7:3 EDVHG RQ S\URO\VLV JDV FKURPDWRJUDSK\
PDVV VSHFWURPHWU\� 7KH GHYHORSHG PHWKRG KDV EHHQ DSSOLHG WR GHWHUPLQH 7:3 LQ DWPRVSKHULF GHSRVLWLRQ VDPSOHV FROOHFWHG
IRU RQH \HDU DW PXOWLSOH VLWHV LQ 6ZLW]HUODQG� 7KH VDPSOLQJ VLWHV ZHUH VHOHFWHG WR UHSUHVHQW GLIIHUHQW ODQG�XVH VLWXDWLRQV
LQFOXGLQJ URDGVLGHV� XUEDQ� VXEXUEDQ� UXUDO DQG PRXQWDLQRXV HQYLURQPHQWV� 7KHVH PHDVXUHPHQWV DUH XVHG WR FDOFXODWH WKH
WRWDO DPRXQW RI WLUH ZHDU HQWHULQJ WKH HQYLURQPHQW HYHU\ \HDU LQ 6ZLW]HUODQG WKURXJK DWPRVSKHULF GHSRVLWLRQ� 7KH UHVXOWV
DUH�GLVFXVVHG�LQ�WKH�FRQWH[W�RI�WKH�WRWDO�WLUH�ZHDU�SURGXFHG�DQG�WKH�JHQHUDO�PDVV�IORZ�RI�7:3�LQ�WKH�HQYLURQPHQW�

>�@ (PSD 	 ZVW�� ������� 5HLIHQDEULHE DOV JU|VVWH 4XHOOH YRQ 0LNURSODVWLN ± 0DVVQDKPHQ ]XU 9HUPLQGHUXQJ�
KWWSV���ZZZ�EDIX�DGPLQ�FK�EDIX�GH�KRPH�WKHPHQ�DEIDOO�PLWWHLOXQJHQ�PVJ�LG�������KWPO�

>�@�%DHQVFK�%DOWUXVFKDW��%���.RFKHU��%���.RFKOHXV��&���6WRFN��)���5HLIIHUVFKHLG��*����������7\UH�DQG�URDG�ZHDU�SDUWLFOHV��
$�FDOFXODWLRQ�RI�JHQHUDWLRQ��WUDQVSRUW�DQG�UHOHDVH�WR�ZDWHU�DQG�VRLO�ZLWK�VSHFLDO�UHJDUG�WR�*HUPDQ�URDGV��6FLHQFH�RI�WKH
7RWDO�(QYLURQPHQW��������������

>�@�5DXHUW��&���5¡GODQG��(�6���2NRIIR��(�'���5HLG��0�-���0HODQG��6���7KRPDV��.�9����������&KDOOHQJHV�ZLWK�4XDQWLI\LQJ
7LUH�5RDG�:HDU�3DUWLFOHV��5HFRJQL]LQJ�WKH�1HHG�IRU�)XUWKHU�5HILQHPHQW�RI�WKH�,62�7HFKQLFDO�6SHFLILFDWLRQ��(QYLURQ��6FL�
7HFKQRO��/HWW���������í����
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