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��6HVVLRQ�����%UDNH�DQG�W\UH�ZHDU�SDUWLFOHV��3DUW����7DON 6����
��


$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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��6HVVLRQ�����%UDNH�DQG�W\UH�ZHDU�SDUWLFOHV��3DUW����7DON 6����
��
$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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��6HVVLRQ�����%UDNH�DQG�W\UH�ZHDU�SDUWLFOHV��3DUW����7DON 6����
��


$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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��6HVVLRQ�����%UDNH�DQG�W\UH�ZHDU�SDUWLFOHV��3DUW����7DON 6����
��


'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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��6HVVLRQ����$LUFUDIW��PDULQH�DQG�RWKHU�QRQ�URDG�VRXUFHV��3DUW�����7DON 6���
��


&RPSDULVRQ�RI�QRQ�&2��7XUERVKDIW�(QJLQH�(PLVVLRQV�XVLQJ�-HW�$����+()$��DQG�)7�63.�


0��5RKNDPS���$��5DEO���-��%HQGO���%��*LRFDVWUR���0��5��6DUDML�%R]RUJ]DG���$��+XSIHU�
��7��$GDP�
�


�8QLYHUVLW\�RI�WKH�%XQGHVZHKU�0XQLFK��:HUQHU�+HLVHQEHUJ�:HJ������������1HXELEHUJ���7HFKQLFDO�8QLYHUVLW\�RI�0XQLFK�
%ROW]PDQQVWUD�H�����������*DUFKLQJ��*HUPDQ\�


,Q WKLV SUHVHQWDWLRQ� H[SHULPHQWDO GDWD RQ WKH UHGXFWLRQ RI QRQ�&2� HPLVVLRQV LV SUHVHQWHG� EDVHG RQ WKH XVH RI QHDW DQG
EOHQGHG VXVWDLQDEOH �+()$�63.� DQG V\QWKHWLF �)7�63.� DYLDWLRQ IXHOV LQ FRPSDULVRQ WR -HW $��� 7KHVH ILQGLQJV DUH
GHULYHG IURP PHDVXUHPHQW FDPSDLJQV FRQGXFWHG EHWZHHQ ���� DQG ���� >���@ RQ D WXUERVKDIW HQJLQH �$OOLVRQ ����&��%�
XVHG�IRU�KHOLFRSWHUV�


)RU DOO IXHOV� WKH HPLVVLRQ LQGLFHV �(,V� IRU JDVHRXV FRPSRXQGV GHFUHDVHG DW KLJKHU RSHUDWLQJ FRQGLWLRQV� GULYHQ E\
HQKDQFHG FRPEXVWLRQ FKDPEHU HIILFLHQF\ UHVXOWLQJ IURP LPSURYHG IXHO DWRPL]DWLRQ� EHWWHU IXHO�DLU PL[LQJ� DQG KLJKHU
WHPSHUDWXUHV� :KLOH WKH GLIIHUHQFHV LQ JDVHRXV HPLVVLRQV EHWZHHQ +()$�63. DQG -HW $�� ZHUH QHJOLJLEOH IRU DOO ,&$2�
UHJXODWHG SROOXWDQWV �&2� 8+&� 12[�� )7�63. H[KLELWHG GLVWLQFW EHKDYLRU� 6SHFLILFDOO\� WKH XVH RI )7�63. OHG WR
VLJQLILFDQW UHGXFWLRQV LQ (,&2 ����� DQG (,8+& ����� FRPSDUHG WR ERWK -HW $�� DQG +()$�63.� $ VLPLODU WUHQG ZDV
REVHUYHG�IRU�YRODWLOH�RUJDQLF�FRPSRXQGV��92&V��LQ�WKH�&��&��UDQJH�


,Q DGGLWLRQ� QRQ�YRODWLOH SDUWLFXODWH PDWWHU �QY30� HPLVVLRQV DOVR YDULHG VLJQLILFDQWO\� 8VLQJ ]HUR�DURPDWLF DQG KLJKHU
K\GURJHQ�FRQWDLQLQJ IXHOV UHVXOWHG LQ VXEVWDQWLDO FKDQJHV LQ WKH QXPEHU� PDVV� SURSHUWLHV� DQG IRUPDWLRQ EHKDYLRU RI VRRW
SDUWLFOHV� 1XPEHU FRQFHQWUDWLRQV ZHUH UHGXFHG E\ XS WR ��� ZLWK ���� +()$�63. FRPSDUHG WR -HW $��� $GGLWLRQDOO\�
GXH WR FKDQJHV LQ SDUWLFOH GLDPHWHU� WKH SDUWLFOH PDVV GHFUHDVHG E\ XS WR ���� 6XVWDLQDEOH DQG V\QWKHWLF IXHOV VKLIWHG WKH
PRGH RI WKH SDUWLFOH QXPEHU VL]H GLVWULEXWLRQ �316'� E\ ��� LQ GLDPHWHU >�@� )RU D GHWDLOHG FRPSDULVRQ RI VRRW SDUWLFOHV�
ZKLFK ZHUH FRUUHFWHG IRU VL]H�GHSHQGHQW ORVVHV� WKH QXPEHU (,QXP(3�� DQG PDVV (,PDVV(3�� FRQFHQWUDWLRQV DV ZHOO DV VL]H
GLVWULEXWLRQV��6036�'06��ZHUH�DQDO\]HG�


7KHVH HPLVVLRQV LPSURYHPHQWV FDQ EH DWWULEXWHG SULPDULO\ WR IXHO FRPSRVLWLRQ� 8QOLNH -HW $��� +()$� DQG )7�63. ODFN
DURPDWLFV DQG FRQVLVW PDLQO\ RI Q� DQG LVR�DONDQHV� (YHQ PLQRU GLIIHUHQFHV LQ K\GURFDUERQ FODVV FRPSRVLWLRQV �H�J��
EHWZHHQ +()$� DQG )7�63.� FDQ VLJQLILFDQWO\ LQIOXHQFH WKH IRUPDWLRQ RI QRQ�&2� HPLVVLRQV� 7KLV UHVHDUFK XQGHUVFRUHV
WKH HQYLURQPHQWDO DGYDQWDJHV RI 6$)V LQ UHGXFLQJ ERWK JDVHRXV DQG SDUWLFXODWH HPLVVLRQV� RIIHULQJ YDOXDEOH LQVLJKWV IRU
DGYDQFLQJ�FOHDQHU�DYLDWLRQ�WHFKQRORJLHV�


>�@ 0� 5RKNDPS� $� 5DEO� %� *�QGOLQJ� 0� 5� 6DUML�%R]RUJ]DG� &� 0XOO� -� %HQGO� &� 1HXNLUFKHQ� &� +HOFLJ� 7� $GDP� 9�
*�PPHU DQG $� +XSIHU� ����� 'HWDLOHG *DVHRXV DQG 3DUWLFXODWH (PLVVLRQV RI DQ $OOLVRQ ����&��% 7XUERVKDIW (QJLQH�
-RXUQDO�RI�(QJLQHHULQJ�IRU�*DV�7XUELQHV�DQG�3RZHU��*73����������KWWSV���GRL�RUJ������������������


>�@��0��5RKNDPS��$��5DEO��-��%HQGO��&��1HXNLUFKHQ��0�5��6DUDML�%R]RUJ]DG��&��+HOFLJ��$��+XSIHU�DQG�7��$GDP�������
*DVHRXV�DQG�SDUWLFXODWH�PDWWHU��30��HPLVVLRQV�IURP�D�WXUERVKDIW�HQJLQH�XVLQJ�GLIIHUHQW�EOHQGV�RI�VXVWDLQDEOH�DYLDWLRQ
IXHO��6$)���$HURVRO�6FLHQFH�DQG�7HFKQRORJ\������������±�����KWWSV���GRL�RUJ�������������������������������


�
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��6HVVLRQ����$LUFUDIW��PDULQH�DQG�RWKHU�QRQ�URDG�VRXUFHV��3DUW�����7DON 6���
��


'HWHUPLQDWLRQ�RI�DLUFUDIW�JDV�WXUELQH�QY30�FKDUJH�VWDWH�DQG�LWV�LPSDFW�RQ�VDPSOLQJ�V\VWHP�ORVVHV�


)��/LGVWRQH�/DQH���3��:LOOLDPV���(��'XUDQG���$��/HD�/DQJWRQ���0��-RKQVRQ���$��&UD\IRUG���'��.LOLF�


�8QLYHUVLW\�RI�0DQFKHVWHU���&DUGLII�8QLYHUVLW\���5ROOV�5R\FH�


$LUFUDIW JDV WXUELQH HQJLQHV SURGXFH LRQV WKURXJK FKHPL�LRQLVDWLRQ DQG WKHUPDO LRQLVDWLRQ OHDGLQJ WR FKDUJHG QRQ�YRODWLOH
3DUWLFXODWH 0DWWHU �QY30� HPLVVLRQV>�@� ,Q W\SLFDO FRPEXVWLRQ V\VWHPV� QY30 FKDUJLQJ UHVXOWV LQ D ELSRODU HTXLOLEULXP
FKDUJH GLVWULEXWLRQ>�@� +RZHYHU� GXH WR KLJK WHPSHUDWXUHV DQG SUHVVXUHV REVHUYHG LQ DQ DLUFUDIW HQJLQH FRPEXVWRU� DLUFUDIW
QY30 LV SUHGLFWHG WR KDYH D QRQ�HTXLOLEULXP FKDUJH GLVWULEXWLRQ>�@� ,I DLUFUDIW QY30 GRHV FDUU\ D QRQ�HTXLOLEULXP FKDUJH
GLVWULEXWLRQ� WKLV FRXOG KDYH VHYHUDO IDU UHDFKLQJ LPSOLFDWLRQV� LQFOXGLQJ� HQKDQFHPHQW RI FRQWUDLO IRUPDWLRQ>�@� DQG
XQDFFRXQWHG�IRU�DGGLWLRQDO�SDUWLFOH�ORVVHV�IRU�UHJXODWRU\�PHDVXUHPHQWV�


7KLV VWXG\ DLPHG WR TXDQWLI\ WKH FKDUJH VWDWH RI DLUFUDIW QY30 IRU WKUHH GLIIHUHQW HQJLQHV UXQQLQJ RQ IRXU GLIIHUHQW
FRPPHUFLDOO\ XVHG IXHOV �WZR -HW$�� DQG WZR ��� EOHQGHG 6$)�� RYHU D UDQJH RI HQJLQH FRQGLWLRQV IURP LGOH �ORZ SRZHU�
WR QHDU WDNH�RII �KLJK SRZHU�� )RU WKLV VWXG\� WKH FKDUJH VWDWH ZDV TXDQWLILHG IRU DOO HQJLQHV� SRZHUV� DQG IXHOV E\
GHWHUPLQLQJ�WKH�FKDUJH�IUDFWLRQ�DQG�PHDQ�FKDUJH�SHU�SDUWLFOH�


)URP )LJXUH���D� LW ZDV REVHUYHG WKDW DV WKH HQJLQH SRZHU �H[KDXVW WHPSHUDWXUH� LQFUHDVHG� PRUH RI WKH SDUWLFOHV
EHFDPH FKDUJHG � XS WR ��� DW QHDU WDNH�RII SRZHU� 7R DGG WR WKLV� D VPDOO IXHO GHSHQGHQFH ZDV REVHUYHG ZKHUH -HW$��
SURGXFHG PRUH FKDUJH QY30 WKDQ 6$)� )URP WKH PHDQ FKDUJH SHU SDUWLFOH SORW �)LJXUH���E�� LW ZDV REVHUYHG WKDW DW ORZ
HQJLQH SRZHUV� WKH FKDUJH GLVWULEXWLRQ ZDV VOLJKWO\ ELDVHG WRZDUGV QHJDWLYH SRODULW\� ZKLFK IOLSSHG WR SRVLWLYH DV WKH HQJLQH
SRZHU LQFUHDVHG� 7KLV UHVXOW FRQILUPV WKH WKHRUHWLFDO SUHGLFWLRQV WKDW DLUFUDIW QY30 FKDUJH GLVWULEXWLRQV DUH QRQ�HTXLOLEULXP�
ZKLFK�DUH�SDUWLFXODUO\�HYLGHQW�DW�KLJK�HQJLQH�SRZHUV�


�


�


)LJXUH��� &KDUJH VWDWH RI DLUFUDIW HQJLQH QY30 DV D IXQFWLRQ RI HQJLQH H[KDXVW WHPSHUDWXUH IRU IRXU GLIIHUHQW IXHOV� D�� LV WKH
FKDUJH�IUDFWLRQ�DQG�E���LV�WKH�PHDQ�FKDUJH�SHU�SDUWLFOH�


%\ XVLQJ WKH PHDQ FKDUJH SHU SDUWLFOH PHDVXUHPHQW� DQ HVWLPDWH RI DGGLWLRQDO XQTXDQWLILHG SDUWLFOH ORVVHV KDV EHHQ
GHYHORSHG� $VVXPLQJ WKDW DOO SDUWLFOHV FDUU\ RQH FKDUJH� DQG FRUUHFWLQJ IRU GLIIXVLRQDO ORVVHV DQG V\VWHP GLOXWLRQ IURP
VDPSOLQJ SUREH WR PHDVXUHPHQW LQVWUXPHQWDWLRQ� WKH LRQ FRQFHQWUDWLRQV FDQ EH FDOFXODWHG� )URP WKLV� D SUHGLFWLRQ RI WKH
FKDUJHG QY30 ORVVHV WKURXJK VDPSOLQJ V\VWHPV FDQ EH SUHGLFWHG� 7KLV HVWLPDWLRQ SUHGLFWV WKDW WKHUH FRXOG EH DQ DGGLWLRQDO
XQTXDQWLILHG QY30 ORVV RI XS WR ��� LQVLGH VDPSOLQJ V\VWHPV IRU KLJK HQJLQH SRZHUV� 7KHUHIRUH� WKLV VWXG\ VKRZV WKDW LW
PD\ EH QHFHVVDU\ WR DGRSW QHZ FKDUJHG QY30 FRUUHFWLRQ PHWKRGRORJLHV LQ VDPSOLQJ V\VWHPV WR DFFXUDWHO\ GHWHUPLQH WKH
DLUFUDIW�QY30�HPLVVLRQV�


>�@�%XUWVFKHU��+��-��$HURVRO��6FL����������
>�@�)LDONRZ��$��3URJ��(QHUJ\��&RPEXVW��6FL����������
>�@�6RURNLQ��$��HW�DO��$WPRV��&KHP��3K\V���������
>�@�<X��)�	�7XUFR��5��3��*HRSK\V��5HV��/HWW����������
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��


0HDVXUHPHQWV�RI�8OWUDILQH�SDUWLFOHV�DQG�FKHPLFDO�WUDFHV�IURP�DYLDWLRQ�HPLVVLRQV�QHDU�WKH�=�ULFK�DLUSRUW�


6��7LQRUXD���-��6ORZLN���3��$OSHUW���0��$PPDQQ���$��3UpY{W���0��%DXHU���6��0LVKUD���0��*|WVFK���-��6LQWHUPDQQ���0��*\VHO�
%HHU���=��'HFNHU���%��%UHP�
�


�36,�&HQWHU�IRU�(QHUJ\�DQG�(QYLURQPHQWDO�6FLHQFHV�������9LOOLJHQ�36,��6ZLW]HUODQG���$:(/��$PW�I�U�$EIDOO��:DVVHU�
(QHUJLH�XQG�/XIW�������=�ULFK��6ZLW]HUODQG���12$$�&6/�	�&RRSHUDWLYH�,QVWLWXWH�IRU�5HVHDUFK�LQ�(QYLURQPHQWDO�6FLHQFHV


�&,5(6���%RXOGHU��&2��86$�


$LUFUDIW SDUWLFOH HPLVVLRQV DW WKH HQJLQH H[LW DUH ODUJHO\ FRPSRVHG RI 8OWUD )LQH 3DUWLFOHV �8)3V� GLDPHWHU RI ���� QP�� 'XH
WR�WKHLU�VPDOO�VL]H��8)3V�DUH�WUDQVSRUWHG�GHHSHU�LQ�WKH�KXPDQ�ERG\��FDXVLQJ�DGYHUVH�KHDOWK�HIIHFWV���


,Q WKH IUDPHZRUN RI WKH $YLDWLRQ 3OXPH 3523H5W,HV $7 SRLQW RI ([SRVXUH �$335235,$7(� SURMHFW� D VWDWH�RI�WKH�DUW VHW
RI JDV� DQG DHURVRO�SKDVH LQVWUXPHQWDWLRQ ZDV GHSOR\HG � NP DW WKH HDVW�VLGH RI =�ULFK DLUSRUW WR FKDUDFWHUL]H DLUFUDIW 8)3V
GXULQJ � PRQWK LQ IDOO ����� 7KH ((6,�7R) PDVV VSHFWURPHWHU ZDV XVHG WR PHDVXUH WKHLU FKHPLFDO FRPSRVLWLRQ DW D
PROHFXODU OHYHO� XVLQJ SUHYLRXVO\ UHSRUWHG RLO WUDFHUV �� 0HDVXUHPHQWV VKRZHG WKDW DLUSRUW DFWLYLWLHV DUH WKH SULQFLSDO
FRQWULEXWRU WR WKH 8)3V PHDVXUHG DW WKH VLWH� WKXV GULYLQJ WKHLU PHGLDQ GLDPHWHU �DURXQG ���� QP� DQG EULQJLQJ KLJK QXPEHU
FRQFHQWUDWLRQV �! ����� FP���� :KLOH WKH OLWHUDWXUH WHQGV WR LGHQWLI\ 8)3V IURP DYLDWLRQ E\ WKHLU W\SLFDO VPDOO GLDPHWHU� ZH
KLJKOLJKWHG WKDW WKHLU PRGDO GLDPHWHU FDQ JURZ XS WR �� QP E\ FRQGHQVDWLRQ DQG�RU FRDJXODWLRQ SURFHVVHV� )LJXUH � VKRZV
WKH WRWDO SDUWLFOH QXPEHU �31� FRQFHQWUDWLRQ ± PRVWO\ PDGH RI 8)3V � DV D IXQFWLRQ RI WKH ((6,�7R) VLJQDO LQWHQVLW\ IRU WZR
OXEH�RLO WUDFHUV �WKH WULFUHV\O�3KRVSKDWH 7&3� DQG D &�� HVWHU�� $Q LQFUHDVH RI WKH 31 FRQFHQWUDWLRQ ZLWK WKH OXEH�RLO VLJQDO
KDV EHHQ IRXQG� 7KLV ILQGLQJ KLJKOLJKWV WKDW RQOLQH GHWHFWLRQ RI OXEH�RLO WUDFHUV FDQ EH XVHG DV D SUHGLFWRU IRU KLJK 8)3V
FRQFHQWUDWLRQV�IURP�WKH�DLUSRUW�


7KLV ZRUN ZDV VXSSRUWHG E\ WKH 6ZLVV )HGHUDO 2IILFH RI &LYLO $YLDWLRQ �6)/9 ���������� :H DFNQRZOHGJH )ULWKMRI
6LHJHULVW� WKH =+$: &HQWUH IRU $YLDWLRQ� (PSD DQG WKH &LW\ RI .ORWHQ IRU WKHLU VXSSRUW ZLWK ORJLVWLFV� LQVWUXPHQWDWLRQ� DQG
WKH�VDPSOLQJ�VLWH�


�


�


>�@ %HQGWVHQ� .� 0�� %HQJWVHQ� (�� 6DEHU� $� 7�� 9RJHO� 8� $ 5HYLHZ RI +HDOWK (IIHFWV $VVRFLDWHG ZLWK ([SRVXUH WR -HW
(QJLQH�(PLVVLRQV�LQ�DQG�DURXQG�$LUSRUWV��(QYLURQPHQWDO�+HDOWK������������������


>�@�'HFNHU��=��&��-���$OSHUW��3��$���$PPDQQ��0���$QHW��-��*���%DXHU��0���&XL��7���'XUGLQD��/���(GHEHOL��-���*\VHO�%HHU��0��
3UpY{W��$��6��+���4L��/���6ORZLN��-��*���6SLULJ��&���7LQRUXD��6���8QJHKHXHU��)���9RJHO��$���=KDQJ��-���%UHP��%��7��(PLVVLRQ
DQG�)RUPDWLRQ�RI�$LUFUDIW�(QJLQH�2LO�8OWUDILQH�3DUWLFOHV��$&6�(67�$LU������
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��6HVVLRQ����$LUFUDIW��PDULQH�DQG�RWKHU�QRQ�URDG�VRXUFHV��3DUW�����7DON 6���
��
*DVHRXV�DQG�1RQ�9RODWLOH�3DUWLFXODWH�(PLVVLRQV�IURP�D�3ULYDWH�-HW�8VLQJ�)RVVLO�-HW�$���DQG�D�����+()$�63.


%OHQG�


/��'XUGLQD�����=��&��'HFNHU�����-��(GHEHOL���&��6SLULJ���7��)ULVFKNQHFKW���-��*��$QHW���%��7��%UHP���)��6LHJHULVW���7�
5LQGOLVEDFKHU�
�


�*UHHQ/HW�5HVHDUFK��2EHUJODWW�=+��6ZLW]HUODQG���&HQWUH�IRU�$YLDWLRQ��=+$:�=XULFK�8QLYHUVLW\�RI�$SSOLHG�6FLHQFHV�
&+�������:LQWHUWKXU��6ZLW]HUODQG���/DERUDWRU\�IRU�$WPRVSKHULF�&KHPLVWU\��3DXO�6FKHUUHU�,QVWLWXWH��9LOOLJHQ��&+������
6ZLW]HUODQG����12$$�&KHPLFDO�6FLHQFHV�/DERUDWRU\��%RXOGHU��&2���������8�6�$���65�7HFKQLFV�6ZLW]HUODQG�$*��=XULFK�


$LUSRUW��&+�������6ZLW]HUODQG���6ZLVV�)HGHUDO�2IILFH�RI�&LYLO�$YLDWLRQ��,WWLJHQ��&+�������6ZLW]HUODQG�


6PDOO WXUERIDQ HQJLQHV ������ N1 WKUXVW�� ZLGHO\ XVHG LQ SULYDWH DQG EXVLQHVV DYLDWLRQ� UHPDLQ H[HPSW IURP HPLVVLRQV
UHJXODWLRQV GHVSLWH WKHLU JURZLQJ FRQWULEXWLRQ WR DYLDWLRQ¶V HQYLURQPHQWDO LPSDFW� 7KLV VWXG\ H[DPLQHV JDVHRXV DQG QRQ�
YRODWLOH SDUWLFXODWH PDWWHU �QY30� HPLVVLRQV IURP D SRSXODU VPDOO WXUERIDQ HQJLQH XVLQJ IRVVLO -HW $�� �WZR EDWFKHV� DQG D
��� +\GURSURFHVVHG (VWHUV DQG )DWW\ $FLGV 6\QWKHWLF 3DUDIILQLF .HURVHQH �+()$�63.� EOHQG� &RPSDUHG WR WKH IRVVLO
IXHOV� WKH +()$�63. EOHQG FRQWDLQHG XS WR �� IHZHU DURPDWLFV E\ YROXPH� DERXW KDOI WKH QDSKWKDOHQH FRQWHQW� DQG XS WR
����OHVV�VXOIXU��7KH�IXHO�K\GURJHQ�FRQWHQW�RI�WKH�+()$�63.�EOHQG�ZDV�a������KLJKHU�


0HDVXUHPHQWV DW JURXQG OHYHO� SHUIRUPHG ZLWK DGYDQFHG LQVWUXPHQWDWLRQ DQG D VWDQGDUGL]HG H[KDXVW VDPSOLQJ DQG
PHDVXUHPHQW V\VWHP� UHYHDOHG VLJQLILFDQW UHGXFWLRQV LQ QY30 HPLVVLRQV ZLWK WKH VXVWDLQDEOH DYLDWLRQ IXHO �6$)� EOHQG� 7KH
QY30 PDVV DQG QXPEHU HPLVVLRQ LQGLFHV �(,V� ZHUH UHGXFHG E\ a��� DQG a��� DW LGOH� UHVSHFWLYHO\� 7KH UHGXFWLRQV ZHUH
OHVV SURQRXQFHG DW KLJKHU WKUXVW VHWWLQJV� DOLJQLQJ ZLWK NQRZQ WUHQGV IRU IXHO FRPSRVLWLRQ HIIHFWV� 62� HPLVVLRQV ZHUH
SURSRUWLRQDO WR WKH EOHQG¶V ORZHU VXOIXU FRQWHQW� ZKLOH 92& DQDO\VLV KLJKOLJKWHG UHGXFHG HPLVVLRQV RI FRPSOH[ XQVDWXUDWHG
K\GURFDUERQV GXH WR ORZHU DURPDWLF FRQWHQW� 1RWDEO\� QY30 QXPEHU (,V DW FUXLVH ZHUH HVWLPDWHG WR GHFUHDVH E\ a����
VXJJHVWLQJ D FRUUHVSRQGLQJ UHGXFWLRQ LQ FRQWUDLO LFH SDUWLFOH FRQFHQWUDWLRQV� 7KHVH ILQGLQJV XQGHUVFRUH 6$)¶V SRWHQWLDO WR
PLWLJDWH FOLPDWH DQG DLU TXDOLW\ LPSDFWV RI VPDOO WXUERIDQ HQJLQHV ZKLOH KLJKOLJKWLQJ WKH QHHG IRU LPSURYHG SUHGLFWLYH
PRGHOV�RI�IXHO�FRPSRVLWLRQ�HIIHFWV�RQ�QY30�HPLVVLRQV�
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(IIHFWV�6$)�XVH�	�)XHO�FRPSRVLWLRQ�RQ�9RODWLOH�DQG�QRQ�9RODWLOH�30�DYLDWLRQ�HPLVVLRQV�


5��&��0LDNH�/\H���%�������HFR'HPRQVWUDWRU�7HDP���*�������*����6$)�7HVW�7HDP�


�$HURG\QH�5HVHDUFK���%RHLQJ�&RPPHUFLDO�$LUSODQHV���*XOIVWUHDP�$HURVSDFH�&RUSRUDWLRQ�


5HFHQW RQ�ZLQJ PHDVXUHPHQWV RI 3DUWLFXODWH 0DWWHU �30� HPLVVLRQV KDYH EHHQ PDGH XVLQJ 6XVWDLQDEOH $YLDWLRQ )XHOV
�6$)V� DQG ORZ )XHO 6XOIXU &RQWHQW �)6&� MHW IXHOV� 7KHVH WHVWV KDYH DFKLHYHG PLQLPDO WR QR VXOIXU FRQWDPLQDWLRQ RI ����
6$)� DOORZLQJ WKH LPSRUWDQFH RI )6& DW OHYHOV EHORZ D IHZ SSPP WR EH H[DPLQHG� 7KH GUDPDWLF FKDQJHV ZKHQ VXOIXU
HPLVVLRQV DUH QR ORQJHU VLJQLILFDQW GHPRQVWUDWH WKH SRWHQWLDO RI ���� QHDW 6$) IRU LPSURYLQJ ORFDO DLU TXDOLW\ QHDU DLUSRUWV�
7KHVH UHVXOWV DOVR LQGLFDWH WKDW WKHUH PD\ EH SRVVLEOH EHQHILWV RI UHGXFLQJ WKH IRUPDWLRQ RI FRQGHQVDWLRQ WUDLOV ZLWK YHU\ ORZ
)6& IXHOV� ,Q DOO UHFHQW WHVWV RI FXUUHQW DLUFUDIW HQJLQHV� WKH FRQWULEXWLRQV RI RLO DUH D PDMRU FRPSRQHQW DQG FDQQRW EH
LJQRUHG��HVSHFLDOO\�DV�DLUFUDIW�HQJLQH�FRPEXVWLRQ�HPLVVLRQV�FRQWLQXH�WR�GHFUHDVH�
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��


$�³�QG´��!�����QP��6L]H�0RGH�LQ�$LUFUDIW�*DV�7XUELQH�(QJLQH�([KDXVW�


'��.LWWHOVRQ���$��=HOHQ\XN�


�'HSDUWPHQW�RI�0HFKDQFDO�(QJLQHHULQJ��8QLYHUVLW\�RI�0LQQHVRWD��0LQQHDSROLV��01���������86$���8�6��'HSDUWPHQW�RI
(QHUJ\��3DFLILF�1RUWKZHVW�1DWLRQDO�/DERUDWRU\��5LFKODQG��:$���������86$�


6HYHUDO \HDUV DJR� ZH SUHVHQWHG SUHOLPLQDU\ ZRUN RQ WKLV WRSLF� 7KLV UHSRUW LV D GHVFULEHV DGGLWLRQDO DQDO\VLV DQG
LQWHUSUHWDWLRQ RI RXU UHVXOWV� 0RWRU YHKLFOH SLVWRQ HQJLQH H[KDXVW SDUWLFOH VL]H GLVWULEXWLRQV �36'� W\SLFDOO\ VKRZ WKUHH
GLVWLQFW PRGHV� D QXFOHDWLRQ PRGH EHWZHHQ DERXW � DQG �� QP GLDPHWHU FRQVLVWLQJ PDLQO\ RI VHPL�YRODWLOH PDWHULDO� DQ
DFFXPXODWLRQ RU VRRW PRGH EHWZHHQ DERXW �� DQG ��� QP GLDPHWHU FRQVLVWLQJ PDLQO\ RI FDUERQDFHRXV DJJUHJDWHV� DQG D
FRDUVH PRGH FRQVLVWLQJ RI ODUJHU PHFKDQLFDOO\ JHQHUDWHG SDUWLFOHV ± IURP RLO DWRPL]DWLRQ DQG UH�HQWUDLQPHQW IURP LQ�
F\OLQGHU DQG H[KDXVW VXUIDFHV� 0HDVXUHPHQW RI SDUWLFOHV IURP FRPPHUFLDO DLUFUDIW JDV WXUELQH HQJLQHV LV PXFK PRUH
FKDOOHQJLQJ WKDQ IURP JURXQG�EDVHG YHKLFOHV ZLWK H[KDXVW WHPSHUDWXUHV DV KLJK DV ��� & RU PRUH DQG H[KDXVW YHORFLWLHV
DSSURDFKLQJ 0DFK �� 7KLV QHFHVVLWDWHV WKH XVH RI YHU\ ORQJ VDPSOLQJ OLQHV WKDW FRPSOLFDWH SDUWLFOH PHDVXUHPHQWV� 7KHVH
OLQHV WHQG WR DGVRUE PXFK RI WKH VHPL�YRODWLOH PDWHULDO DQG VXSSUHVV WKH IRUPDWLRQ RI D QXFOHDWLRQ PRGH� 7KH FDUERQDFHRXV
DJJUHJDWHV LQ WKH VRRW PRGH DUH VPDOOHU WKDQ IURP W\SLFDO SLVWRQ HQJLQHV ZLWK GLDPHWHUV LQ WKH �� WR �� QP UDQJH� &RPSDUHG
WR SLVWRQ HQJLQHV WKHUH LV OHVV RSSRUWXQLW\ IRU WKH H[KDXVW WR LQWHUDFW ZLWK VXUIDFHV DQG WKHUH DUH QR SLVWRQ ULQJV WR DWRPL]H
RLO VR FRDUVH SDUWLFOHV ZHUH QRW H[SHFWHG WR EH DQ LVVXH� +RZHYHU� XQGHU VRPH FRQGLWLRQV� HVSHFLDOO\ ZKHQ VRRW
FRQFHQWUDWLRQV ZHUH ORZ� ZH REVHUYHG D GLVWLQFW VL]H PRGH� D ³�QG PRGH´� LQ WKH FRDUVH PRGH VL]H UDQJH FRQVLVWLQJ RI
SDUWLFOHV ODUJHU WKDQ DERXW ��� QP� $OVR QRWH WKDW QR HYLGHQFH ZDV IRXQG IRU PHFKDQLFDO JHQHUDWLRQ E\ SDUWLFOH VKHGGLQJ
IURP WKH VDPSOLQJ V\VWHP DV GHPRQVWUDWHG GXULQJ WKH GDLO\ SUH�WHVW ]HUR FKHFNV RI WKH V\VWHP DQG UHVSRQVH WR VWHS FKDQJHV
LQ FRQFHQWUDWLRQ� 7KH UHVXOWV UHSRUWHG KHUH ZHUH REVHUYHG GXULQJ D VHULHV RI PHDVXUHPHQW FDPSDLJQV� 9$5,$Q7 ����
FRQGXFWHG E\ WKH 8� 6� (QYLURQPHQWDO 3URWHFWLRQ $JHQF\ LQ FROODERUDWLRQ ZLWK WKH 8� 6� $LU )RUFH¶V $UQROG (QJLQHHULQJ
'HYHORSPHQW &RPSOH[� 7KH PDLQ SXUSRVH RI WKHVH FDPSDLJQV ZDV WR UHILQH PHWKRGRORJ\ IRU PHDVXUHPHQW RI QRQ�YRODWLOH
SDUWLFOHV IURP DLUFUDIW HQJLQHV� 7KH UHVXOWV SUHVHQWHG KHUH DUH EDVHG RQ WKH ODVW WZR FDPSDLJQV� 9$5,$Q7 � DQG �� $
*HQHUDO (OHFWULF -��� WXUERMHW DQG /LEE\ :HOGLQJ 0RGHO *7��� DQG /*7��� WXUELQH SRZHUHG VWDUW FDUWV UXQQLQJ ZLWK D
UDQJH RI WHVW FRQGLWLRQV DQG IXHOV ZHUH XVHG DV SDUWLFOH VRXUFHV� 3DUWLFOH VL]H� FRQFHQWUDWLRQ� DQG FRPSRVLWLRQ PHDVXUHPHQWV
ZHUH PDGH XVLQJ D UDQJH RI LQVWUXPHQWV� 7KH IRFXV RI WKHVH VWXGLHV ZDV PHDVXUHPHQW RI DFFXPXODWLRQ PRGH VRRW
DJJUHJDWHV� 7KH FRDUVH PRGH ZDV XQH[SHFWHG� 36' PHDVXUHPHQWV ZHUH PDGH XVLQJ D UDQJH RI LQVWUXPHQWV� ,Q 9$5,$Q7 ��
WZR 76, 6036V �� � ��� QP� DQG D 76, ((36 �� � ��� QP� ZHUH XVHG� ,Q 9$5,$Q7 �� WKUHH 6036V �� � ��� QP�� D ORZ
IORZ 6036 ��� � ��� QP�� D 76, ((36 �� � ��� QP� DQG D &DPEXVWLRQ '06��� �� � ���� QP� ZHUH XVHG� $GGLWLRQDO
PHDVXUHPHQWV UHODWHG WR WKH FRDUVH PRGH ZHUH PDGH XVLQJ DQ $HURG\QH &$36 3066$ WKDW PHDVXUHV OLJKW H[WLQFWLRQ DQG
VFDWWHULQJ LQ ERWK FDPSDLJQV� ,Q 9$5,$17 �� D VLQJOH SDUWLFOH ODVHU DEODWLRQ PDVV VSHFWURPHWHU �PLQL63/$7� WKDW PHDVXUHV
SDUWLFOH VL]H� PRUSKRORJ\� FRPSRVLWLRQ DQG PDVV ZDV DOVR XVHG� :H GHILQH WKH �QG PRGH LQ WZR ZD\V� 9ROXPH DERYH ���
QP �9���� DQG 9 �QG� ZKHUH 9 �QG LV GHWHUPLQHG E\ ILWWLQJ WKH 36' WR D ELPRGDO ORJQRUPDO GLVWULEXWLRQ� 9 �QG DQG 9���
DUH ZHOO FRUUHODWHG� :LWK WKH -���� 9 �QG�9WRWDO UDWLRV RI QHDUO\ ��� ZHUH REVHUYHG LQ VRPH WHVWV� ,Q PRVW FDVHV� 9
�QG�9WRWDO UDWLRV YDULHG LQYHUVHO\ ZLWK HQJLQH ORDG DQG WRWDO YROXPH �PDVV� HPLVVLRQV� )RUPDWLRQ RI WKH PRGH ZDV PXFK
PRUH SURQRXQFHG ZLWK WKH -��� WKDQ ZLWK WKH VWDUW FDUWV� 7KH IRUPDWLRQ RI WKH �QG PRGH ZDV DOVR DVVRFLDWHG ZLWK DQ LQFUHDVH
LQ WKH VLQJOH VFDWWHULQJ DOEHGR �66$� PHDVXUHG E\ WKH &$36 DQG DSSHDUDQFH RI SDUWLFOHV ZLWK GLIIHUHQW FRPSRVLWLRQV DQG
PRUSKRORJLHV�LQ�WKH�PLQL63/$7�GDWD�
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1XPHULFDO�,QYHVWLJDWLRQ�RI�)XHO�,QMHFWLRQ�&RQWURO�RQ�$HURVRO�)RUPDWLRQ�DQG�7UDQVSRUW�LQ�&DQ\RQV�DQG�2SHQ�$UHDV


0��%H]DDWSRXU���0��1D]HPLDQ���0��0LLNND�'DO�0DVR���0��5LVVDQHQ�


�$HURVRO�3K\VLFV�/DERUDWRU\��7DPSHUH�8QLYHUVLW\��������7DPSHUH��)LQODQG���)DFXOW\�RI�0HFKDQLFDO�(QJLQHHULQJ��6DKDQG
1HZ�7RZQ��7DEUL]��,UDQ�


&RPEXVWLRQ SURFHVVHV DUH D VLJQLILFDQW VRXUFH RI DLU SROOXWDQWV� FRQWULEXWLQJ WR DWPRVSKHULF DHURVRO IRUPDWLRQ DQG DGYHUVHO\
DIIHFWLQJ DLU TXDOLW\ >�@� 0RGHOOLQJ WKH FRPEXVWLRQ FKDPEHU LV HVVHQWLDO IRU DFFXUDWHO\ SUHGLFWLQJ SROOXWDQW HPLVVLRQV�
RSWLPL]LQJ FRPEXVWLRQ HIILFLHQF\� DQG PLQLPL]LQJ WKH HQYLURQPHQWDO LPSDFW RI IXHO FRPEXVWLRQ >�@� 0RUHRYHU� PRGHOOLQJ
DLU TXDOLW\ LV FUXFLDO IRU XQGHUVWDQGLQJ WKH GLVSHUVLRQ DQG WUDQVIRUPDWLRQ RI SROOXWDQWV� HQDEOLQJ WKH DVVHVVPHQW RI WKHLU
LPSDFW RQ KXPDQ KHDOWK DQG WKH HQYLURQPHQW >�@� ,Q WKLV VWXG\� ZH SUHVHQW D FRPSUHKHQVLYH QXPHULFDO PRGHOOLQJ DSSURDFK
WR SUHGLFW SROOXWDQW HPLVVLRQV IURP D FRPEXVWLRQ FKDPEHU DQG WKHLU VXEVHTXHQW WUDQVSRUW DQG WUDQVIRUPDWLRQ LQWR DHURVROV
ZLWKLQ VWUHHW FDQ\RQV DQG RSHQ DUHDV� 7KH ILUVW SKDVH RI RXU ZRUN LQYROYHG GHYHORSLQJ D GHWDLOHG FRPEXVWLRQ FKDPEHU
PRGHO WR TXDQWLI\ WKH LPSDFW RI IXHO LQMHFWLRQ FRQWURO RQ HPLVVLRQV RI NH\ SROOXWDQWV� LQFOXGLQJ SDUWLFXODWH PDWWHU �30��
QLWURJHQ R[LGHV �12ೋ�� DQG YRODWLOH RUJDQLF FRPSRXQGV �92&V�� ,W XQGHUVFRUHG WZR SLYRWDO FKDUDFWHULVWLFV IRU LQMHFWLRQ
SUHVVXUH IXQFWLRQ� D FRQWLQXRXV LQFUHDVH FRXSOHG ZLWK VSHFLILF QXPEHU RI YLEUDWLRQV� IRUPLQJ DQ LQFUHDVLQJ RVFLOODWRU\
IXQFWLRQ� 1RW RQO\ GLG LW HQKDQFH SRZHU HIILFLHQF\ DQG UHGXFHG 92& HPLVVLRQV� EXW LW DOVR \LHOGHG PRUH LUUHYHUVLELOLW\�
RSHQLQJ RSSRUWXQLWLHV IRU PRUH ZDVWH KHDW UHFRYHU\� 7KH SUHGLFWHG HPLVVLRQ SURILOHV ZHUH WKHQ XVHG DV LQSXW IRU WKH VHFRQG
SKDVH� ZKLFK IRFXVHV RQ VLPXODWLQJ WKH GLVSHUVLRQ� FKHPLFDO WUDQVIRUPDWLRQ� DQG VHFRQGDU\ DHURVRO IRUPDWLRQ LQ ERWK RSHQ
DUHDV DQG VWUHHW FDQ\RQ HQYLURQPHQWV� $GYDQFHG FRPSXWDWLRQDO IOXLG G\QDPLFV �&)'� WHFKQLTXHV� FRXSOHG ZLWK
DWPRVSKHULF FKHPLVWU\ PRGHOV� ZHUH HPSOR\HG WR FDSWXUH WKH FRPSOH[ LQWHUDFWLRQV EHWZHHQ HPLWWHG SROOXWDQWV�
PHWHRURORJLFDO FRQGLWLRQV� DQG HQYLURQPHQWDO JHRPHWULHV� 7KH VWXG\ DLPV WR SURYLGH LQVLJKWV LQWR WKH VSDWLDO DQG WHPSRUDO
HYROXWLRQ RI DHURVRO FRQFHQWUDWLRQV� FRQWULEXWLQJ WR EHWWHU DLU TXDOLW\ PDQDJHPHQW DQG HPLVVLRQ FRQWURO VWUDWHJLHV�
3UHOLPLQDU\ UHVXOWV KLJKOLJKW WKH LQIOXHQFH RI IXHO LQMHFWLRQ VWUDWHJ\� FDQ\RQ JHRPHWU\� DQG DWPRVSKHULF FRQGLWLRQV RQ
SROOXWDQW GLVSHUVLRQ DQG DHURVRO IRUPDWLRQ� 7KLV UHVHDUFK FDQ DLG SROLF\PDNHUV LQ GHVLJQLQJ HIIHFWLYH PLWLJDWLRQ VWUDWHJLHV WR
UHGXFH�KXPDQ�H[SRVXUH�WR�KDUPIXO�DLUERUQH�SROOXWDQWV�


�


�


>�@ +RQJ�/L� :DQJ� HW DO� �9RODWLOH RUJDQLF FRPSRXQGV �92&V� VRXUFH SURILOHV RI RQ�URDG YHKLFOH HPLVVLRQV LQ &KLQD��
6FLHQFH�RI�WKH�7RWDO�(QYLURQPHQW���������������������


>�@�3HORVLQ��0��HW�DO����&RPEXVWLRQ�0RGHOLQJ�$SSURDFK�IRU�WKH�2SWLPL]DWLRQ�RI�D�7HPSHUDWXUH�&RQWUROOHG�5HDFWLYLW\
&RPSUHVVLRQ�,JQLWLRQ�(QJLQH�)XHOHG�ZLWK�,VR�2FWDQH���(QHUJLHV����������������������


>�@�6HLQIHOG��-RKQ�+���DQG�6S\URV�1��3DQGLV����$WPRVSKHULF�FKHPLVWU\�DQG�SK\VLFV��IURP�DLU�SROOXWLRQ�WR�FOLPDWH�FKDQJH��
-RKQ�:LOH\�	�6RQV���������
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/LWKLXP�LRQ�EDWWHU\�WKHUPDO�UXQDZD\�SDUWLFOH�HPLVVLRQV��


(��'H)UDQFH���=��7RXPDVDWRV���(��*RIWDUL���+��/L���%��.ZRQ���9��3UHPQDWK���-��$��-HHYDUDMDQ���*��.DUDYDODNLV�


�8QLYHUVLW\�RI�&DOLIRUQLD��%RXUQV�&ROOHJH�RI�(QJLQHHULQJ��&HQWHU�IRU�(QYLURQPHQWDO�5HVHDUFK�DQG�7HFKQRORJ\��&(�&(57��
�����&ROXPELD�$YHQXH��5LYHUVLGH��&$��������86$����6DQ�'LHJR�6WDWH�8QLYHUVLW\��'HSDUWPHQW�RI�&LYLO��&RQVWUXFWLRQ��DQG
(QYLURQPHQWDO�(QJLQHHULQJ���8/�5HVHDUFK�,QVWLWXWHV��(OHFWURFKHPLFDO�6DIHW\�5HVHDUFK�,QVWLWXWH��(65,��������*XOI�)Z\�


8+7%��7;��������86$�


,Q UHFHQW \HDUV� WKH XVH RI OLWKLXP�LRQ �/L�LRQ� EDWWHULHV KDV VHHQ VLJQLILFDQW JURZWK� GULYHQ E\ WKHLU ZLGHVSUHDG DSSOLFDWLRQ
LQ HOHFWULF YHKLFOHV DQG WKH EURDGHU HQHUJ\ WUDQVLWLRQ� +RZHYHU� WKLV LQFUHDVHG XVH KDV EURXJKW WR WKH IRUHIURQW VDIHW\
FRQFHUQV� SDUWLFXODUO\ UHJDUGLQJ WKHLU VXVFHSWLELOLW\ WR WKHUPDO UXQDZD\� %DWWHU\ ILUHV DUH NQRZQ WR SRVH VLJQLILFDQW ULVNV DV
WKH\ UHOHDVH WR[LF JDVHRXV DQG SDUWLFXODWH HPLVVLRQV WKDW FDQ DGYHUVHO\ DIIHFW KXPDQ KHDOWK DQG WKH HQYLURQPHQW� 0RUHRYHU�
WKH PHWKRGV XVHG WR H[WLQJXLVK WKHVH ILUHV FDQ DOWHU WKH FRPSRVLWLRQ DQG QDWXUH RI WKHVH HPLVVLRQV� IXUWKHU FRPSOLFDWLQJ WKH
ULVNV� ,Q WKLV VWXG\� H[SHULPHQWV ZHUH FRQGXFHG ZLWK PRGXOHV FRPSRVHG RI OL�LRQ FHOOV WKDW ZHUH WULJJHUHG LQWR WKHUPDO
UXQDZD\ E\ RYHUFKDUJLQJ WKHP� ([SHULPHQWV ZHUH FRQGXFWHG LQ D ���IW FRQWDLQHU WKDW ZDV HTXLSSHG ZLWK LQVWUXPHQWDWLRQ WR
PHDVXUH WHPSHUDWXUH� SUHVVXUH DQG SDUWLFXODWH HPLVVLRQV� 7KUHH H[SHULPHQWV ZHUH FRQGXFWHG DV D SDUW RI WKLV VWXG\ ± RQH
LQYROYLQJ QR ILUH VXSSUHVVLRQ� DQG WZR WHVWV GXULQJ ZKLFK ILUH VXSSUHVVDQWV ZHUH HQJDJHG� $PRQJ WKHVH WZR WHVWV� ZDWHU ZDV
XVHG DV WKH VXSSUHVVDQW IRU RQH RI WKH WHVWV� DQG DQ DHURVRO�EDVHG VXSSUHVVDQW ZDV XVHG IRU WKH RWKHU� 'HWDLOHG
FKDUDFWHUL]DWLRQ RI HPLVVLRQV LQFOXGHG FROOHFWLRQ RI ILQH SDUWLFXODWH PDWWHU �30� RQ ILOWHU PHGLD� DQG UHDO�WLPH PHDVXUHPHQW
RI SDUWLFOH QXPEHU FRQFHQWUDWLRQ DQG VL]H GLVWULEXWLRQ� 1HDU�UHDO�WLPH PHWDO FRQFHQWUDWLRQ ZDV PHDVXUHG ZLWK D WR[LF PHWDO
DHURVRO DQDO\]HU �7$57$�� )XUWKHU DQDO\VLV RI 30 ILOWHUV WR H[DPLQH FKHPLFDO FRPSRVLWLRQ RI 30 �YLD LQGXFWLYHO\ FRXSOHG
SODVPD PDVV VSHFWURPHWU\�� PRUSKRORJ\ �YLD VFDQQLQJ HOHFWURQ PLFURVFRS\�� WKH SUHVHQFH RI SDUWLFOH SKDVH LQRUJDQLF LRQV
�LRQ FKURPDWRJUDSK\� DQG SRO\F\FOLF DURPDWLF K\GURFDUERQV �YLD JDV FKURPDWRJUDSK\� ZDV FRQGXFWHG� 5HVXOWV IURP WKLV
SURJUDP ZLOO SURYLGH FULWLFDO LQVLJKW LQWR DLUERUQH HPLVVLRQV IURP EDWWHU\ ILUHV� DQG WKH LQIOXHQFH RI VXSSUHVVDQWV RQ WKHVH
HPLVVLRQV��6XFK�LQIRUPDWLRQ�ZLOO�EH�LQYDOXDEOH�IRU�ILUVW�UHVSRQGHUV��DQG�VWDNHKROGHUV�IRFXVLQJ�RQ�WKH�HQYLURQPHQWDO�LPSDFW��
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5HODWLQJ�FRQGHQVDEOH�UHDFWLRQ�SURGXFW�IRUPDWLRQ�ZLWK�QDQRSDUWLFOH�JURZWK�UDWHV��6HOHFW�PRQRWHUSHQH���12�
UHDFWLRQV�XQGHU�YDU\LQJ�R[LGL]LQJ�FRQGLWLRQV�


0��5LVVDQHQ�����6��%DUXD���/��*DR���5��$VJKHU���6��)DUKRXGLDQ���$��.XPDU���6��,\HU���0��5LYD���%��%pQpGLFWH�3LFTXHW�
9DUUDXOW
���0��'DO�0DVR
�


�7DPSHUH�8QLYHUVLW\��3K\VLFV�8QLW��7DPSHUH��)LQODQG���8QLYHUVLW\�RI�+HOVLQNL��&KHPLVWU\�'HSDUWPHQW��+HOVLQNL��)LQODQG���


&156��,5&(/<21��/\RQ��)UDQFH���8QLYHUVLWp�3DULV�(VW�&UpWHLO�DQG�8QLYHUVLWp�3DULV�&LWp��&156��/,6$��&UHWHLO��)UDQFH�


6HFRQGDU\ DHURVRO �6HF$� IRUPDWLRQ LV D OHDGLQJ FDXVH RI DLU TXDOLW\ LVVXHV� DQG D FULWLFDO SURFHVV LQ WKH IRUPDWLRQ RI FORXGV
GURSOHWV� 1RWZLWKVWDQGLQJ WKH LPSRUWDQFH� WKH ILUVW VWHSV RI VHFRQGDU\ DHURVRO IRUPDWLRQ NHHS HOXGLQJ WKH UHVHDUFKHUV� 7KH
VLQJOH PRVW LPSRUWDQW PROHFXODU SURSHUW\ GHVFULELQJ 6HF$ IRUPDWLRQ SRWHQWLDO LV WKH FRPSRXQG YDSRU SUHVVXUH� $V PRVW RI
IUHVK PROHFXODU FOXVWHUV DQG VPDOO VHFRQGDU\ QDQRSDUWLFOHV DUH SURQH WR HYDSRUDWLRQ DQG VFDYHQJLQJ E\ ODUJHU SDUWLFOHV DQG
VXUIDFHV� WKH UDWH DW ZKLFK FRQGHQVDEOH SURGXFWV DUH SURYLGHG GHWHUPLQHV WKHLU SUREDELOLW\ WR VXUYLYH� 7KH VPDOOHVW FOXVWHUV
UHTXLULQJ�WKH�ORZHVW�YDSRU�SUHVVXUH�PROHFXOHV�WR�LQGXFH�6HF$�JURZWK�


7KH WHQGHQF\ WR IRUP QHZ SDUWLFOHV DQG WKH VXEVHTXHQW JHQHUDWLRQ RI 6HF$ PDVV ZDV VWXGLHG LQ WKH &(6$0 DWPRVSKHULF
VLPXODWLRQ FKDPEHU LQ 3DULV &UHWHLO� 6HYHUDO PRQRWHUSHQH � 12� UHDFWLRQV ZHUH LQYHVWLJDWHG LQFOXGLQJ D� DQG J�WHUSLQHQH�
OLPRQHQH DQG D�SLQHQH� 7KH QLWUDWH UDGLFDO ZDV SUHSDUHG HLWKHU E\ 1�2� GHFRPSRVLWLRQ RU E\ PL[LQJ 12� � 2� LQ WKH
FKDPEHU� 6LJQLILFDQW GLIIHUHQFHV ZHUH REVHUYHG EHWZHHQ WKH UHDFWLRQ V\VWHPV OLNHO\ GXH WR 2� LQYROYHPHQW LQ WKH VHFRQG
FDVH� 7KH R[LGL]HG JDV�SKDVH SURGXFW GLVWULEXWLRQV ZHUH TXDQWLILHG E\ 12�


� DQG %U� FKHPLFDO LRQL]DWLRQ PDVV VSHFWURPHWU\
�&,06� DQG WKH G\QDPLFV RI WKH QDQRSDUWLFOH IRUPDWLRQ ZHUH PRQLWRUHG E\ D FRPELQDWLRQ RI D SDUWLFOH�VL]H PDJQLILHU
�360� DQG D VFDQQLQJ PRELOLW\ SDUWLFOH VL]HU �6036�� 7KH UHVXOWLQJ DHURVRO FKHPLFDO FRPSRVLWLRQ ZDV GHWHUPLQHG E\ DQ
DHURVRO FKHPLFDO VSHFLDWLRQ PRQLWRU �$&60�� %\ FRPELQLQJ LQIRUPDWLRQ RQ WKH UDWH RI GLUHFW DHURVRO SUHFXUVRU IRUPDWLRQ
�H�J�� KLJKO\ R[\JHQDWHG RUJDQLF PROHFXOHV� +20V� DQG WKH UDWH RI QDQRSDUWLFOH JURZWK �L�H�� IRUPDWLRQ DQG JURZWK UDWHV RI
FD� � WR �� QP SDUWLFOHV�� DOORZV WR DVVHVV WKH HIILFLHQF\ RI 6HF$ PDVV JHQHUDWLRQ DW D PROHFXODU OHYHO� 7KH VWXGLHG
PRQRWHUSHQHV FRQWDLQHG GLVWLQFW IXQFWLRQDO IHDWXUHV �H�J�� GLIIHUHQW QXPEHU DQG W\SH RI GRXEOH ERQGV� DQG RIIHU LQVLJKWV LQWR
PROHFXODU�UHDFWLYLW\�DQG�FORVHO\�UHODWHG�DIILQLW\�IRU�R[LGDWLYH�PROHFXODU�JURZWK�
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��
5HDO�WLPH�DQDO\VLV�RI�WUDFH�PHWDOV�LQ�DLU�E\�PLFURZDYH�LQGXFHG�SODVPD�WLPH�RI�IOLJKW�PDVV�VSHFWURPHWU\��PLS72)��


$��*XQGODFK�*UDKDP���0��7DQQHU�


�72):(5.�$*��6FKRUHQVWUDVVH����������7KXQ�


'HWHUPLQDWLRQ RI WKH HOHPHQWDO FRPSRVLWLRQ RI DLUERUQH QDQRSDUWLFOHV DQG PLFUR�SDUWLFOHV LV HVVHQWLDO WR XQGHUVWDQG WKH
VRXUFH�V� RI WKHVH SDUWLFOHV DQG DOVR WR SUHGLFW SRWHQWLDO KHDOWK HIIHFWV� � 7KH PRVW FRPPRQ DSSURDFK WR PHDVXUH WKH PHWDO
FRQWHQW RI DLU LV WR FROOHFW VDPSOHV RQ ILOWHUV DQG WKHQ DQDO\]H GLJHVWV E\ ,&3�06� � KRZHYHU� WKLV VWUDWHJ\ RIIHUV SRRU WLPH
UHVROXWLRQ �H�J� GD\V� DQG RQO\ SURYLGHV EXON HOHPHQW FRPSRVLWLRQ LQIRUPDWLRQ� 7R XQGHUVWDQG WKH VSDWLRWHPSRUDO
FKDUDFWHULVWLFV RI WKH HPLVVLRQ RI PHWDO�FRQWDLQLQJ DHURVROV� ZKLFK LV NH\ WR DVVHVVLQJ H[SRVXUH� UHDO�WLPH DQDO\VLV VWUDWHJLHV
DUH HVVHQWLDO� +HUH� ZH UHSRUW WKH GHYHORSPHQW RI D PLFURZDYH LQGXFHG SODVPD WLPH�RI�IOLJKW PDVV VSHFWURPHWHU �PLS72)�
WKDW�FDQ�EH�XVHG�IRU�WKH�GLUHFW�DQDO\VLV�RI�PHWDO�FRQWDLQLQJ�DLUERUQH�SDUWLFOHV�


�


�


7KH�PLS72)�LV�D�ILHOG�GHSOR\DEOH�WUDFH�HOHPHQW�PDVV�VSHFWURPHWHU���,W�XVHV�D�QLWURJHQ�VXVWDLQHG�KLJK�SRZHU�SODVPD
�0,&$3��5DGRP�,QVWUXPHQWV�������WR�YDSRUL]H��DWRPL]H��DQG�LRQL]H�DHURVROV�ZLWK�VL]HV�IURP�WKH�XOWUDILQH�WR�30����
$PELHQW�DLU�LV�VDPSOHG�LQWR�WKH�SODVPD�YLD�D�FRQFHQWULF�SQHXPDWLF�QHEXOL]HU�VHW�XS�DV�D�9HQWXUL�SXPS��VHH�ILJXUH��
$WRPLF�LRQV�JHQHUDWHG�LQ�WKH�SODVPD�DUH�H[WUDFWHG�LQWR�WKH�PDVV�VSHFWURPHWHU��ZKHUH�WKH\�DUH�VRUWHG�DFFRUGLQJ�WR�PDVV�WR�
FKDUJH�UDWLR��P�4��DQG�UHFRUGHG���:LWK�WKH�PLS72)��FRQFHQWUDWLRQ�/2'V�UDQJH�IURP����QJ�P���SRWDVVLXP��WR������QJ�P�


�OHDG��LQ�D����VHFRQG�PHDVXUHPHQW��7KH�KLJK�VHQVLWLYLW\��KLJK�VSHHG�PHWDO�DHURVRO�PHDVXUHPHQWV�SRVVLEOH�ZLWK�PLS72)
HQDEOH�QHZ�UHVHDUFK�LQWR�UHDO�WLPH�VSDWLRWHPSRUDO�DQDO\VLV�RI�PHWDOV�LQ�DLU���:H�ZLOO�UHSRUW�RQ�WKH�XVH�RI�WKH�PLS72)�LQ
ORQJ�WHUP�DLU�PRQLWRULQJ�DQG�PRELOH�ODE�PHDVXUHPHQWV�


>�@�'DHOOHQEDFK��.��5��HW�DO��1DWXUH���������������������������
>�@�6X]XNL��<���6X]XNL��7���)XUXWD��1��$QDO\WLFDO�6FLHQFHV�����������������������
>�@�-HYWLF��-���0HQRQ��$���3LNHOMD��9��3&7�86���������������
>�@�6FKLOG��0��HW�DO��$QDO\WLFDO�&KHPLVWU\����������������������������
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��
3HUIRUPDQFH�DQG�8QFHUWDLQW\�RI�3RUWDEOH�(PLVVLRQV�0HDVXUHPHQW�6\VWHPV��3(06��LQ�/DERUDWRU\�DQG�2Q�5RDG


7HVWV�IRU�,PSURYHG�4XDQWLILFDWLRQ�RI�9HKLFOH�([KDXVW�3DUWLFOHV�


0��.D]HPLPDQHVK���-��6DWXUQR���.��:LQWKHU���5��3HWWLQHQ�


�1DWLRQDO�3K\VLFDO�/DERUDWRU\��7HGGLQJWRQ��8QLWHG�.LQJGRP���3K\VLNDOLVFK�7HFKQLVFKH�%XQGHVDQVWDOW��%UDXQVFKZHLJ�
*HUPDQ\���'DQLVK�7HFKQRORJLFDO�,QVWLWXWH��$DUKXV��'HQPDUN���977�7HFKQLFDO�5HVHDUFK�&HQWUH�RI�)LQODQG��(VSRR��)LQODQG�


8OWUDILQH SDUWLFOHV �8)3� DQG JDVHRXV SROOXWDQWV HPLWWHG IURP YHKLFOH H[KDXVWV DUH PDMRU FRQWULEXWRUV WR DLU SROOXWLRQ LQ
XUEDQ DUHDV� ,Q WKH (8� WKH QXPEHU RI VROLG H[KDXVW SDUWLFOHV ODUJHU WKDQ �� QP LV UHJXODWHG IRU W\SH DSSURYDO RI YHKLFOHV E\
WHVWLQJ UHDO GULYLQJ HPLVVLRQV �5'(� XVLQJ SRUWDEOH HPLVVLRQV PHDVXUHPHQW V\VWHPV �3(06�� +RZHYHU� 3(06 KDYH ODUJHU
PHDVXUHPHQW XQFHUWDLQW\ WKDQ UHIHUHQFH LQVWUXPHQWV XVHG LQ G\QDPRPHWHU WHVW VHWWLQJ DQG WKHLU PHWURORJLFDO YDOLGDWLRQ LV
FXUUHQWO\�ODFNLQJ��7KXV��LW�LV�FULWLFDO�WR�GHWHUPLQH�WKLV�XQFHUWDLQW\�WR�XQGHUSLQ�WKH�FXUUHQW�DQG�IXWXUH�FRQIRUPLW\�IDFWRUV�


,Q WKLV VWXG\� WKH SHUIRUPDQFH RI IRXU 3(06 GHYLFHV ZHUH HYDOXDWHG E\ SHUIRUPLQJ G\QDPRPHWHU DQG 5'( WHVWV� 7KH
3(06 GHYLFHV ZHUH HYDOXDWHG ZLWK IRXU (XUR � SDVVHQJHU FDUV DQG LQ )LQODQG DQG 'HQPDUN� 2YHU WKH FRXUVH RI WKUHH \HDUV
GXULQJ WKLV VWXG\� WKUHH FRPPHUFLDO 3(06 GHYLFHV ZHUH HYDOXDWHG DV ZHOO DV D µ*ROGHQ3(06¶ ZKLFK ZDV YDOLGDWHG
PHWURORJLFDOO\ E\ WKUHH 1DWLRQDO 0HWURORJ\ ,QVWLWXWHV �10,V�� 7KH 3(06 GHYLFHV XVHG FRQGHQVDWLRQ SDUWLFOH FRXQWLQJ
�&3&��DQG�GLIIXVLRQ�FKDUJLQJ��'&��WHFKQRORJLHV�IRU�SDUWLFOH�QXPEHU�FRQFHQWUDWLRQ��31��PHDVXUHPHQW�


7KH UHVXOWV VKRZHG WKDW D VLJQLILFDQW GD\�WR�GD\ YDULDWLRQ H[LVWV LQ 5'( WHVWV SHUIRUPHG ZLWK WKH VDPH YHKLFOH� WHVW URXWH�
DQG GULYHU� 'D\�WR�GD\ YDULDWLRQV DUH PRVWO\ ODUJHU WKDQ GHYLFH�WR�GHYLFH YDULDWLRQ� 0HDVXUHG 31 FDQ YDU\ E\ PRUH WKDQ
��� GHSHQGLQJ RQ WKH 31 PHDVXUHPHQW V\VWHP� ,Q DGGLWLRQ� WKH 5'( UHVXOWV UHFRUGHG ZLWK '&�EDVHG 3(06 FRUUHODWHG
EHWWHU ZLWK ODERUDWRU\ UHVXOWV IRU WHVWV SURGXFLQJ ORZHU 31 HPLVVLRQV �GLHVHO HQJLQHV�� ZKLOH WKH &3&�EDVHG 3(06
SHUIRUPHG EHWWHU IRU WHVWV SURGXFLQJ KLJKHU 31 HPLVVLRQV �JDVROLQH HQJLQHV�� 7KH UHVXOWV VXJJHVW WKDW WKH WZR 31 3(06
GHYLFHV�PD\�KDYH�WR�EH�WXQHG�IRU�GLIIHUHQW�HPLVVLRQ�PDWUL[HV�


�


�


)LJXUH����&RPSDULVRQ�RI�PHDVXUHPHQWV�E\�GLIIHUHQW�31�3(06�GHYLFHV�XQGHU�ODERUDWRU\��:/7&��DQG�RQ�URDG��5'(�
WHVWLQJ�FRQGLWLRQV
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��


2Q�URDG�31�DQG�%&�HPLVVLRQ�PHDVXUHPHQWV�RI�/�FDWHJRU\�YHKLFOHV�


*��7ULDQWDI\OORSRXORV���,��5DSWLV���1��.RXVLDV���$��7]LRYDV���/��1W]LDFKULVWRV�
�


�(0,6,$�6$��7KHVVDORQLNL��*5��������*UHHFH���/DERUDWRU\�RI�$SSOLHG�7KHUPRG\QDPLFV��/$7���$ULVWRWOH�8QLYHUVLW\�RI
7KHVVDORQLNL��*5��������*UHHFH�


7KLV VWXG\ DLPV DW TXDQWLI\LQJ WKH LQ�XVH SDUWLFXODWH HPLVVLRQ OHYHOV RI /�FDWHJRU\ YHKLFOHV� E\ SHUIRUPLQJ RQ�URDG 31 DQG
%& PHDVXUHPHQWV RQ DFWXDO YHKLFOHV� 7KH XVH RI 3(06 GHYLFHV� FRPPRQO\ XVHG LQ FDUV DQG WUXFNV IRU 5'(�,6& WHVWLQJ�
ZDV UHMHFWHG GXH WR OLPLWHG VSDFH IRU HTXLSPHQW LQVWDOODWLRQ DQG VDIHW\ FRQFHUQV� ,QVWHDG� D FRPPHUFLDOO\ DYDLODEOH
PLQLDWXUL]HG '& SDUWLFOH FRXQWHU ZDV XVHG IRU 31 HPLVVLRQ PHDVXUHPHQW� DQG D QRYHO RSWRDFRXVWLF %& VHQVRU IRU %&
HPLVVLRQV�PHDVXUHPHQW�


�


�


7KH HPLVVLRQ PHDVXUHPHQWV ZHUH FRQGXFWHG LQ WKH PHWURSROLWDQ DUHD RI 7KHVVDORQLNL� 'LIIHUHQW W\SHV RI YHKLFOHV ZHUH
VHOHFWHG WR EH WHVWHG� RI YDU\LQJ DJH� UHSUHVHQWDWLYH RI WKH FXUUHQW (8 /�FDWHJRU\ YHKLFOH IOHHW� LQFOXGLQJ /�H%� /�H� /�H$��
/�H$� DQG /�H$�� 7KH GHYLFHV LQVWDOOHG RQ HDFK ELNH ZHUH WKH SDUWLFOH PHDVXUHPHQW GHYLFHV HLWKHU %& VHQVRU RU '&
FRXQWHU� D *36 UHFHLYHU� 2%' GDWD UHFRUGHU� D 6(06 GHYLFH PHDVXULQJ &2� &2� DQG 12 DQG DQ ()0 SLWRW WXEH ZKHUHYHU
SRVVLEOH�


&RQVLGHUDEOH DPRXQWV RI SDUWLFOH HPLVVLRQV ZHUH IRXQG IRU VSHFLILF VXEJURXSV RI YHKLFOHV� HVSHFLDOO\ XQGHU KLJK ORDG
RSHUDWLRQ� EXW OHVV SDUWLFOH HPLVVLRQV LQ RWKHUV� 7KH H[SHULPHQWDO FDPSDLJQ GHPRQVWUDWHG WKDW RQ�URDG HPLVVLRQV WHVWLQJ RI /�
FDWHJRU\�YHKLFOHV�LV�GLIILFXOW�\HW�IHDVLEOH�ZLWK�GHYLFHV�VXFK�DV�6(06��%&�VHQVRUV�DQG�PLQLDWXUL]HG�31�'&�FRXQWHUV�


�


$FNQRZOHGJPHQWV


7KLV UHVHDUFK KDV EHHQ FR�ILQDQFHG E\ WKH (XURSHDQ 8QLRQ¶V +RUL]RQ (XURSH UHVHDUFK DQG LQQRYDWLRQ SURJUDPPH XQGHU
JUDQW�DJUHHPHQW�1R������������/(16��
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��


&DQ�H[LVWLQJ�SHULRGLF�WHFKQLFDO�LQVSHFWLRQ�LQVWUXPHQWV�PHDVXUH�*',�HQJLQH�HPLVVLRQV"


8��7ULYDQRYLF���7��+DPPHU���.��$XGHUVHW���$��0HODV���%��*LHFKDVNLHO���.��9DVLODWRX�
�


�3DUWLFOHV�DQG�$HURVROV�/DERUDWRU\��)HGHUDO�,QVWLWXWH�RI�0HWURORJ\�0(7$6��%HUQ��&+�������6ZLW]HUODQG����(XURSHDQ
&RPPLVVLRQ��-RLQW�5HVHDUFK�&HQWUH��-5&���������,VSUD��,WDO\�


3HULRGLF WHFKQLFDO LQVSHFWLRQ �37,� RI YHKLFOHV LV XVHG LQ VHYHUDO FRXQWULHV� LQFOXGLQJ 6ZLW]HUODQG� WR GHWHFW GHIHFWLYH GLHVHO
SDUWLFXODWH ILOWHUV �'3)�� 7KLV LV DFKLHYHG E\ PHDVXULQJ WKH SDUWLFOH QXPEHU �31� ZLWK 31�37, GHYLFHV WKDW FDQ EH XVHG E\
QRQ�H[SHUWV LQ D JDUDJH VHWWLQJ DW D UHODWLYHO\ ORZ FRVW� *DVROLQH GLUHFW LQMHFWLRQ �*',� HQJLQHV DOVR KDYH SDUWLFXODWH ILOWHUV
WKDW FDQ EH GDPDJHG RU WDPSHUHG ZLWK DQG WKHUHIRUH� FRXOG EHQHILW IURP 31�37, LQVSHFWLRQ� +RZHYHU� H[LVWLQJ GHYLFHV ZHUH
QRW GHVLJQHG IRU JDVROLQH H[KDXVW ZKLFK WHQGV WR KDYH KLJKHU KXPLGLW\ DQG VPDOOHU SDUWLFOH VL]HV FRPSDUHG WR GLHVHO
HQJLQHV� +HUH� ZH LQYHVWLJDWH WKH HIIHFWLYHQHVV RI 31�37, GHYLFHV W\SH�H[DPLQHG IRU GLHVHO YHKLFOHV LQ 6ZLW]HUODQG� WR
GHWHFW HPLVVLRQV IURP *', HQJLQHV ZLWK VLPXODWHG DQG UHDO *', H[KDXVW� /DERUDWRU\ H[SHULPHQWV ZHUH SHUIRUPHG ZLWK
PLQL&$67 VRRW ZLWK JHRPHWULF PHDQ PRELOLW\ GLDPHWHUV LQ WKH UDQJH RI �� ± �� QP ZLWK DQG ZLWKRXW DGGHG KXPLGLW\� )LHOG
PHDVXUHPHQWV ZHUH SHUIRUPHG DW WKH (XURSHDQ &RPPLVVLRQ -RLQW 5HVHDUFK &HQWUH �-5&� ZLWK VL[ GLIIHUHQW JDVROLQH
YHKLFOHV�UXQQLQJ�DW�ORZ�LGOH��ORZ�ORDGHG�LGOH��KLJK�LGOH�DQG�KLJK�ORDGHG�LGOH�


7KH JHRPHWULF PHDQ PRELOLW\ GLDPHWHU �*0'� RI WKH SDUWLFOHV IURP WKH YHKLFOHV VWXGLHG ZHUH PRVW FRPPRQO\ LQ WKH
UDQJH IURP �� ± �� QP� :KLOH DOO RI WKH GHYLFHV ZHUH DEOH WR PHDVXUH SDUWLFOHV LQ WKLV VL]H UDQJH� WKH FRXQWLQJ HIILFLHQF\
�&(� ZDV SRRU DV WKH �� � FXW�RII ZDV DOVR LQ WKH *0' UDQJH RI �� ± �� QP IRU PLQL&$67 VRRW� 7KH UDZ DHURVRO IURP WKH
PLQL&$67 SURYLGHV D UHODWLYHO\ GU\ DHURVRO ZLWK DERXW �� � UHODWLYH KXPLGLW\ DW URRP WHPSHUDWXUH� $OO EXW RQH RI WKH 31�
37, GHYLFHV ZHUH DEOH WR PHDVXUH DW HOHYDWHG KXPLGLW\ OHYHOV VLPLODU WR WKDW REVHUYHG LQ JDVROLQH H[KDXVW� $SSUR[LPDWHO\
KDOI RI WKH GHYLFHV ZHUH XQDIIHFWHG E\ HOHYDWHG KXPLGLW\ ZKLOH WKH RWKHU KDOI VKRZHG DQ LQFUHDVH LQ WKH &(� 7KH WHVWHG 31�
37, GHYLFHV HPSOR\HG YDULDWLRQV RI WKH GLUHFW FKDUJLQJ �'&� SDUWLFOH PHDVXUHPHQW SULQFLSOH� 7KXV� WKH LQFUHDVHG &(
VXJJHVWV WKDW WKH LQFUHDVHG KXPLGLW\ VHHPV WR HQKDQFH WKH DELOLW\ RI WKH '& VHQVRUV WR GHWHFW SDUWLFOHV� 7KHUHIRUH� H[LVWLQJ
31�37, GHYLFHV VHHP FDSDEOH RI PHDVXULQJ *', H[KDXVW KRZHYHU� PRGLILFDWLRQV PD\ EH QHFHVVDU\ WR UHDFK DQ DFFHSWDEOH
&(�LQ�WKH�VL]H�DQG�KXPLGLW\�UDQJHV�UHOHYDQW�WR�JDVROLQH�H[KDXVW�
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��


&DWDO\WLF�R[LGDWLRQ�RI�&2��92&�DQG�30�LQ�2��ULFK�H[KDXVW�RI�VPDOO�VFDOH�ILUHSODFHV�


6��.XUHWL���0��8OEULFKW�


�78�%HUJDNDGHPLH�)UHLEHUJ�


,Q *HUPDQ\ DURXQG ���� PLOOLRQV RI LQGLYLGXDO URRP KHDWLQJ V\VWHPV VXFK DV ILUHSODFHV DQG VWRYHV H[LVW� 0DQ\ RI WKHP XVH
ELRPDVV DV FRPEXVWLEOH� IRU LQVWDQFH ZRRG� ZKLFK LV RI LPSRUWDQFH WRZDUG WKH GHIRVVLOL]DWLRQ RI WKH HQHUJ\ VHFWRU�
+RZHYHU� LQFRPSOHWH ELRPDVV FRPEXVWLRQ OHDGV WR WKH HPLVVLRQ RI FDUERQ PRQR[LGH �&2�� YRODWLOH RUJDQLF FRPSRXQGV
�92&� DQG SDUWLFXODWH PDWWHU �30�� ,Q WKH FRXUVH RI WKH UHYLVLRQ RI WKH )HGHUDO ,PPLVVLRQ &RQWURO 5HJXODWLRQ �³%,P6FK9´�
HPLVVLRQ OLPLWV IRU &2 �� J P��� DQG 30 ����� J P��� ZHUH LQWURGXFHG� 2[LGDWLRQ FDWDO\VWV� ZKLFK DUH FDSDEOH RI
VLPXOWDQHRXVO\ FRQYHUWLQJ WKHVH SROOXWDQWV� DUH DYDLODEOH IRU QHZ FRPEXVWLRQ V\VWHPV DQG UHWURILWWLQJ� 7KH FDWDO\VWV DUH
EDVHG RQ FRVW�LQWHQVLYH SUHFLRXV PHWDOV VXFK DV SODWLQXP �3W� DQG SDOODGLXP �3G� DQG UHTXLUH PDLQWHQDQFH GXH WR VRRW DQG
DVK UHVLGXHV� 7KXV� WKH SUHVHQW FRQWULEXWLRQ UHSRUWV RQ RXU 5	' GHDOLQJ ZLWK QRYHO ORZ�FRVW DQG VHOI�FOHDQLQJ )H�0Q
FDWDO\VWV�IRU�WKH�DEDWHPHQW�RI�SROOXWDQWV�LQ�WKH�2��ULFK�H[KDXVW�JDV�RI�VPDOO�VFDOH�ILUHSODFHV�


%DUH )H�0Q R[LGH VDPSOHV ZHUH V\VWHPDWLFDOO\ GHYHORSHG E\ YDU\LQJ WKH )H�0Q SURSRUWLRQV DQG SK\VLFR�FKHPLFDO
SURSHUWLHV VXFK DV FU\VWDOOLQLW\ DQG SRURVLW\� 7KH VDPSOHV ZHUH SUHSDUHG LQ�KRXVH� SK\VLFR�FKHPLFDOO\ FKDUDFWHUL]HG DQG
WHVWHG LQ WKH ODERUDWRU\ LQ WKH IRUP DV JUDQXODWHG SRZGHUV ���� � ��� ȝP�� )RU WKH FDWDO\WLF WHVWV� D V\QWKHWLF H[KDXVW ZDV
XVHG FRPSRVHG RI �� YRO�� 2�� �� YRO�� +�2 DQG ��� SSP WROXHQH DV D PRGHO FRPSRXQG IRU RUJDQLF VRRW� )LJXUH �
H[HPSODULO\ VKRZV WKH R[LGDWLRQ SHUIRUPDQFH RI WKH FXUUHQWO\ EHVW )H�0Q R[LGH FDWDO\VW FRPSDUHG ZLWK D $O�2��VXSSRUWHG
3W�3G UHIHUHQFH FDWDO\VW� $V D UHVXOW� ERWK FDWDO\VWV FRPSOHWHO\ R[LGL]H WROXHQH DERYH ����&� ZKLFK RI KLJK UHOHYDQFH IRU DQ
HIILFLHQW UHPRYDO RI RUJDQLF PDWWHU� 7HPSHUDWXUHV RI ����& DQG DERYH DSSHDU DW WKH RXWOHW RI WKH FRPEXVWLRQ FKDPEHU�
0RUHRYHU��WKH�3W�3G�VDPSOH�LV�PRUH�DFWLYH�DW�ORZHU�WHPSHUDWXUH�


&RQFOXVLRQ


)H�0Q R[LGH FDWDO\VWV ZHUH LQYHVWLJDWHG WRZDUG WKH OHDQ R[LGDWLRQ RI WROXHQH DV D PRGHO FRPSRXQG IRU RUJDQLF SDUWLFOHV
SUHVHQW LQ WKH H[KDXVW RI VPDOO�VFDOH ILUHSODFHV� 7KH SUHFLRXV PHWDO�IUHH FDWDO\VW VKRZV D SURPLVLQJ R[LGDWLRQ DFWLYLW\ DW
UHOHYDQW WHPSHUDWXUHV DQG RIIHUV WKH SRVVLELOLW\ WR UHSODFH VWDWH�RI�WKH�DUW 3W�3G FDWDO\VWV� 0RUHRYHU� WKH FRQWULEXWLRQ DW
13&��� ZLOO UHSRUW IXUWKHU UHVXOWV RI RXU V\VWHPDWLF VWXG\ RQ WKH HIIHFW RI FDWDO\VW SURSHUWLHV DQG H[KDXVW JDV FRQGLWLRQV RQ
WKH�UHPRYDO�RI�&2��92&�DQG�30��$GGLWLRQDOO\��VRPH�XS�VFDOLQJ�UHVXOWV�ZLOO�EH�SUHVHQWHG�


�


�


)LJXUH����7ROXHQH�FRQYHUVLRQ�RQ�)H�0Q�R[LGH��EOXH�FXUYH��DQG�3W�3G�UHIHUHQFH�FDWDO\VW��EODFN�FXUYH��LQ�OHDQ�PRGHO
H[KDXVW�RI�VPDOO�VDOH�ILUHSODFH
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,QIOXHQFH�RI�HOHFWURVWDWLF�SUHFLSLWDWRUV�DW�VPDOO�VFDOH�ELRPDVV�FRPEXVWLRQ�V\VWHPV�RQ�SDUWLFOH�QXPEHU�HPLVVLRQV�DQG


SDUWLFOH�VL]H�GLVWULEXWLRQV�


0��0�OOHU���0��.|QLJ���5��%LQGLJ���,��+DUWPDQQ�


�'%)=�'HXWVFKHV�%LRPDVVHIRUVFKXQJV]HQWUXP�JHPHLQQ�W]LJH�*PE+��7RUJDXHU�6WUD�H������������/HLS]LJ�


7KH KDUPIXO HIIHFWV RI XOWUDILQH SDUWLFOHV RXW RI ELRPDVV FRPEXVWLRQ SURYLGHV WKH EDFNJURXQG RI PHDVXUHPHQWV DW GLIIHUHQW
ZRRG FRPEXVWLRQ V\VWHPV HTXLSSHG ZLWK HOHFWURVWDWLF SUHFLSLWDWRUV� 6LPXOWDQHRXVO\� JUDYLPHWULF PHDVXUHPHQWV DFFRUGLQJ WR
9', ���� DQG SDUWLFOH QXPEHU PHDVXUHPHQWV KDYH EHHQ GRQH EHIRUH DQG DIWHU WKH SUHFLSLWDWRUV LQ SDUDOOHO� XVLQJ WKUHH
GLIIHUHQW W\SHV RI GHYLFHV �0366� 13(7� (/3,���� 7R HYDOXDWH WKH FRPSDUDELOLW\ RI WKH GLIIHUHQW PHDVXULQJ GHYLFHV DQG
WKH YDULDQFH� TXDOLW\ DVVXUDQFH DQG FDOLEUDWLRQ DQDO\VHV RI WKH PHDVXULQJ GHYLFHV ZLWK DHURVRO JHQHUDWRUV DQG FRPSDULVRQ
PHDVXUHPHQWV XVLQJ WKH PHDVXULQJ GHYLFHV LQ RQH IOXH JDV PHDVXULQJ VHFWLRQ GXULQJ RSHUDWLRQ RI D ZRRG ORJ VWRYH KDYH
EHHQ FDUULHG RXW� %HVLGH RI WKH SDUWLFOH QXPEHU FKDQJHV LQGXFHG E\ D SUHFLSLWDWRU DOVR WKRVH LQ WKH IOXH JDV SLSH ZLWKRXW WKH
HOHFWURVWDWLF�LQIOXHQFH�ZHUH�DQDO\]HG�


7KH (/3, GHYLFHV VKRZHG WKH KLJKHVW SDUWLFOH QXPEHU FRQFHQWUDWLRQV� IROORZHG E\ 0366 DQG WKHUHDIWHU WKH 13(7 GHYLFHV�
GXH WR WKH GLIIHUHQW PHDVXUHPHQW SULQFLSOHV DQG DV ZHOO VL]H UDQJHV FRYHUHG� 7KH PHDVXUHPHQW GDWD VKRZV WKH UHGXFWLRQ RI
WKH SDUWLFOH QXPEHU FRQFHQWUDWLRQ ������ �� LQ FRXUVH RI WKH IOXH JDV SLSH DFFRPSDQLHG E\ D VKLIW RI WKH SDUWLFOH VL]H
GLVWULEXWLRQ WR ELJJHU SDUWLFOHV� 7KH REVHUYDWLRQV DUH UHDVRQHG E\ DJJORPHUDWLRQ DQG FRDJXODWLRQ DQG DV ZHOO GHSRVLWLRQ DW
WKH SLSH ZDOOV� 7KH HOHFWURVWDWLF SUHFLSLWDWRUV ZHUH DEOH WR UHGXFH WKH QXPEHU RI SDUWLFOHV E\ PRUH WKDQ DQ RUGHU RI
PDJQLWXGH LQ VRPH FDVHV� +RZHYHU� WKH UHGXFWLRQ ZDV GLIIHUHQW IRU WKH YDULRXV FRPELQDWLRQV RI IXUQDFH DQG VHSDUDWRU� 7KH
LQYHVWLJDWLRQV SURYLGH D GDWD EDVLV IRU VHYHUDO DVSHFWV OLNH WKH LPSDFW RI SUHFLSLWDWRUV RQ SDUWLFOHV DV ZHOO DV WKH DVVHVVPHQW
RI�RSHUDWLQJ�FRQGLWLRQ�EDVHG�RQ�JUDYLPHWULF�DQG�SDUWLFOH�QXPEHU�PHDVXUHPHQWV�
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��


5HGXFLQJ�IOHHW�HPLVVLRQV�E\�SHULRGLFDO�WHFKQLFDO�LQVSHFWLRQ�


+��%XUWVFKHU���$��0D\HU�


�)+1:��,QVWLWXH�IRU�6HQVRUV�DQG�(OHFWURQLFV���9(57�$VVRFLDWLRQ��


3DUWLFOH HPLVVLRQV IURP GLHVHO HQJLQHV� HTXLSSHG ZLWK SURSHUO\ ZRUNLQJ SDUWLFOH ILOWHUV DUH YHU\ ORZ� RIWHQ ORZHU WKDQ
DPELHQW FRQFHQWUDWLRQV� +RZHYHU� VPDOO FUDFNV RU PDQLSXODWLRQV PD\ OHDG WR HPLWWHG SDUWLFOH FRQFHQWUDWLRQV� ZKLFK DUH
RUGHUV RI PDJQLWXGHV KLJKHU� $ QXPEHU RI VWXGLHV IURP GLIIHUHQW FRXQWULHV GHPRQVWUDWH WKH VHYHULW\ RI WKLV SUREOHP� 5HFHQW
VWXGLHV VKRZ WKDW WKH VLWXDWLRQ LV YHU\ VLPLODU IRU JDVROLQH HQJLQHV� $V DQ H[DPSOH )LJXUH � VKRZV WKH IUDFWLRQ RI FDUV DQG
WKHLU FRQWULEXWLRQ WR HPLVVLRQV LQ � FRQFHQWUDWLRQ UDQJHV� ,W LV YHU\ REYLRXV WKDW PRVW FDUV D FOHDQ DQG D VPDOO IUDFWLRQ LV
UHVSRQVLEOH IRU PRVW HPLVVLRQV� :H FDOO WKLV WKH µGLUW\ WDLO SDUDGLJP¶� $ VXPPDU\ RI VHYHUDO VWXGLHV LV VKRZQ LQ )LJXUH ��
7KHUH WKH DYHUDJH HPLVVLRQV RI DOO FDUV DUH FRPSDUHG WKRVH RI WKH FDUV EHORZ D OLPLW RI ���¶��� FP��� (PLVVLRQV RI FDUV�
IXOILOOLQJ�WKLV�OLPLW�DUH�PRUH�WKDQ�DQ�RUGHU�RI�PDJQLWXGH�ORZHU��


�


�


7KHVH�KLJK�SROOXWHUV�KDYH�WR�EH�LGHQWLILHG�DQG�RQH�RSWLRQ�WKHUHIRUH�LV�D�SHULRGLF�WHFKQLFDO�,QVSHFWLRQ��1�37,��RI�WKH�31�
HPLVVLRQV��$W�OHDVW�IRU�GLHVHO�HQJLQHV�D�VLPSOH�PHDVXUHPHQW�DW�ORZ�LGOH�LV�ZHOO�FRUUHODWHG�ZLWK�UHVXOWV�IURP�W\SH�DSSURYDO
WHVWLQJ��)RU�JDVROLQH�HQJLQHV�WKLV�FRUUHODWLRQ�LV�QRW�DV�JRRG��WKHUH�PRUH�ZRUN�LV�QHHGHG��,Q�VHYHUDO�FRXQWULHV�37,
PHDQZKLOH�KDV�EHHQ�LQWURGXFHG��DW�OHDVW�IRU�GLHVHO�HQJLQHV��


�


�
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  Session 5: Aftertreatment (Part 1), Talk
  


DfT Brake and Tyre Programme Phase 2: Emissions of PN10 and PM2.5 from brake systems during chassis
dynamometer testing 


J. Andersson1, L. Kramer2, J. Southgate2, I. Marshall2, M. Campbell2, G. Waite1, S. de Vries1


1Ricardo UK Limited, Automotive and Industrial, 2Ricardo Clean Energy and Environmental Solutions 


The first phase of the DfT Brakes and tyres project successfully developed an effective system and methodology for
measuring and characterising particles emitted from brake and tyre wear under real driving conditions. Phase 2 studied
major influences on brake and tyre particle emissions. For brakes this included different brake pad types, discs, braking
technology (regenerative, friction, mixed) and varied vehicle test masses.


Brake emissions tests on 9 different brake pads and 2 discs were conducted on a two-wheel drive chassis dynamometer
using a modified Phase 1 brake particle measurement approach. This encloses the brake pad, disc and caliper and passes
brake particles to the measurement instruments without ingress of background particles. Simple metrology was also carried
out on the pads. Components tested included low dust, organic, ceramic and budget brake pads, with two different discs.
One pad type was tested at high (~50000km) and low (~1000km) mileage.


PN10 and PM2.5 emissions results showed discrimination of emissions levels between pad types, and that the rate of pad
wear changes through its life. The calculation of average PN10 and PM2.5 emissions levels over a variety of drive cycles,
pads and two discs will contribute to the development of emissions factors for brake pads in everyday use on UK roads.
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��6HVVLRQ����$IWHUWUHDWPHQW��3DUW����$HUVROIG�3URMHFW���7DON 6���
��
7KH�9(57�*3)�5HWURILW�3URJUDP�IRU�&OHDQHU�8UEDQ�0RELOLW\��1DQRSDUWLFOH�(PLVVLRQV�5HGXFWLRQ�YLD�)LOWUDWLRQ


ZLWKLQ�WKH�+25,=21�(XURSH�$HUR6ROIG�3URMHFW�


/��5XELQR���$��0D\HU���7��/XW]���-��&]HUZLQVNL���/��/DUVHQ�


�9(57�$VVRFLDWLRQ��$HPHWVWUDVVH���&+�������1LHGHUZHQLQJHQ��6ZLW]HUODQG�


(PLVVLRQV RI XOWUDILQH DQG QDQRSDUWLFOHV IURP SHWURO HQJLQH FRPEXVWLRQ DUH D WKUHDW WR KXPDQ KHDOWK DQG WKH HQYLURQPHQW�
&OHDQ XUEDQ PRELOLW\ LV WKH PDLQ JRDO RI WKH +25,=21 (XURSH $HUR6ROIG SURMHFW ODXQFKHG E\ WKH (XURSHDQ &RPPLVVLRQ
LQ ���� WKDW UXQV RYHU D WKUHH \HDUV SHULRG XQWLO PLG������ $HUR6ROIG ZLOO GHOLYHU DIIRUGDEOH� DGDSWDEOH� DQG VXVWDLQDEOH
UHWURILW VROXWLRQV WR UHGXFH QRW RQO\ WDLOSLSH H[KDXVW HPLVVLRQV IURP JDVROLQH HQJLQHV� EXW EUDNH HPLVVLRQV DQG SROOXWLRQ LQ
VHPL� FORVHG HQYLURQPHQWV� 7KH 6ZLVV�EDVHG 9(57 DVVRFLDWLRQ� ZLWKLQ $HUR6ROIG� IRFXVHV RQ UHGXFLQJ WDLOSLSH HPLVVLRQV
RI JDVROLQH YHKLFOHV E\ XVLQJ WKH EHVW DYDLODEOH UHWURILW ILOWUDWLRQ 7HFKQRORJ\ �%$7�� DQG LQ SDUWLFXODU WKH EHVW DYDLODEOH *3)
WHFKQRORJ\� XVLQJ DQ XQFRDWHG &251,1* FHUDPLF PXOWLFHOO ZDOO�IORZ ILOWHU� 9(57� ZLWK LWV PHPEHU SDUWQHUV +-6� &3.�
%)+ DQG &251,1*� LQYHVWLJDWHV WKH SHUIRUPDQFH DQG GHOLYHUV D 75/ � *3)�UHWURILW V\VWHP IRU IXWXUH PDUNHW DSSOLFDWLRQV�
7KH 9(57 *3)�UHWURILW V\VWHP VKRZHG H[FHOOHQW SHUIRUPDQFH ZLWK ILOWUDWLRQ HIILFLHQF\ RYHU ��� RQ VWDQGDUG F\FOHV
�:/7& 	 5'(� DV ZHOO DV RQ URDG� )LIW\ JDVROLQH YHKLFOHV� ERWK *', DQG 3), HQJLQHV� KDYH EHHQ UHWURILWWHG LQ *HUPDQ\�
6ZLW]HUODQG� ,VUDHO DQG 'HQPDUN� WKH *3) UHWURILW V\VWHP SHUIRUPDQFH LV FRQWLQXRXVO\ PRQLWRUHG IRU DOO YHKLFOHV RYHU D
SHULRG RI ��� PRQWKV DQG QR LVVXHV KDYH EHHQ REVHUYHG LQ DQ\ RI WKH �� YHKLFOHV LQ WHUPV RI ILOWHU UHJHQHUDWLRQ RU LQFUHDVHG
IXHO FRQVXPSWLRQ RU VHFRQGDU\ HPLVVLRQV� $ 137, WHVWLQJ FDPSDLJQ RI ���� JDVROLQH YHKLFOHV LV DOVR FRQGXFWHG LQ
$HUR6ROIG� FRQILUPLQJ D GLUW\�WDLO SKHQRPHQD IRU WKH 6ZLVV SHWURO IOHHW� 7KH *3)�UHWURILW DSSOLFDWLRQ LV VXFFHVIXOO\ UHGXFLQJ
QDQRSDUWLFOH HPLVVLRQV� SURYLGLQJ D IDVW VROXWLRQ WR WKH DGYHUVH KHDOWK HIIHFW RI QDQRSDUWLFOHV IURP JDVROLQH HQJLQHV LQ
FRQJHVWHG XUEDQ DUHDV DQG IRU FRQWUROOLQJ JOREDO ZDUPLQJ� 7KH ILQDO UHVXOWV RI WKH RYHUDOO 9(57 *3)�UHWURILW SURMHFW DQG
WKH�137,�WHVWLQJ�FDPSDLJQ�DUH�SUHVHQWHG�
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��
$HUR6ROIG��$GYDQFLQJ�$LU�4XDOLW\�WKURXJK�5HWURILWWHG�*DVROLQH�3DUWLFXODWH�)LOWHUV�±�,QVLJKWV�IURP�/DERUDWRU\�DQG


5HDO�:RUOG�(YDOXDWLRQV�


'��(QJHOPDQQ���7��E��GHILQHG�


�/DERUDWRU\�IRU�3RZHUWUDLQ�DQG�$)+%�


7KH $HUR6ROIG SURMHFW� DQ (8�IXQGHG LQLWLDWLYH� IRFXVHV RQ LPSURYLQJ DLU TXDOLW\ E\ UHGXFLQJ DWPRVSKHULF SDUWLFOH
HPLVVLRQV� ,Q UHVSRQVH WR WKH JURZLQJ FKDOOHQJHV SRVHG E\ DLU SROOXWLRQ DQG LWV LPSDFW RQ HQYLURQPHQWDO DQG KXPDQ KHDOWK�
WKH SURMHFW DLPV WR JHQHUDWH UREXVW VFLHQWLILF GDWD DQG GHYHORS SUDFWLFDO VROXWLRQV� $ SULPDU\ REMHFWLYH LV WKH LPSOHPHQWDWLRQ
RI *DVROLQH 3DUWLFXODWH )LOWHUV �*3)V� DV UHWURILW VROXWLRQV IRU LQ�XVH OLJKW�GXW\ YHKLFOHV �/'9V� WR PLWLJDWH SDUWLFXODWH
HPLVVLRQV�HIIHFWLYHO\�


�


�


.H\�UHVXOWV�VWHP�IURP�DQ�LQ�GHSWK�PHDVXUHPHQW�FDPSDLJQ�FRQGXFWHG�DW�WKH�%)+�([KDXVW�(PLVVLRQV�7HVW�&HQWHU�RQ�IRXU
UHSUHVHQWDWLYH�YHKLFOHV��7KH�FDPSDLJQ�HYDOXDWHG�QRQ�DJHG�*3)V�WR�HVWDEOLVK�D�EDVHOLQH�IRU�ORQJ�WHUP�SHUIRUPDQFH
PRQLWRULQJ�DQG�DIWHU�VL[�PRQWKV�DQG�VHYHUDO�WKRXVDQG�NLORPHWHUV�RI�XVH��7KH�YHKLFOHV��FRPSULVLQJ�WZR�ZLWK�GLUHFW�SHWURO
LQMHFWLRQ�DQG�WZR�ZLWK�LQWDNH�PDQLIROG�LQMHFWLRQ��ZHUH�WHVWHG�XQGHU�ODERUDWRU\�FRQGLWLRQV�XVLQJ�WKH�:RUOGZLGH
+DUPRQL]HG�/LJKW�9HKLFOHV�7HVW�3URFHGXUH��:/7&��DQG�6WHDG\�6WDWH�&\FOH��66&���DV�ZHOO�DV�LQ�UHDO�GULYLQJ
HQYLURQPHQWV��5'(���&RPSUHKHQVLYH�DQDO\VHV�ZHUH�SHUIRUPHG�WR�DVVHVV�WKH�UHGXFWLRQ�LQ�SDUWLFOH�QXPEHUV�DQG�HYDOXDWH
SRWHQWLDO�LPSDFWV�RQ�JDVHRXV�HPLVVLRQV��)RXULHU�7UDQVIRUP�,QIUDUHG�6SHFWURVFRS\��)7,5��ZDV�HPSOR\HG�WR�DQDO\]H�QRQ�
UHJXODWHG�HPLVVLRQV��FDSWXULQJ�ERWK�JDVHRXV�DQG�SDUWLFXODWH�GDWD�EHIRUH�DQG�DIWHU�WKH�LQVWDOODWLRQ�RI�*3)V��3UHOLPLQDU\
ILQGLQJV�GHPRQVWUDWH�WKH�*3)V¶�VLJQLILFDQW�HIIHFWLYHQHVV�LQ�UHGXFLQJ�SDUWLFXODWH�HPLVVLRQV�ZLWK�QR�REVHUYDEOH�DGYHUVH
HIIHFWV�RQ�JDVHRXV�HPLVVLRQV�0RUHRYHU��WKH�SURMHFW�H[WHQGHG�LWV�VFRSH�E\�HTXLSSLQJ�IOHHWV�LQ�*HUPDQ\��6ZLW]HUODQG�
,VUDHO��DQG�'HQPDUN�ZLWK�UHWURILWWHG�*3)V�DQG�GDWD�ORJJHUV��7KHVH�IOHHWV�DUH�PRQLWRUHG�RYHU�WKH�ORQJ�WHUP�WR�HYDOXDWH�WKH
ILOWHUV
�UHDO�ZRUOG�SHUIRUPDQFH��GXUDELOLW\��DQG�RSHUDWLRQDO�LPSDFW�XQGHU�GLYHUVH�GULYLQJ�FRQGLWLRQV�


�


�
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+HDOWK�,PSDFW�RI�1DQRSDUWLFOHV�HPLWWHG�E\�LQ�XVH�*DVROLQH�(QJLQHV�UHGXFHG�E\�*3)�5HWURILW�/LIH�&\FOH�$QDO\VLV�DQG


WKH�UHVXOWLQJ�%HQHILW�&RVW�5DWLR�


$��&��0D\HU�


�9(57�$VVRFLDWLRQ�


:RUOGZLGH KHDOWK LPSDFW E\ WUDIILF UHODWHG WR[LF HPLVVLRQV SROOXWLQJ WKH EUHDWKLQJ DLU LV GRPLQDWHG E\ QDQRSDUWLFOH
HPLVVLRQV RI SHWURO HQJLQHV� ZKLFK LV VWLOO ZLGHO\ QHJOHFWHG� 3DUWLFOH ILOWHUV ZLWK HIILFLHQFLHV FORVH WR ���� DUH DYDLODEOH DQG
FRXOG EH XVHG LQ DOO IOHHWV DW YHU\ ORZ FRVW HYHQ DV UHWURILW RI LQ�XVH SHWURO YHKLFOHV DV WKH (8�$HUR6ROIG SURMHFW KDV
GHPRQVWUDWHG�����������


+RZHYHU� VLQFH FODVVLF HSLGHPLRORJ\ VWLOO UHIHUV WR 30��� DV WKH RIILFLDO PHWULF IRU WKH GRVH�HIIHFW IDFWRUV� LW LV GLIILFXOW WR
SURYLGH QXPHULFDO HYLGHQFH IRU WKH KHDOWK LPSDFW ZKHQ XVLQJ VXFK ILOWHUV EHFDXVH WKH HOLPLQDWHG RYHUDOO SDUWLFOH PDVV RI
WKHVH�QXPHURXV�EXW�YHU\�VPDOO�SDUWLFOHV�KDV�RQO\�YHU\�OLWWOH�JUDYLPHWULF�LQIOXHQFH�RQ�WKH�PDVV�RI�30����


8VLQJ D QRQ�FODVVLF DSSURDFK WR HVWLPDWH WKH KHDOWK LPSDFW RI WKHVH QDQRSDUWLFOHV EDVHG RQ WKH SDUWLFOH QXPEHU
FRQFHQWUDWLRQ� VL]H DQG VXEVWDQFH� ZH FDQ HVWLPDWH WKH FRQWULEXWLRQ RI WKHVH ILOWHUV RQ ZRUOGZLGH WUDIILF UHODWHG PRUWDOLW\ DQG
ZLWK�:+2�PRQHWDU\�DVVXPSWLRQV�ZH�FDQ�FRQFOXGH�RQ�KHDOWK�FRVW�


,QFOXGLQJ DOO LPSRUWDQW HOHPHQWV RI D OLIH F\FOH DQDO\VLV ZLWK UHVSHFW WR LQWHUQDO DQG H[WHUQDO FRVW IURP WKH WLPH RI UHWURILW WR
ILQDO ZDVWH GLVSRVDO ZH FDQ FRQFOXGH RQ %HQHILW�&RVW RI WKLV WHFKQLFDO PHDVXUH DQG ZH DUH FRPLQJ WR YDOXHV !�� LI DOO
YHKLFOHV DUH UHWURILWWHG DQG !!��� LI WKH KLJK HPLWWHUV DUH VHOHFWHG E\ GLUW\ WDLO DQDO\VLV DQG UHWURILW LV RQO\ FRQFHQWUDWHG RQ
WKRVH�KLJK�HPLWWHUV�
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1H[W�JHQHUDWLRQ�JDVROLQH�SDUWLFOH�ILOWHUV��,PSDFW�RQ�JHQRWR[LF�FRPSRXQGV��DVVHVVPHQW�RI�ULVNV�IRU�VHFRQGDU\
SRLVRQLQJ�


1��+HHE���0��=HQQHJJ���.��=H\HU���-��0RKQ���3��&RPWH���0��7��*|SIHUW���<��=LPPHUOL���'��(QJHOPDQQ���/��5XELQR���7�
/XW]���$��0D\HU�
��/��&��/DUVHQ�
�


�(PSD���8$6%���9(57�


$EVWUDFW� 3DUWLFOH ILOWHUV �3)V� KDYH EHFRPH WKH PRVW HIILFLHQW DQG UHOLDEOH WHFKQRORJ\ WR DEDWH SDUWLFOH HPLVVLRQV RI GLHVHO
HQJLQHV� 3)V DUH LQFUHDVLQJO\ DSSOLHG RQ JDVROLQH YHKLFOHV �*3)V� ZLWK GLUHFW LQMHFWLRQ �*',� DQG PXOWL�SRLQW LQMHFWLRQ
�03,� HQJLQHV� 7KHVH HQJLQHV KDYH KLJK SDUWLFOH QXPEHU HPLVVLRQV� RIWHQ H[FHHGLQJ WKH FXUUHQW 31 HPLVVLRQ OLPLW RI �[����


SDUWLFOHV�NP�


,Q WKH (8 +RUL]RQ (XURSH IUDPHZRUN SURMHFW $HUR6ROIG WKH QH[W JHQHUDWLRQ RI JDVROLQH SDUWLFOH ILOWHUV ZHUH UHWURILWWHG DQG
WHVWHG RQ WZR (XUR��E YHKLFOHV� RQH HTXLSSHG ZLWK D *',�HQJLQH �9: *ROI 76, ��� /� �� N:�� WKH RWKHU ZLWK DQ 03,�
HQJLQH �)LDW ���; ��� /� �� N:�� %RWK ZLGHO\ XVHG YHKLFOHV ZHUH WHVWHG XQGHU WUDQVLHQW GULYLQJ LQ WKH FROG� DQG KRW�VWDUWHG
:/7&�F\FOH�DQG�LQ�D�VWHDG\�VWDWH�F\FOH�


)RU HDFK YHKLFOH� UHWURILWWHG SDUWLFOH ILOWHUV RI WKH W\SH RI PXOWL�FHOO ZDOO�IORZ &RUGLHULWH ILOWHUV ZHUH LQWHJUDWHG LQ WKH WDLOSLSH
V\VWHPV� %RWK YHKLFOHV ZHUH VWXGLHG RQ WKH FKDVVLV G\QDPRPHWHU LQ VWDQGDUG FRQILJXUDWLRQV ZLWKRXW ILOWHUV DQG ZLWK
UHWURILWWHG�ILOWHUV�


$ FRPSUHKHQVLYH FKDUDFWHUL]DWLRQ RI JDVHRXV� OLTXLG DQG VROLG H[KDXVW FRQVWLWXHQWV ZDV SHUIRUPHG� 7KH IRFXV ZDV RQ WR[LF�
FDUFLQRJHQLF DQG PXWDJHQLF FRPSRXQGV VXFK DV SRO\F\FOLF DURPDWLF K\GURFDUERQV �3$+V�� QLWUDWHG 3$+V �QLWUR�3$+V��
SRO\FKORULQDWHG�GLEHQ]RGLR[LQV��3&''V��DQG�SRO\FKORULQDWHG�GLEHQ]RIXUDQV��3&')V��


3DUWLFOH QXPEHU HPLVVLRQV RI WKH 03, YHKLFOH �)LDW ���;� ZHUH ���[���� DQG ���[���� SDUWLFOHV�NP LQ WKH F:/7& DQG
K:/7&� UHVSHFWLYHO\� &RQVLGHUDEO\ ORZHU 31 HPLVVLRQV RI ��������[���� SDUWLFOHV�NP ZHUH REVHUYHG LQ WKH 66&� 31
HPLVVLRQV RI WKH *',�YHKLFOH �9: *ROI 76,� ZHUH �� WR ���IROG KLJKHU� DW ���[���� DQG ���[���� SDUWLFOHV�NP LQ WKH F:/7&
DQG�K:/7&��31�HPLVVLRQV�RI�WKH�*',�YHKLFOH�LQ�WKH�66&�ZHUH�KLJKHU�WRR�FRPSDUHG�WR�WKH�03,�WHFKQRORJ\�


7KH KLJKHU 31 HPLVVLRQV RI WKH *',� FRPSDUHG WR WKH 03,�YHKLFOH DOVR DIIHFWHG 31 ILOWUDWLRQ HIILFLHQFLHV LQ WKH FROG� DQG
KRW�:/7&� ZKLFK UHDFKHG ����� DQG ����� IRU ILOWHU )� RQ WKH 03,�YHKLFOH DQG ����� DQG ����� IRU ILOWHU )� RQ WKH *',�
YHKLFOH�


:H FRQFOXGH WKDW ERWK UHWURILWWHG ILOWHUV DUH KLJKO\ HIILFLHQW ZLWK UHVSHFW WR QDQRSDUWLFOH HPLVVLRQV� LQGLFDWLQJ WKDW VRRW
SDUWLFOHV�DUH�UHWDLQHG�DQG�SRVVLEO\�FRQYHUWHG�LQ�WKHVH�ILOWHUV�


7KLV EULQJV XV WR WKH TXHVWLRQ KRZ HPLVVLRQV RI VHPL�YRODWLOH JHQRWR[LF FRPSRXQGV OLNH 3$+V� QLWUDWHG 3$+V DQG
3&&'�)V DUH DIIHFWHG E\ WKHVH ILOWHUV" ,W KDV WR EH PHQWLRQHG WKDW WKH XS�WDNH RI WKHVH WR[LF FRPSRXQGV YLD WKH DOYHRODU
V\VWHP RI WKH KXPDQ OXQJ RFFXUV YLD LQKDODWLRQ RI FRPEXVWLRQ�JHQHUDWHG QDQRSDUWLFOHV ZLWK SDUWLFOH VL]HV RI ������ QP�
7KHVH QDQRSDUWLFOHV RIIHU HQRXJK VXUIDFH DUHD WR DGVRUE VHPL�YRODWLOH FRPSRXQGV DW ORZHU WHPSHUDWXUHV� ZKDW KDV EHHQ
GHVFULEHG�ODWHO\�DV�WKH�7URMDQ�KRUVH�HIIHFW�


:H ZLOO UHSRUW RQ WKH HIIHFWV RI QH[W�JHQHUDWLRQ SDUWLFOH ILOWHUV IRU JDVROLQH YHKLFOHV RQ WKH HPLVVLRQV RI JHQRWR[LF
FRPSRXQGV�DQG�DVVHVV�WKH�ULVNV�RI�D�VHFRQGDU\�IRUPDWLRQ�RI�WKHVH�SROOXWDQWV�LQ�WKH�ILOWHUV��
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,Q�XVH�JDVROLQH�FDUV�UHWURILW�ZLWK�D�SDUWLFOH�ILOWHU�±�,VUDHOL�H[SHULHQFH�


'��%XQWLQ���$��%HQ�$UL���%��%��%HQ�'DYLG�+ROW]HU���9��%D\ELNRY���$��0D\HU���-��&]HUZLQVNL���/��7DUWDNRYVN\���
�


�7HFKQLRQ�±�,VUDHO�,QVWLWXWH�RI�7HFKQRORJ\��+DLID����������,VUDHO���3UHVHQWLQJ�DXWKRU��HPDLO��WDUWDN#WHFKQLRQ�DF�LO�


,Q WKH IUDPHZRUN RI WKH $HUR6ROIG (& +RUL]RQ SURMHFW� WZR LQ�XVH JDVROLQH FDUV ZHUH UHWURILWWHG ZLWK D JDVROLQH SDUWLFOH
ILOWHU �*3)� SURGXFHG E\ +-6� 7R PRQLWRU WKH ILOWHU KHDOWK� WKH FDUV ZHUH LQVWUXPHQWHG DOVR ZLWK &3. GDWD ORJJHUV WKDW
DOORZHG�PRQLWRULQJ�EDFNSUHVVXUH�DQG�*3)�WHPSHUDWXUH�YDOXHV�


7KH FDUV ZHUH WHVWHG EHIRUH *3) LQVWDOODWLRQ� LPPHGLDWHO\ DIWHU LQVWDOODWLRQ� WKUHH PRQWKV DIWHU VWDUW RI WKH URDG WHVW� DQG DW
WKH WHVW HQG �KDOI D \HDU DIWHU WHVW LQLWLDWLRQ�� 7KH FDUV ZHUH WHVWHG DW IRXU RSHUDWLQJ PRGHV� ORZ DQG KLJK LGOH ZLWK DQG
ZLWKRXW�DLU�FRQGLWLRQHU�VZLWFKHG�RQ�


1R VHQVLEOH LQIOXHQFH RI *3) LQVWDOODWLRQ RQ RSHUDWLRQ RI WKH FDU¶V FDWDO\WLF FRQYHUWHU DQG LWV HIIHFWLYHQHVV ZDV REVHUYHG�
7KH PHDVXUHG JDVHRXV SROOXWDQW FRQFHQWUDWLRQV ZHUH VLPLODU LQ WKH FDU ZLWK DQG ZLWKRXW *3)� 7KH PHDVXUHG GDWD FRQILUP
QR QHJDWLYH LQIOXHQFH RI *3) UHWURILWWLQJ RQ WKH QRLVH OHYHO RI WHVWHG FDUV� 0RUHRYHU� WKH REWDLQHG GDWD LQ PRVW RI WHVWV VKRZ
D WHQGHQF\ RI VOLJKW QRLVH UHGXFWLRQ DIWHU *3) UHWURILW� 7KHUH LV QR LQGLFDWLRQ RI DQ\ QHJDWLYH LQIOXHQFH RI WKH UHWURILWWHG
*3)�RQ�JDVHRXV�SROOXWDQW�FRQFHQWUDWLRQV�DQG�QRLVH�OHYHO�DV�FRPSDUHG�WR�WKH�2(0�LQVWDOOHG�ILOWHU�


%RWK WHVWHG FDUV GHPRQVWUDWHG TXLWH VWDEOH 31 HPLVVLRQ EHKDYLRU GXULQJ WKH VL[ PRQWKV RI WKH WHVW SHULRG� ,Q DEVROXWH
PDMRULW\ RI WHVWV *3) GHPRQVWUDWHG D YHU\ KLJK HIIHFWLYHQHVV LQ 31 HPLVVLRQV PLWLJDWLRQ� 7KH FDOFXODWHG YDOXHV RI 31)( IRU
ERWK WHVWHG FDUV DW IRXU LQYHVWLJDWHG RSHUDWLQJ PRGHV GXULQJ WKH VL[ PRQWKV RI WKH WHVW GXUDWLRQ ZHUH XVXDOO\ KLJKHU WKDQ
���� &RPSDULVRQ RI WKH UHVXOWV RI SDUWLFOH QXPEHU FRQFHQWUDWLRQ PHDVXUHPHQW LQ WKH 9: *ROI FDUV ZLWK D UHWURILWWHG DQG DQ
2(0�LQVWDOOHG *3) DOORZV XV DUULYLQJ WR D FRQFOXVLRQ WKDW WKH FDU ZLWK D UHWURILWWHG ILOWHU HPLWV VLPLODU DPRXQWV RI SDUWLFOH
PDWWHU�DW�DOO�WHVWHG�UHJLPHV�


7KHUH ZHUH QR LQGLFDWLRQV RQ WKH EDFNSUHVVXUH ULVH GXULQJ WKH VL[�PRQWK¶V WHVW LQ ERWK WHVWHG YHKLFOHV� +RZHYHU� KDOI�D�\HDU
WHVW�GXUDWLRQ�LV�QRW�ORQJ�HQRXJK�WR�DVVHVV�LQ�D�UHOLDEOH�PDQQHU�D�GXUDELOLW\�RI�WKH�UHWURILWWHG�JDVROLQH�SDUWLFOH�ILOWHUV�
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Session 8: Health effects, Talk


Beyond current air quality standards: studies of ambient ultrafine air pollution and its effects on mortality and 
hospital admissions in Germany 


M. Schwarz1, A. Schneider1, J. Cyrys1, S. Bastian2, S. Breitner-Busch1,3, A. Peters1, 3, 4, 5


1Institute of Epidemiology, Helmholtz Zentrum München GmbH - German Research Center for Environmental Health, 
Neuherberg, Germany, 2Saxon State Office for Environment, Agriculture and Geology (LfULG), Dresden, Germany, 3 


Institute for Medical Information Processing, Biometry and Epidemiology, Medical Faculty, Ludwig-Maximilians- 
Universität München, Munich, Germany, 4Department of Environmental Health, Harvard T.H. Chan School of Public 


Health, Boston, MA, USA , 5 Munich Heart Alliance, German Center for Cardiovascular Research (DZHK e.V.), 
Munich, Germany


Background: Ambient air pollution has been identified as a major threat to human health. Numerous studies have
consistently shown associations between several air pollutants (e.g., fine particulate matter with diameters ≤2.5 µm; PM2.5)
and cause-specific morbidity and mortality. Consequently, national and international air quality standards and limit values
have been established to guide exposure reductions, prevent premature deaths, and improve public health. However, not all
air pollutants are subject to regulation. For instance, ultrafine particles (particles with diameters ≤ 100 nm ≙ 0.1 µm; UFP)
remain unregulated due to limited monitoring, few multicenter epidemiological studies, and conflicting epidemiological
evidence. Therefore, the objective of our study was to conduct a multicenter time-series analysis to examine the short-term
health effects of UFP exposure on cause-specific mortality and hospital admissions in Germany.


Material and methods: We obtained daily counts of cause-specific cardiorespiratory mortality and hospital admission
endpoints between 2010 and 2017 in the three German cities Dresden, Leipzig, and Augsburg. Daily averages of UFP
number concentrations (10-100 nm) and size-fractionated particle number concentrations (e.g., total particle number
concentration, PNC, 10-800 nm) were measured at six fixed monitoring sites, in addition to PM2.5, nitrogen dioxide (NO2),
and black carbon (BC). We applied station-specific confounder-adjusted Poisson regression models to assess immediate (lag
0-1), delayed (lag 2-4, lag 5-7), and cumulative (lag 0-7) effects and used a novel multi-level meta-analytical approach to
obtain pooled risk estimates. We performed two-pollutant models to investigate interdependencies between pollutants and
examined possible effect modification by age, sex, and season.


Results: We found that elevated UFP concentrations were associated with a delayed increased risk of respiratory mortality
five to seven days after UFP exposure (4.46% [95% confidence interval, 1.52% to 7.48%] per 3,223 particles/cm3).
Moreover, particles of the smallest size mode, the nucleation mode (10-30 nm), showed larger risks compared to larger
particles. Comparable results were observed for both the warm and cold seasons and across different age groups; however,
larger effects were seen for women. In contrast, UFP number concentrations did not show a clear association with cause-
specific hospital admissions, suggesting a delayed pattern of an increased risk of respiratory hospital admissions two to four
days after exposure (0.69% [95% confidence interval, -0.28% to 1.67%] per 3,220 particles/cm3). However, larger particle
size fractions, such as accumulation mode particles (100-800 nm), exhibited consistent and more pronounced effects. The
findings indicated a higher risk for children as well as in cold seasons, while the risk for men and women was comparable.
In general, no significant change was observed after adjusting for particulate pollutants. However, the additional adjustment
for NO2 resulted in wider confidence intervals and null findings.


Conclusion: Our study provides evidence that ultrafine air pollution is associated with adverse health effects, particularly in
the respiratory system, and independently of other particulate air pollutants such as PM2.5. Furthermore, the observed effects
may vary by particle size and, to a certain extent, by exposure setting. Further multicenter studies are needed using
harmonized and size- and source-specific UFP measurements to draw definite conclusions on the health effects of UFP.
Finally, the revised EU Ambient Air Quality Directive mandates the monitoring of ultrafine particles at so-called
"monitoring supersites" to support the scientific understanding of the UFP effects on human health and the environment.
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(IILFDF\�RI�+(3$�DLU�SXULILHUV�DW�UHGXFLQJ�EORRG�SUHVVXUH�IRU�QHDU�KLJKZD\�UHVLGHQWV��


'��%UXJJH���0��(OLDV]LZ���9��.XFKKDO���&��0RUVRQ���7��9D]TXH]�'RGHUR���:��*ROGVWHLQ�*HOE���6��.XQZDU���+��*DWHV���)�
0DMOXI���:��=DPRUH�
��6��2DNOH\�+HUVH\�
�


�8QLYHUVLW\�RI�&RQQHFWLFXW���7XIWV�8QLYHUVLW\���2OLQ�&ROOHJH���8QLYHUVLW\�RI�&RQQHFWLFXW����7KH�:HOFRPH�3URMHFW���


6RPHUYLOOH�7UDQVSRUWDWLRQ�(TXLW\�3DUWQHUVKLS�


%DFNJURXQG� $LUERUQH SDUWLFXODWH PDWWHU SROOXWLRQ �30� HPDQDWLQJ IURP PRWRU YHKLFOHV LV D OHDGLQJ FDXVH RI FDUGLRYDVFXODU
ULVN DQG LOOQHVV� %ORRG SUHVVXUH �%3� LV RQH LQGLFDWRU RI WKH HIIHFWV RI DQG ULVN IURP H[SRVXUH WR 30� LQFOXGLQJ QHDU
KLJKZD\�XOWUDILQH�DQG�EODFN�FDUERQ�30��


2EMHFWLYHV��7R�DVVHVV�HIILFDF\�RI�LQ�KRPH�DLU�SXULILHUV�WR�UHGXFH�%3�LQ�KHDOWK\�DGXOWV�OLYLQJ�QH[W�WR�KLJKZD\V�


0HWKRGV� :H FRQGXFWHG D GRXEOH EOLQG� UDQGRPL]HG FURVVRYHU WULDO ZLWK RQH PRQWK HDFK RI KLJK HIILFLHQF\ SDUWLFXODWH
DUUHVWDQFH �+(3$� YV� VKDP ILOWUDWLRQ WKDW ZDV FRPSOHWHG E\ ��� SDUWLFLSDQWV� ,QGRRU�RXWGRRU DLU PRQLWRULQJ ZDV FRQGXFWHG
DW D VXEVHW RI KRPHV� %UDFKLDO DQG FHQWUDO %3 ZHUH PHDVXUHG DW WKH VWDUW DQG HQG RI HDFK PRQWK� /LQHDU PL[HG PRGHOV ZHUH
XVHG WR FRPSDUH WKH PHDQ FKDQJH LQ %3 EHWZHHQ WKH +(3$ DQG VKDP ILOWUDWLRQ SHULRGV� :H LQFOXGHG D UDQGRP LQWHUFHSW WR
DFFRXQW IRU ZLWKLQ�SDUWLFLSDQW FRUUHODWLRQ RI UHSHDWHG %3 PHDVXUHPHQWV� VHTXHQFH DQG SHULRG HIIHFWV� 0RGHOV ZHUH DGMXVWHG
IRU SDUWLFLSDQW¶V DJH� VH[� %3 PHDVXUHPHQW DW VWDUW RI HDFK LQWHUYHQWLRQ SHULRG� QXPEHU RI KRXUV VSHQW LQGRRUV D ZHHN SULRU
WR�WKH�%3�PHDVXUHPHQW��DQG�RXWGRRU�WHPSHUDWXUH�DQG�SHUFHLYHG�VWUHVV�VFRUH�DW�WKH�WLPH�RI�WKH�%3�PHDVXUHPHQW�


5HVXOWV� 30��� DQG 8)3 ZHUH UHGXFHG GXULQJ +(3$ FRPSDUHG WR VKDP ILOWUDWLRQ SHULRGV� 7KH RYHUDOO UHVXOWV \LHOGHG QR
VLJQLILFDQW GLIIHUHQFHV LQ %3 EHWZHHQ WKH +(3$ DQG VKDP ILOWUDWLRQ SHULRGV� +RZHYHU� LQ D SUH�SODQQHG VXEJURXS DQDO\VLV�
SDUWLFLSDQWV ZKR KDG DQ HOHYDWHG 6%3 �L�H�� EUDFKLDO ! ��� RU FHQWUDO ! ��� PP+J� DW WKH VWDUW RI WKH LQWHUYHQWLRQ SHULRG KDG
D VLJQLILFDQW ��� PP+J GLIIHUHQFH LQ IDYRU RI +(3$ ILOWUDWLRQ �3  ������ $ VLPLODU ��� PP+J QHW GLIIHUHQFH ZDV REVHUYHG
IRU FHQWUDO 6%3 �3  ������ ,Q FRQWUDVW� RQO\ VPDOO� FOLQLFDOO\ XQLPSRUWDQW� UHGXFWLRQV LQ '%3 ZHUH REVHUYHG WKDW ZHUH QRW
VWDWLVWLFDOO\�VLJQLILFDQW�


&RQFOXVLRQV� ,Q WKLV UDQGRPL]HG FURVVRYHU WULDO WKDW HIIHFWLYHO\ FRQWUROOHG IRU PRVW WLPH LQYDULDQW DQG WLPH YDU\LQJ
FRQIRXQGHUV� ZH VKRZHG WKDW DLU SXULILHU XVH FDQ UHVXOW LQ D FOLQLFDOO\ PHDQLQJIXO UHGXFWLRQ LQ 6%3 IRU SHRSOH ZLWK HOHYDWHG
6%3� 7KXV� DLU SXULILHUV PD\ EH D YLDEOH LQWHUYHQWLRQ IRU DW ULVN SRSXODWLRQV OLYLQJ QHDU KLJK YROXPHV RI PRWRU YHKLFOH
WUDIILF�


�


�


)LJXUH��'LIIHUHQFH�LQ�%3�&KDQJHV�EHWZHHQ�+(3$�DQG�6KDP�)LOWUDWLRQ��0HDQ�GLIIHUHQFHV�ZLWK�����FRQILGHQFH�LQWHUYDOV
RI�FKDQJHV�LQ�%3V�EHWZHHQ�+(3$�DQG�VKDP�ILOWUDWLRQ�
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$VVRFLDWLRQV�EHWZHHQ�6KRUW�7HUP�([SRVXUH�WR�$PELHQW�8OWUDILQH�DQG�)LQH�3DUWLFXODWH�0DWWHU�DQG�%LRPDUNHUV�RI


,QIODPPDWLRQ�DQG�&RDJXODWLRQ�LQ�6HQLRUV�LQ�WKH�*HUPDQ�&RU3X6FXOD�6WXG\�


0��/��-DNREL���.��2JXUWVRYD���3��7KRHONH���6��/XFKW�����/��*ODXELW]���3��+|SSH���'��1RZDN���&��+HUGHU�����3��$QJHUHU���%�
+RIIPDQQ�


�,QVWLWXWH�IRU�2FFXSDWLRQDO�6RFLDO�DQG�(QYLURQPHQWDO�0HGLFLQH��+HLQULFK�+HLQH�8QLYHUVLW\�'�VVHOGRUI���5HDO�:RUOG
(YLGHQFH�	�,QVLJKWV��&DUGLQDO�+HDOWK��'XEOLQ��2+��8QLWHG�6WDWHV���,QVWLWXWH�IRU�2FFXSDWLRQDO��6RFLDO�DQG�(QYLURQPHQWDO
0HGLFLQH��/XGZLJ�0D[LPLOLDQV�8QLYHUVLW\�0XQLFK���,QVWLWXWH�IRU�&OLQLFDO�'LDEHWRORJ\��*HUPDQ�'LDEHWHV�&HQWHU���


'HSDUWPHQW�RI�(QGRFULQRORJ\�DQG�'LDEHWRORJ\��+HLQULFK�+HLQH�8QLYHUVLW\�'�VVHOGRUI�


,QWURGXFWLRQ� 7KH FXUUHQW HYLGHQFH RQ WKH VKRUW�WHUP HIIHFWV RI XOWUDILQH SDUWLFOHV �8)3� RQ ELRPDUNHUV UHPDLQV
LQFRQFOXVLYH� DV RQO\ D OLPLWHG QXPEHU RI VWXGLHV KDYH DFFRXQWHG IRU FR�SROOXWDQWV RU DQDO\]HG PXOWLSOH WLPH SRLQWV� ,Q WKLV
VWXG\� ZH DQDO\]HG WKH DVVRFLDWLRQV EHWZHHQ VKRUW�WHUP H[SRVXUH WR DPELHQW XOWUDILQH DQG ILQH SDUWLFXODWH PDWWHU DQG
ELRPDUNHUV�RI�LQIODPPDWLRQ�DQG�FRDJXODWLRQ�LQ�HOGHUO\�LQVWLWXWLRQDOL]HG�SDUWLFLSDQWV�RI�WKH�&RU3X6FXOD�SDQHO�VWXG\�


0HWKRGV� 3DUWLFLSDQWV ZHUH UHFUXLWHG DW WKH VHQLRU UHWLUHPHQW KRPH :RKQVWLIW $XJXVWLQXP 0XQLFK�1RUWK LQ WKH \HDU �����
,QFOXVLRQ FULWHULD ZHUH� ��� DJH !�� \HDUV DQG ��� DYDLODELOLW\ WR SDUWLFLSDWH GXULQJ WKH VWXG\ SHULRG� ([FOXVLRQ FULWHULD ZHUH�
��� SK\VLFDO KHDOWK FRQGLWLRQV SUHYHQWLQJ PHDVXUHPHQWV� ��� FXUUHQW VPRNLQJ� ��� SUHVHQFH RI D SDFHPDNHU� ��� GLDJQRVLV RI
D EORRG GLVRUGHU� DQG ��� XVH RI DQWLFRDJXODQW PHGLFDWLRQ� $W EDVHOLQH� WKH SDUWLFLSDQWV FRPSOHWHG D TXHVWLRQQDLUH RQ
GHPRJUDSKLFV� OLIHVW\OH IDFWRUV� FKURQLF LOOQHVVHV� PHGLFDWLRQV� DQG DOOHUJLHV� 9HQRXV EORRG VDPSOHV ZHUH GUDZQ UHSHDWHGO\
EHWZHHQ�0D\������DQG�-XO\������


8)3 FRQFHQWUDWLRQV ZHUH PHDVXUHG XVLQJ D FRQGHQVDWLRQ SDUWLFOH FRXQWHU �76, ����$� GHWHFWLQJ SDUWLFOHV !� QP�� ORFDWHG �
NP IURP WKH UHWLUHPHQW KRPH� 3DUWLFXODWH PDWWHU FRQFHQWUDWLRQV �30�� DQG 30���� ZHUH PHDVXUHG XVLQJ D /RZ 9ROXPH
6DPSOHU �/96�� /HFNHO� SRVLWLRQHG LQ WKH JDUGHQ RI WKH UHWLUHPHQW KRPH� �� P IURP WKH UHVLGHQWLDO URDG� 'DWD RQ FR�
SROOXWDQWV �12�� 2�� DQG PHWHRURORJLFDO FRQGLWLRQV ZHUH JDWKHUHG DW D VWDWH XUEDQ EDFNJURXQG PRQLWRULQJ VWDWLRQ DQG DW WKH
0HWHRURORJLFDO ,QVWLWXWH LQ 0XQLFK� +RXUO\ PHDQ YDOXHV ZHUH XVHG WR FDOFXODWH LQGLYLGXDO H[SRVXUHV IRU ���� ���� �� DQG
��KRXU SHULRGV EHIRUH YHQRSXQFWXUH� DV ZHOO DV ODJJHG H[SRVXUHV IRU ODJV �� �� DQG � FDOHQGDU GD\V� %LRPDUNHUV RI
LQIODPPDWLRQ DQG FRDJXODWLRQ� LQFOXGLQJ &�UHDFWLYH SURWHLQ �&53�� ILEULQRJHQ� YRQ :LOOHEUDQG IDFWRU �9:)�� SODVPLQRJHQ
DFWLYDWRU LQKLELWRU�� �3$,��� DQG IDFWRU 9,,, �)9,,,�� ZHUH DQDO\]HG� $VVRFLDWLRQV EHWZHHQ VKRUW�WHUP H[SRVXUH WR DLU
SROOXWDQWV �8)3� 30���� DQG 30��� DQG WKHVH ELRPDUNHUV ZHUH DVVHVVHG XVLQJ OLQHDU PL[HG�HIIHFWV UHJUHVVLRQ PRGHOV
DGMXVWHG IRU HQYLURQPHQWDO DQG LQGLYLGXDO FRQIRXQGHUV� 7ZR�SROOXWDQW DQG PXOWLSROOXWDQW PRGHOV DGMXVWHG IRU 12� DQG
2���)RU�8)3�PRGHOV��DGGLWLRQDO�DGMXVWPHQWV�ZHUH�PDGH�IRU�30����OHYHOV�


5HVXOWV� 7KH VWXG\ LQFOXGHG �� SDUWLFLSDQWV �PHDQ DJH DW EDVHOLQH� ���� \HDUV� ��� IHPDOH� ZLWK ��� WRWDO REVHUYDWLRQV
�PHDQ ���� SHU SHUVRQ� DQG LGHQWLILHG SRVLWLYH DVVRFLDWLRQV EHWZHHQ 8)3� 30��� DQG 30��� DQG &53 ZLWK VSHFLILF WLPH
SRLQWV IRU HDFK SROOXWDQW� $GGLWLRQDOO\� 8)3 ZDV SRVLWLYHO\ DVVRFLDWHG ZLWK 3$,��� 1HJDWLYH DVVRFLDWLRQV ZHUH REVHUYHG
EHWZHHQ 8)3� 30��� DQG 30��� DQG ILEULQRJHQ� )9,,,� DQG Y:) IRU YDULRXV ODJJHG WLPH SHULRGV� $VVRFLDWLRQV RI 8)3 DQG
ILQH 30 ZLWK ILEULQRJHQ ZHUH QRW UREXVW WR DGMXVWPHQW IRU 12�� 2�� RU 30��� LQ PXOWL�SROOXWDQW PRGHOV� ZKHUHDV
DVVRFLDWLRQV�IRU�RWKHU�ELRPDUNHUV�UHPDLQHG�ODUJHO\�FRQVLVWHQW�


'LVFXVVLRQ� 6KRUW�WHUP H[SRVXUH WR FRQFHQWUDWLRQV RI DPELHQW 8)3 DQG ILQH SDUWLFXODWH PDWWHU ZDV DVVRFLDWHG ZLWK VHYHUDO
ELRPDUNHUV RI LQIODPPDWLRQ DQG FRDJXODWLRQ LQ D SDQHO VWXG\ LQYROYLQJ UHVLGHQWV RI D VHQLRU UHWLUHPHQW KRPH� DQG PRVW
DVVRFLDWLRQV�UHPDLQHG�UREXVW�DIWHU�FR�SROOXWDQWV�DGMXVWPHQW�


�
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6WXG\LQJ�DGYHUVH�HIIHFWV�RI�GLHVHO�H[KDXVW�SDUWLFOHV�RQ�KXPDQ�LQWHVWLQH�WLVVXH�LQ�YLWUR�


*��*XQDVLQJDP���5��+H���$��3HWUL�)LQN�����%��5RWKHQ�5XWLVKDXVHU�
�


�$GROSKH�0HUNOH�,QVWLWXWH��8QLYHUVLW\�RI�)ULERXUJ��&KHPLQ�GHV�9HUGLHUV���������)ULERXUJ��6ZLW]HUODQG���&KHPLVWU\
'HSDUWPHQW��8QLYHUVLW\�RI�)ULERXUJ��&KHPLQ�GX�0XVpH���������)ULERXUJ��6ZLW]HUODQG�


7UDIILF�ERUQH SROOXWDQWV UHSUHVHQW D PDMRU SURSRUWLRQ RI DPELHQW DLU SROOXWLRQ DQG DUH NQRZQ WR FRQWULEXWH WR DGYHUVH KXPDQ
KHDOWK HIIHFWV� )UDFWLRQV RI WKHVH SDUWLFOHV FDQ EH GHSRVLWHG ZLWKLQ WKH UHVSLUDWRU\ WUDFW XSRQ LQKDODWLRQ� 8OWUDILQH SDUWLFOHV
�8)3V� FDQ HYHQ WUDQVORFDWH IURP WKH DOYHROL DFURVV WKH DLU�EORRG WLVVXH EDUULHU LQWR WKH EORRGVWUHDP DQG DFFXPXODWH LQ
VHFRQGDU\ RUJDQV EH\RQG WKH OXQJV� VXFK DV WKH EUDLQ� OLYHU� NLGQH\V� DQG LQWHVWLQHV� 8QGHUVWDQGLQJ WKH LPSDFWV RI 8)3V RQ
VHFRQGDU\�RUJDQV�UHPDLQV�DQ�DUHD�RI�DFWLYH�LQYHVWLJDWLRQ�


7KLV VWXG\ DLPV WR HYDOXDWH WKH HIIHFWV RI VWDQGDUG GLHVHO H[KDXVW SDUWLFOHV �'(3V� RQ KXPDQ LQWHVWLQH WLVVXH LQ YLWUR� 'LUHFW
H[SRVXUH WR '(3V VLPXODWHV SDUWLFOHV WKDW DUH VZDOORZHG DIWHU EHLQJ FOHDUHG E\ WKH DLUZD\ PXFRFLOLDU\ DFWLYLW\ DIWHU
LQKDODWLRQ DQG GHSRVLWLRQ LQ WKH DLUZD\V� ,QGLUHFW H[SRVXUH VLPXODWHV WKH FRPSRQHQWV� LQFOXGLQJ WUDQVORFDWHG SDUWLFOHV IURP
WKH OXQJV DQG OXQJ�GHULYHG PHGLDWRUV� FLUFXODWLQJ E\ WKH EORRG FLUFXODWLRQ WR WKH VHFRQGDU\ RUJDQV� +XPDQ LQWHVWLQDO WLVVXHV
FRPSRVHG RI KXPDQ HQWHURF\WHV� DQG PXFXV�SURGXFLQJ FHOOV ZHUH FXOWXUHG IRU �� GD\V� DQG WKHQ PDFURSKDJHV ZHUH DGGHG
WR LQYHVWLJDWH WKHVH HIIHFWV� 'LUHFW H[SRVXUH LQYROYHG WUHDWLQJ LQWHVWLQDO WLVVXHV ZLWK '(3V DW �� ��� DQG �� �J�P/
FRQFHQWUDWLRQV IRU ��� ��� DQG �� KRXUV� ,QGLUHFW H[SRVXUH XVHG FRQGLWLRQHG PHGLD IURP '(3�WUHDWHG KXPDQ OXQJ WLVVXHV�
%LRORJLFDO UHVSRQVHV� LQFOXGLQJ LQIODPPDWRU\ UHDFWLRQV� [HQRELRWLF PHWDEROLVP� DQG JHQRWR[LFLW\ RI WKH LQWHVWLQH WLVVXH�
ZHUH�DQDO\]HG�


:H IRXQG WKDW GLUHFW H[SRVXUH WR '(3V SUHGRPLQDQWO\ DFFHQWXDWHG [HQRELRWLF PHWDEROLVP ZLWK WKH XSUHJXODWLRQ RI JHQHV
HQFRGLQJ IRU SURWHLQV VXFK DV DU\O K\GURFDUERQ UHFHSWRU �$K5� DQG &\WRFKURPH 3��� PRQRR[\JHQDVH� EXW QR LQIODPPDWRU\
UHDFWLRQV� ,QGLUHFW H[SRVXUH ZLWK FRQGLWLRQHG PHGLD SULPDULO\ WULJJHUHG LQIODPPDWRU\ UHVSRQVHV LQ LQWHVWLQDO FHOOV� ZLWK DQ
LQFUHDVHG UHOHDVH RI WKH SUR�LQIODPPDWRU\ FKHPRNLQH LQWHUOHXNLQ�� �,/���� VXJJHVWLQJ WKDW PHGLDWRUV RULJLQDWLQJ IURP WKH
OXQJV DUH OLNHO\ SLYRWDO FRQWULEXWRUV WR WKH REVHUYHG VHFRQGDU\ WLVVXH HIIHFWV� )XUWKHUPRUH� JHQHV LQYROYHG LQ '1$ GDPDJH
DQG UHSDLU SDWKZD\V � VSHFLILFDOO\ $75� &+(.�� DQG *$''��$ � ZHUH XSUHJXODWHG LQ ERWK GLUHFW DQG LQGLUHFW H[SRVXUH
VFHQDULRV��LPSOLFDWLQJ�'(3V�LQ�WKH�SRWHQWLDO�LQGXFWLRQ�RI�JHQRWR[LFLW\�LQ�LQWHVWLQDO�FHOOV��


2XU ILQGLQJV UHYHDO WKDW '(3V DGYHUVH HIIHFWV RQ KXPDQ LQWHVWLQH WLVVXH GHSHQGLQJ RQ WKH URXWH RI H[SRVXUH DQG WKDW OXQJ�
PHGLDWHG� SUR�LQIODPPDWRU\ PHGLDWRUV FRXOG LQIOXHQFH WKH KRPRHRVWDWLF FRQGLWLRQV RI WKH WLVVXH� %XLOGLQJ RQ WKHVH LQVLJKWV�
ZH DGYRFDWH IRU WKH LQGLUHFW H[SRVXUH DSSURDFK LQ RXU IXUWKHU VWXG\ XWLOL]LQJ FRQGLWLRQHG PHGLD IURP DGYDQFHG KXPDQ OXQJ
WLVVXH�FXOWXUHV�H[SRVHG�WR�UHDO�ZRUOG�HQJLQH�HPLVVLRQV��


$FNQRZOHGJHPHQWV�


8/75+$V�IURP�WKH�(XURSHDQ�8QLRQ¶V�+RUL]RQ������UHVHDUFK�DQG�LQQRYDWLYH�SURJUDP�XQGHU�JUDQW�DJUHHPHQW�1R
������
$GROSKH�0HUNOH�)RXQGDWLRQ�
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$VVRFLDWLRQV�EHWZHHQ�30����FRPSRQHQWV��EUDNH�DQG�W\UH�ZHDU�PDUNHUV��XOWUDILQH�SDUWLFOHV��DQG�FKLOGKRRG�FDQFHUV�LQ


&DQDGD�


(��/DYLJQH���6��:HLFKHQWKDO���0��&ORXWLHU�


�(QYLURQPHQWDO�+HDOWK�6FLHQFH�DQG�5HVHDUFK�%XUHDX��+HDOWK�&DQDGD��2WWDZD��2QWDULR��&DQDGD���'HSDUWPHQW�RI
(SLGHPLRORJ\��%LRVWDWLVWLFV��DQG�2FFXSDWLRQDO�+HDOWK��0F*LOO�8QLYHUVLW\��0RQWUHDO��4XHEHF��&DQDGD�


%DFNJURXQG� 3UHQDWDO H[SRVXUH WR ILQH SDUWLFXODWH PDWWHU �30���� DQG XOWUDILQH SDUWLFOHV �8)3V� LV OLQNHG WR FKLOGKRRG
FDQFHUV� EXW WKH UROH RI LWV FRPSRQHQWV� HVSHFLDOO\ EUDNH DQG W\UH ZHDU SDUWLFOHV� DUH XQFOHDU� 7KH REMHFWLYH RI WKLV VWXG\ ZDV
WR�H[DPLQH�WKH�DVVRFLDWLRQV�EHWZHHQ�HDUO\�OLIH�30����FRPSRQHQWV�H[SRVXUH�DQG�FKLOGKRRG�FDQFHU�ULVN�


0HWKRGV� 7KLV ZDV D UHWURVSHFWLYH HSLGHPLRORJLFDO FRKRUW VWXG\ LQFOXGLQJ RYHU � PLOOLRQ VLQJOHWRQ OLYH ELUWKV DFURVV
&DQDGD IURP ���� WR ����� ZLWK IROORZ�XS XQWLO DJH � IRU FDQFHU LQFLGHQFH� (DUO\ OLIH H[SRVXUH WR 30��� FRPSRQHQWV �EODFN
FDUERQ� GXVW� DPPRQLXP� QLWUDWH� RUJDQLF PDWWHU� VXOIDWH� VHD VDOW DQG PHWDO FRPSRQHQWV� DV ZHOO DV 8)3V ZHUH DVVHVVHG
IURP FRQFHSWLRQ WR �� ZHHNV DV ZHOO DV GXULQJ FKLOGKRRG XVLQJ UHVLGHQWLDO DGGUHVV DW ELUWK WR DVVLJQ H[SRVXUHV�
30��� FRQFHQWUDWLRQV DQG 8)3V ZHUH HVWLPDWHG IURP VDWHOOLWH GDWD� D FKHPLFDO WUDQVSRUW PRGHO� DQG JURXQG�EDVHG
PHDVXUHPHQWV� 7KH SULPDU\ RXWFRPH ZDV FDQFHU GLDJQRVLV E\ DJH � DQG VXEW\SHV LQFOXGHG OHXNHPLD� QRQ�+RGJNLQ
O\PSKRPD DQG DVWURF\WRPD� &R[ SURSRUWLRQDO KD]DUGV PRGHOV DVVHVVHG WKH DVVRFLDWLRQV EHWZHHQ WKH H[SRVXUHV DQG FDQFHU
LQFLGHQFH�


5HVXOWV� $PRQJ RYHU � PLOOLRQ ELUWKV� SUHQDWDO H[SRVXUH WR VXOIDWH �62��� %DULXP >%D@ DV D PDUNHU RI EUDNH GXVW DQG 8)3V
ZHUH DVVRFLDWHG ZLWK WKH ULVN RI DVWURF\WRPD� D W\SH RI EUDLQ WXPRU� 7KH HIIHFWV ZHUH SDUWLFXODUO\ REVHUYHG GXULQJ WKH
VHFRQG WULPHVWHU RI SUHJQDQF\ H[SRVXUH� (IIHFWV RI 62�ZHUH IRXQG IRU WKH LPSDFW RQ DFXWH O\PSKREODVWLF OHXNHPLD� (IIHFWV
DSSHDUHG�PRUH�SURQRXQFHG�DPRQJ�PRUH�GHSULYHG�VRFLRHFRQRPLF�VWDWXV�SRSXODWLRQV�


&RQFOXVLRQV DQG 5HOHYDQFH� 3UHQDWDO 30��� FRPSRQHQWV� 8)3V DQG D VSHFLILF PDUNHU RI EUDNH GXVW ZHDU ZHUH DVVRFLDWHG
ZLWK VSHFLILF W\SHV RI FKLOGKRRG FDQFHUV� 7KHVH ILQGLQJV XQGHUVFRUH WKH QHHG IRU IXUWKHU UHVHDUFK WR XQGHUVWDQG FRPSRQHQWV
RI�SDUWLFOH¶V�UROH�LQ�WKH�GHYHORSPHQW�RI�FDQFHUV�LQ�FKLOGUHQ�
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+HDY\�GXW\�EUDNH�ZHDU�HPLVVLRQV��DQ�RQ�URDG�PHDVXUHPHQW�FDPSDLJQ�XVLQJ�D�QRYHO�IXOO\�RSHQ�VDPSOLQJ�V\VWHP��


0��6WHLQPHW]���4��9URRP���-��$VFKHUVOHEHQ���5��*LMVHPDQ���$��3DQDJLRWLGRX�


�712��1/��


,Q 81(&( *75�� D WHVW SURFHGXUH IRU EUDNH ZHDU HPLVVLRQV RI OLJKW GXW\ YHKLFOHV KDV EHHQ GHWHUPLQHG� ,Q WKH (XUR �
UHJXODWLRQ OLPLW YDOXHV KDYH EHHQ DJUHHG XSRQ IRU OLJKW GXW\ EUDNH ZHDU HPLVVLRQV� 0HDQZKLOH� RIILFLDO WHVW SURFHGXUHV RU
(XUR � OLPLW YDOXHV IRU KHDY\ GXW\ KDYH QRW \HW EHHQ GHWHUPLQHG� $ ORW RI UHVHDUFK LV FXUUHQWO\ RQJRLQJ RQ KHDY\�GXW\ WHVW
SURFHGXUHV DQG OLPLW YDOXHV� 7KH UHVHDUFK SURYLGHV LPSRUWDQW LQVLJKW LQWR UHDO�ZRUOG KHDY\ GXW\ EUDNH ZHDU HPLVVLRQV E\
WDNLQJ�D�QRYHO�DSSURDFK�WR�RQ�URDG�PHDVXUHPHQWV�ZLWK�D�IXOO\�RSHQ�VDPSOLQJ�V\VWHP�


&XUUHQW UHVHDUFK LQWR RQ�URDG EUDNH ZHDU HPLVVLRQV DOPRVW H[FOXVLYHO\ LQYROYHV VRPH IRUP RI HQFDSVXODWLQJ WKH EUDNLQJ
V\VWHP� $OWKRXJK WKLV SURYLGHV FOHDU DGYDQWDJHV Z�U�W� KLJK HPLVVLRQV FDSWXUH UDWH DQG HOLPLQDWLRQ RI H[WHUQDO SDUWLFOH
VRXUFHV� WKLV ZLOO LQIOXHQFH WKH KHDWLQJ DQG FRROLQJ EHKDYLRXU RI WKH EUDNLQJ V\VWHP FRPSDUHG WR WKH RULJLQDO FRQILJXUDWLRQ�
7KH RSHQ GHVLJQ PHDVXUHPHQW VHWXS SURYLGHV WKH SRVVLELOLW\ WR PHDVXUH WKH EUDNH ZHDU HPLVVLRQV DQG YHKLFOH FRQGLWLRQV LQ
DQ RQ�URDG VHWWLQJ� ZLWKRXW DUWLILFLDOO\ LQIOXHQFLQJ WKH V\VWHP WHPSHUDWXUH VLJQLILFDQWO\� 0RVW LPSRUWDQWO\ D QR]]OH LV
GHVLJQHG IRU VXFNLQJ LQ WKH EUDNH ZHDU HPLVVLRQV QHDUE\ WKH VRXUFH ZKLOH DOVR ILWWLQJ ZLWKLQ WKH ZKHHO RI WKH YHKLFOH� 7KH
GHVLJQ�RI�WKH�QR]]OH�WRJHWKHU�ZLWK�KLJK�IORZ�VXFWLRQ�SURYLGH�WKH�RSSRUWXQLW\�WR�PHDVXUH�WKH�WRWDO�EUDNH�ZHDU�HPLVVLRQV�


([WHQVLYH DQDO\VLV RI WKH RQ�URDG PHDVXUHPHQW FDPSDLJQ KDV SURYLGHG YDOXDEOH LQVLJKWV LQ WHPSHUDWXUH GLVWULEXWLRQV DQG
FRUUHVSRQGLQJ SDUWLFOH HPLVVLRQV RI RQ�URDG EUDNH ZHDU HPLVVLRQV DOORZLQJ IRU WKH FDOFXODWLRQ RI HPLVVLRQ IDFWRUV� +LJKHVW
SDUWLFOH QXPEHU HPLVVLRQV SHU NLORPHWUH ZHUH VHHQ GXULQJ XUEDQ GULYLQJ DQG WKH ORZHVW GXULQJ PRWRUZD\ GULYLQJ� 0RUHRYHU�
DGGLWLRQDO DQDO\VHV ZHUH SHUIRUPHG WR VWXG\ EUDNH ZHDU HPLVVLRQV GXULQJ D W\SLFDO GHOLYHU\ URXWH� KLOO\ GULYLQJ DQG
FRQJHVWHG PRWRUZD\ GULYLQJ� $IWHU VRPH ILOWHULQJ� EUDNH WHPSHUDWXUH KHDWLQJ DQG FRROLQJ PRGHOV ZHUH ILWWHG DQG D PRGHO
IRU�WKH�QXPEHU�RI�HPLWWHG�EUDNH�ZHDU�SDUWLFOHV�ZDV�GHULYHG�


7KLV�UHVHDUFK�ZDV��LQ�SDUW��IXQGHG�E\�WKH�(8�3LORW�3URMHFW�33�������>�@�


>�@ (XURSHDQ &RPPLVVLRQ� )HDVLELOLW\ VWXG\ RQ UHGXFWLRQ RI WUDIILF�UHODWHG SDUWLFXODWH HPLVVLRQV E\ PHDQV RI YHKLFOH�
PRXQWHG�ILQH�GXVW�ILOWUDWLRQ��33�������3LORW�SURMHFW�
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(IIHFW�RI�SDG�PDWHULDO�DQG�UHJHQHUDWLYH�EUDNLQJ�RQ�EUDNH�ZHDU�HPLVVLRQV�


$��-lUYLQHQ���-��+RLYDOD���6��6DDULNRVNL���0��$XUHOD���6��+DUQL���.��.\OlPlNL���7��5|QNN|���3��$DNNR�6DNVD�


�977�7HFKQLFDO�5HVHDUFK�&HQWUH�RI�)LQODQG��(VSRR��)LQODQG���$HURVRO�3K\VLFV�/DERUDWRU\��3K\VLFV�8QLW��7DPSHUH
8QLYHUVLW\��7DPSHUH��)LQODQG���$WPRVSKHULF�&RPSRVLWLRQ�5HVHDUFK��)LQQLVK�0HWHRURORJLFDO�,QVWLWXWH��+HOVLQNL��)LQODQG�


1RQ�H[KDXVW VRXUFHV� LQFOXGLQJ EUDNH� WLUH DQG URDG ZHDU� KDYH EHHQ LGHQWLILHG DV D PDMRU VRXUFH RI FXUUHQW WUDIILF�UHODWHG
SDUWLFOH HPLVVLRQV >�@� %UDNH ZHDU SDUWLFOH FKDUDFWHULVWLFV DQG TXDQWLW\ GHSHQG RQ IDFWRUV VXFK DV YHKLFOH SURSHUWLHV� EUDNH
PDWHULDO FRPSRVLWLRQ DQG GULYLQJ FKDUDFWHULVWLFV� 5HFHQW VWXGLHV KDYH EHHQ FRQGXFWHG WR DQDO\]H HIIHFW RI WKHVH WRSLFV� )RU
LQVWDQFH� FRPSRVLWLRQ DQG VWUXFWXUH RI EUDNH ZHDU SDUWLFOHV KDV EHHQ DQDO\]HG >�@ DV ZHOO DV WKH HIIHFW RI UHJHQHUDWLYH
EUDNLQJ�RQ�SDUWLFOH�HPLVVLRQV�>�@��ZKLFK�LV�LPSRUWDQW�WRSLF�GXH�LQFUHDVLQJ�QXPEHU�RI�K\EULG�DQG�HOHFWULF�YHKLFOHV�RQ�URDGV�


,Q RXU VWXG\� D VHW RI EUDNH SDGV� IURP GLIIHUHQW PDQXIDFWXUHV� ZDV SXUFKDVHG IURP ORFDO VSDUH SDUW VXSSOLHUV� ,Q WRWDO RI �
SDGV ZHUH WHVWHG ZLWK ;�UD\ IOXRUHVFHQFH �2O\PSXV 9DQWD 905� WR REWDLQ WKHLU HOHPHQWDO FRPSRVLWLRQ� 7ZR RI WKH SDGV
ZHUH�VHOHFWHG�IRU�WHVWLQJ�LQ�D�G\QDPRPHWHU�EHQFK��RULJLQDO�SDGV�DQG�SDGV�ZLWK�ORZ�&X�DQG�)H�FRQWHQW�


%UDNH SDUWLFOH HPLVVLRQV ZHUH WHVWHG LQ D PHDVXUHPHQW FDPSDLJQ XVLQJ D G\QDPRPHWHU ZLWK :/73 EUDNH F\FOH DQG ZLWK
UHSHWLWLYH IURP FRQVWDQW VSHHG WR VWRS F\FOH� ,QFUHDVHG PDVV RI WKH YHKLFOH ZDV VLPXODWHG E\ LQFUHDVLQJ WKH EUDNH WRUTXH
GHPDQG DQG HIIHFW RI UHJHQHUDWLRQ E\ GHFUHDVLQJ WKH WRUTXH GHPDQG� 6HYHUDO W\SH RI SDUWLFOH SURSHUWLHV ZHUH PHDVXUHG� IRU
LQVWDQFH�30����31���DQG�VL]H�GLVWULEXWLRQ�


7KHUH ZHUH VLJQLILFDQW GLIIHUHQFHV LQ WKH FKHPLFDO FRPSRVLWLRQ RI WKH DQDO\]HG SDGV� /LJKW HOHPHQWV �/(�0J� ZHUH WKH
PRVW DEXQGDQW DQG FRXOG QRW EH VSHFLILHG ZLWK WKH ;5)� $PRXQW RI )H ���������� &X �������� =Q ������� DQG %D
����������YDULHG�VLJQLILFDQWO\�EHWZHHQ�WKH�SDGV��0J��$O��6L�DQG�6�ZHUH�GHWHFWHG�IURP�DOO�WKH�SDGV�


7KH EUDNH SDGV ZLWK ORZ &X DQG )H FRQWHQW ZHUH FRQVLVWHQWO\ IRXQG WR SURGXFH ORZHU ����«����� 30 DQG 31 HPLVVLRQV
WKDQ WKH RULJLQDO SDGV� 5HJHQHUDWLYH EUDNLQJ UHGXFHG 30�� DQG 31�� HPLVVLRQV VLJQLILFDQWO\ LQ PRVW FDVHV� RIWHQ PRUH WKDQ
����� +RZHYHU� LQ VRPH FDVHV� UHODWLYHO\ KLJK 31�� FRQFHQWUDWLRQV ZHUH REVHUYHG GXULQJ UHJHQHUDWLYH EUDNLQJ DOWKRXJK WKH
EUDNH SUHVVXUHV DQG UHVXOWLQJ WRUTXHV ZHUH ORZ FRPSDUHG WR QRUPDO EUDNLQJ� $OVR GXULQJ KHDY\ EUDNLQJ� ZKHUH WKH VKDUH RI
WKH�UHJHQHUDWLRQ�LV�ORZ��WKH�SDUWLFOH�FRQFHQWUDWLRQV�ZHUH�FORVH�WR�FRQYHQWLRQDO�EUDNLQJ�


7KLV UHVHDUFK ZDV FRQGXFWHG DV SDUW RI 1(;�(/ SURMHFW �ZZZ�QH[HO�IL� IXQGHG E\ %XVLQHVV )LQODQG �JUDQW QXPEHU
������������� DQG )LQQLVK FRPSDQLHV� $XWKRUV DFNQRZOHGJH SURMHFW SDUWQHU 'HNDWL IRU SURYLGLQJ LQVWUXPHQWV WR WKH
PHDVXUHPHQWV�


>�@�5��0��+DUULVRQ��-��$OODQ��'��&DUUXWKHUV��HW�DO���$WPRVSKHULF�(QYLURQPHQW��������������������
>�@�&��1HXNLUFKHQ��0��5��6DUDML�%R]RUJ]DG��0��0lGHU��HW�DO���-RXUQDO�RI�+D]DUGRXV�0DWHULDOV��������������������
>�@�+��+DJLQR��$WPRVSKHUH���������������
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%H\RQG�(PLVVLRQ�)DFWRUV��%UHPER¶V�3URWRFRO�IRU�&KHPLFDO�DQG�7R[LFRORJLFDO�$QDO\VLV�RI�%UDNH�:HDU�3DUWLFOHV�


%��7V\XSD�����$��0DQFLQL���3��'HOOD�%HOOD���6��5XVVR���$��%RQIDQWL�
�


�'HSDUWPHQW�RI�&KHPLVWU\��0DWHULDOV�DQG�&KHPLFDO�(QJLQHHULQJ��*��1DWWD���3ROLWHFQLFR�GL�0LODQR��,WDO\���0DWHULDOV
(QJLQHHULQJ�	�/DERUDWRULHV��*&)�5HVHDUFK�	�'HYHORSPHQW��%UHPER�1�9���6WH]]DQR��,WDO\�


$LU TXDOLW\ UHPDLQV RQH RI WKH VLJQLILFDQW ULVNV WR ERWK KXPDQ KHDOWK DQG HQYLURQPHQW� 7R DGGUHVV WKLV FKDOOHQJH� UHJXODWLRQV
OLNH (852 � KDYH EHHQ LQWURGXFHG WR UHGXFH KDUPIXO HPLVVLRQV DQG LPSURYH DLU TXDOLW\� 1RWDEO\� LQWURGXFWLRQ RI (852 �
PDUNV D WXUQLQJ SRLQW E\ LQFOXGLQJ� IRU WKH ILUVW WLPH� OLPLWDWLRQV RQ QRQ�H[KDXVW HPLVVLRQV� VXFK DV WKRVH JHQHUDWHG E\
EUDNHV� +RZHYHU� WKH HPLVVLRQ IDFWRU GHILQHG LQ (852 �� H[SUHVVHG LQ WHUPV RI PDVV RI 30�� SDUWLFOHV JHQHUDWHG SHU
NLORPHWHU� SURYLGHV RQO\ D SDUWLDO XQGHUVWDQGLQJ RI WKH LPSDFW RI EUDNH HPLVVLRQV RQ DLU SROOXWLRQ� 7R IXOO\ DVVHVV WKHLU
HIIHFWV� LW LV HVVHQWLDO WR JR EH\RQG TXDQWLW\ DQG LQYHVWLJDWH WKH FKHPLFDO FRPSRVLWLRQ DQG WR[LFRORJLFDO UHVSRQVH RI WKHVH
HPLVVLRQV��RIIHULQJ�GHHSHU�LQVLJKWV�LQWR�WKHLU�SRWHQWLDO�ULVNV�WR�KHDOWK�DQG�HQYLURQPHQW�


7KLV ZRUN SUHVHQWV DQDO\WLFDO SURWRFROV IRU WKH FKHPLFDO DQG WR[LFRORJLFDO FKDUDFWHUL]DWLRQ RI EUDNH HPLVVLRQV� (PLVVLRQV
DUH FROOHFWHG XVLQJ D *75�FRPSOLDQW G\QDPRPHWULF EHQFK DW WKH %UHPER 7HVWLQJ 'HSDUWPHQW� VLPXODWLQJ VWDQGDUG GULYLQJ
DQG EUDNLQJ FRQGLWLRQV XQGHU WKH :/73 �:RUOGZLGH +DUPRQL]HG /LJKW 9HKLFOH 7HVW 3URFHGXUH� F\FOH� .H\ SDUDPHWHUV
VXFK�DV�HPLVVLRQ�IDFWRUV��UHODWLYH�ZHDU�RI�SDGV�DQG�GLVFV��DQG�SDUWLFOH�QXPEHU��31��DUH�UHFRUGHG�GXULQJ�VDPSOLQJ�


)RU FKHPLFDO FKDUDFWHUL]DWLRQ� HPLVVLRQV DUH DQDO\]HG XVLQJ D UDQJH RI WHFKQLTXHV� 6(0�('6 IRU PRUSKRORJ\ DQG HOHPHQWDO
FRPSRVLWLRQ� ;5' IRU FU\VWDOOLQH FRPSRXQGV� 5DPDQ VSHFWURVFRS\ IRU FU\VWDOOLQH DQG DPRUSKRXV FRPSRXQGV� ;$1(6 IRU
PHWDO VSHFLDWLRQ� ,&3�06 IRU WUDFH HOHPHQW TXDQWLILFDWLRQ� DQG 6(0 ZLWK ,PDJH $QDO\VLV IRU SDUWLFOH VL]H GLVWULEXWLRQ� 7KH
SUHVHQFH RI VSHFLILF RUJDQLF FRPSRXQGV� VXFK 3$+V DQG 3&%V� LV DOVR HYDOXDWHG XVLQJ DGGLWLRQDO DQDO\WLFDO PHWKRGV� VXFK
DV�*&�06�DQDO\VLV�


7R[LFRORJLFDO FKDUDFWHUL]DWLRQ DVVHVVHV ERWK F\WRWR[LFLW\ DQG HFRWR[LFLW\� )RU F\WRWR[LFLW\� $��� OXQJ HSLWKHOLDO FHOOV DUH
H[SRVHG WR HPLVVLRQV LQ VXEPHUJHG FRQGLWLRQV YLD GURS GHSRVLWLRQ� ZLWK HQGSRLQWV VXFK DV FHOO YLDELOLW\ �$ODPDU %OXH�� 526
JHQHUDWLRQ� PLWRFKRQGULDO PHPEUDQH SRWHQWLDO �-&���� DQG FDVSDVH DFWLYLW\� (FRWR[LFLW\ HYDOXDWLRQV LQFOXGH D FKURQLF
DTXDWLF WR[LFLW\ WHVW ZLWK 5DSKLGRFHOLV VXEFDSLWDWD �2(&' ���� ������ DQ DFXWH LPPRELOL]DWLRQ WHVW ZLWK 'DSKQLD PDJQD
�2(&' ���� ����� DQG DVVHVVPHQWV XVLQJ 9LEULR ILVFKHUL �,62 �������� ������ 3K\WRWR[LFLW\ LV H[DPLQHG XVLQJ /HSLGLXP
VDWLYXP�LQ�DFFRUGDQFH�ZLWK�81,&+,0�JXLGHOLQH�������������


7KLV FRPSUHKHQVLYH SURWRFRO SURYLGHV D UREXVW IUDPHZRUN IRU XQGHUVWDQGLQJ WKH HQYLURQPHQWDO DQG KHDOWK LPSDFWV RI EUDNH
HPLVVLRQV� )RU HDFK PHWKRGRORJ\ SUHVHQWHG DERYH H[DPSOH RI UHVXOWV REWDLQHG IRU 30��� EUDNH ZHDU HPLVVLRQV XVLQJ IULFWLRQ
FRXSOH�FRPSRVHG�E\�JUH\�FDVW�LURQ�EUDNH�GLVF�DQG�(&(�5���/RZ�0HWDOOLF�EUDNH�SDGV�ZLOO�EH�SUHVHQWHG�DQG�GLVFXVVHG�
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��


&KDUDFWHUL]DWLRQ�RI�8)3�(PLVVLRQV�DW�D�5DLOZD\�%UDNH�7HVW�%HQFK�


'��2EDQGR���8��9RJW���'��6WUDXE���-��0��'XUDQ�


�8QLYHUVLWlW�6WXWWJDUW��,QVWLWXW�I�U�)HXHUXQJV��XQG�.UDIWZHUNVWHFKQLN�±�,).�


,QWURGXFWLRQ� $OWKRXJK QRQ�H[KDXVW HPLVVLRQV KDYH EHHQ WKH IRFXV RI DWWHQWLRQ LQ UHFHQW \HDUV� HYHQ PRUH VR ZLWK WKH
LQWURGXFWLRQ RI WKH (XUR�� YHKLFOH OHJLVODWLRQ� WKHVH HPLVVLRQV LQ UDLO WUDQVSRUW KDYH EHHQ QHJOHFWHG RU OLWWOH LQYHVWLJDWHG�
HVSHFLDOO\�LQ�WKH�UDQJH�RI�8)3>�@�


$ UHSRUW SXEOLVKHG E\ WKH *HUPDQ )HGHUDO (QYLURQPHQWDO $JHQF\ FRPSDUHG 30 HPLVVLRQV IURP YDULRXV SDVVHQJHU DQG
IUHLJKW WUDQVSRUW PRGHV �ODQG� VHD� DQG DLU�� :KLOH UDLO WUDQVSRUW HPLWV IHZHU SROOXWDQWV WKDQ URDG WUDQVSRUW� LW VWLOO KDV
HQYLURQPHQWDO LPSDFWV� +RZHYHU� WKLV DQDO\VLV RPLWWHG QRQ�H[KDXVW HPLVVLRQV FUHDWLQJ D VLJQLILFDQW GDWD JDS UHJDUGLQJ UDLO
WUDQVSRUW
V�WRWDO�30�FRQWULEXWLRQ�>�@�


7KH�SUHVHQW�VWXG\�IRFXVHV�RQ�DGGUHVVLQJ�WKLV�LVVXH�E\�GHWHUPLQLQJ�WKH�EUDNH�UHODWHG�HPLVVLRQV�


0HWKRGRORJ\� 0HDVXUHPHQWV RI 8)3 ZHUH FDUULHG RXW RQ D UDLOZD\ EUDNH WHVW EHQFK XVLQJ D PHDVXULQJ SURJUDP EDVHG RQ
WKH WHFKQLFDO VWDQGDUG 8,& ����� >�@ DQG ',1 (1 ���������� >�@� � EUDNLQJ F\FOHV ZHUH SHUIRUPHG� FRQVLVWLQJ RI ��
UHSHWLWLRQV HDFK� LQ ZKLFK RSHUDWLQJ SDUDPHWHUV VXFK DV LQLWLDO VSHHG ���� �� DQG ��� NP�K�� PDVV WR EH EUDNHG �ORDGHG DQG
HPSW\�WUDLQ��DQG�FRQWDFW�IRUFH����DQG����N1��ZHUH�FRQVLGHUHG�


7R PHDVXUH 8)3 ���±��� QP� ZLWKLQ WKH H[KDXVW WXEH� D GLIIXVLRQ FKDUJHU �',6&PLQL IURP 7HVWR� ZDV HPSOR\HG� )LQH DQG
FRDUVH SDUWLFOH FRQFHQWUDWLRQV ZHUH GHWHUPLQHG XVLQJ DQ LPSDFWRU �� OHYHOV IURP 'HNDWL� DQG DQ DHURVRO VSHFWURPHWHU
�*5,00�('0�������$�3UDQGWO�SLSH�ZDV�XVHG�IRU�IORZ�PHDVXUHPHQW�


5HVXOWV� $ SHDN LQ 8)3 FRQFHQWUDWLRQV ZDV FOHDUO\ REVHUYHG LQ HDFK UHSHWLWLRQ RI WKH EUDNLQJ LQ DOO F\FOHV� :KLOH� IRU WKH
ORZHVW LQLWLDO VSHHGV� WKH FRQFHQWUDWLRQ RI SDUWLFOHV HPLWWHG ZDV DURXQG �(� ��FP�� LQ WKH FDVH RI WKH KLJKHVW VSHHGV� DQ
H[SRQHQWLDO LQFUHDVH LQ WKH HPLVVLRQ ZDV HYLGHQFHG DQG UHDFKHG RXWVLGH WKH XSSHU PHDVXUHPHQW OLPLW RI WKH GHYLFH �! �(�
��FP��� :LWK UHVSHFW WR WKH DYHUDJH SDUWLFOH VL]H� ZKHQ WKH LQLWLDO VSHHG ZDV �� NP�K� WKH DYHUDJH SDUWLFOH VL]H ZDV VOLJKWO\
UHGXFHG LQ WKH ILUVW VHFRQGV RI WKH EUDNLQJ� UHDFKLQJ �� QP DQG WKHQ LQFUHDVLQJ GXULQJ WKH UHVW RI WKH EUDNLQJ WR PRUH WKDQ
����QP�


:KHQ WKH LQLWLDO VSHHGV ZHUH �� DQG ��� NP�K� WKH EUDNLQJ WLPHV ZHUH FRQVLGHUDEO\ ORQJHU� OHDGLQJ WR PRUH FRPSOH[
UHODWLRQVKLSV EHWZHHQ WKH WZR YDULDEOHV DQDO\]HG �QXPEHU DQG DYHUDJH SDUWLFOH VL]H�� 7KH DYHUDJH VL]H ZDV UHSHDWHGO\ EHORZ
���QP�DQG�WKH�QXPEHU�FRQFHQWUDWLRQV�DERYH��(����FP��


&RQFOXVLRQV DQG RXWORRN� 7KLV VWXG\ SURYLGHV GDWD WR ILOO WKH JDS E\ XVLQJ VWDQGDUGL]HG WHVW IRU WKH TXDQWLILFDWLRQ RI 8)3
HPLVVLRQV XQGHU YDU\LQJ EUDNLQJ FRQGLWLRQV� 7KH UHVXOWV VKRZ H[SRQHQWLDO UHODWLRQ EHWZHHQ LQLWLDO VSHHG DQG SDUWLFOH QXPEHU
HPLVVLRQ ZLWK FRPSOH[ YDULDWLRQV LQ SDUWLFOH VL]HV� $GGLWLRQDO UHVHDUFK LV UHTXLUHG WR IXOO\ FKDUDFWHUL]H WKH 8)3 HPLVVLRQV
LQFOXGLQJ GLIIHUHQW NLQG RI EUDNLQJ SDGV� DV ZHOO DV WKH FKHPLFDO FRPSRVLWLRQ RI SDUWLFOHV LQ WKH XOWUDILQH UDQJH� WR DVVHVV
WKHLU�LPSDFW�DQG�GHYHORS�VROXWLRQV�WR�UHGXFH�WKHLU�HPLVVLRQ�


>�@ )UXKZLUW '� 1|VW 7� /HRQKDUGW 3� /HLWQHU 0� %UXQQKRIHU 3� %RGH *� 0LFKDHO 6� 5RGOHU -� 7UDQVSRUWDWLRQ 5HVHDUFK 3DUW '� 7UDQVSRUW DQG (QYLURQPHQW� '2,�
��������M�WUG������������


>�@ $OOHNRWWH 0� $OWKDXV +� %HUJN )� %LHPDQQ .� .Q|UU :�� 6XWWHU '� 8PZHOWIUHXQGOLFK 0RELO�� (LQ |NRORJLVFKHU 9HUNHKUVDUWHQYHUJOHLFK I�U GHQ 3HUVRQHQ� XQG *�WHUYHUNHKU LQ
'HXWVFKODQG��'HVVDX�5R�EODX������


>�@�,QWHUQDWLRQDO�8QLRQ�RI�5DLOZD\V��8,&������������%UDNHV���&RPSRVLWH�EUDNH�EORFNV��*HQHUDO�FRQGLWLRQV�IRU�FHUWLILFDWLRQ�DQG�XVH������


>�@ 'HXWVFKHV ,QVWLWXW I�U 1RUPXQJ� ',1 (1 ���������� 5DLOZD\ DSSOLFDWLRQV � %UDNLQJ � %UDNH EORFNV� ������� ��������� �������� %U�VVHO� (XURSHDQ &RPPLWWH IRU
6WDQGDUGL]DWLRQ������
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��
3K\VLFDO�DQG�FKHPLFDO�FKDUDFWHUL]DWLRQ�RI�EUDNH�DQG�W\UH�ZHDU�PHDVXUHG�RQ�D�FXVWRP�EXLOW�FRPELQHG�G\QDPRPHWHU�


&��1HXNLUFKHQ���0��5H]D�6DUDML�%R]RUJ]DG���0��0lDGHU���$��3��0XGDQ���7��$GDP�
�


�8QLYHUVLW\�RI�WKH�%XQGHVZHKU�0XQLFK���+'&�%OXHSULQWV�


$XWRPRWLYH QRQ�H[KDXVW HPLVVLRQV� VXFK DV EUDNH� DQG W\UH ZHDU DUH RI ULVLQJ LQWHUHVW� VLQFH WKH\ ZLOO EH UHJXODWHG IRU WKH
ILUVW WLPH ZLWK WKH (852 � UHJXODWLRQ� :KLOH WKH PDMRULW\ RI WKH SDUWLFOH PDVV RI WKHVH DEUDVLRQ GHULYHG SDUWLFOHV LV EHWZHHQ
� DQG �� �P� D FRQVLGHUDEOH SHUFHQWDJH RI WKH SDUWLFOH QXPEHU LV DOVR JHQHUDWHG LQ WKH QDQRSDUWLFOH UDQJH >�@� 7KHVH
SDUWLFOHV FDQ SHQHWUDWH GHHS LQWR WKH OXQJV� ZKHUH WKH\ GHSRVLW LQ WKH DOYHROL DQG HYHQWXDOO\ UHDFK WKH EORRGVWUHDP YLD WKH
EORRG�DLU�EDUULHU�>�@�


,Q WKLV VWXG\ SDUWLFOHV JHQHUDWHG IURP QRQ�DVEHVWRV RUJDQLF EUDNH SDGV �1$2� DQG VR FDOOHG ORZ PHWDOOLF EUDNH SDGV �/0��
DV ZHOO DV VXPPHU� ZLQWHU DQG DOO�VHDVRQ W\UHV ZHUH FKDUDFWHUL]HG UHJDUGLQJ WKHLU HPLWWHG SDUWLFOH PDVV �30�� SDUWLFOH
QXPEHUV �31�� DV ZHOO DV WKHLU VL]H DQG PRUSKRORJ\ XWLOL]LQJ WKH :/73 EUDNH F\FOH� $ QHZO\ GHYHORSHG FXVWRP�EXLOW
G\QDPRPHWHU WKDW LV FDSDEOH RI LQGLYLGXDO DQG VLPXOWDQHRXV PHDVXUHPHQW RI EUDNH DQG W\UH ZHDU� ZDV HPSOR\HG� 7KLV
XQLTXH FRPELQHG WHVWLQJ DSSURDFK� ZKLFK LV WKH ILUVW G\QDPRPHWHU RI LWV NLQG ZRUOGZLGH� DOORZV IRU D PRUH DFFXUDWH
FRPSDULVRQ RI FRQWULEXWLRQV IURP WKH LQGLYLGXDO VRXUFHV� FRPSDUHG WR VWXGLHV IURP VLQJOH VRXUFH G\QDPRPHWHUV� ZKLFK HDFK
KDYH YDU\LQJ GHVLJQV DQG SDUWLFOH WUDQVSRUW HIILFLHQFLHV� 7R PLQLPL]H SDUWLFOH ORVVHV DQG HQVXUH UHDOLVWLF WHVWLQJ SURFHGXUHV�
WKH G\QDPRPHWHU FRPSRQHQWV� ZKHUH DSSOLFDEOH� ZHUH GHULYHG IURP WKH *75�� VSHFLILFDWLRQV WKDW UHJXODWH EUDNH ZHDU
HPLVVLRQ�WHVWLQJ�DV�SDUW�RI�WKH�(852����7KH�FXVWRP�EXLOW�EUDNH�DQG�W\UH�ZHDU�G\QDPRPHWHU�LV�GHSLFWHG�LQ�ILJXUH���


�


�


(OHPHQWDO�DQDO\VLV�FDUULHG�RXW�YLD�,&3�06�ZDV�XVHG�WR�GHWHUPLQH�KHDY\�PHWDO�HPLVVLRQ�IDFWRUV�IRU�LQGLYLGXDO�VRXUFHV�
)XUWKHUPRUH�6(0�(';�DQDO\VLV�ZDV�FRQGXFWHG�WR�VWXG\�WKH�GLVWULEXWLRQ�RI�HOHPHQWV�DPRQJ�GLIIHUHQW�VL]H�UDQJHV�WKDW
ZHUH�JHQHUDWHG���([WUDFWV�RI�W\UH�SDUWLFOH�FRQWDLQLQJ�ILOWHUV�ZHUH�IXUWKHU�DQDO\]HG�IRU����RUJDQLF�W\UH�PDUNHU�PROHFXOHV�
'LVWLQFW�FKHPLFDO�FKDQJHV��FDXVHG�E\�SURFHVVHV�VXFK�DV�WKHUPDO�GHJUDGDWLRQ�DQG�WULER�R[LGDWLRQ��WKDW�VLJQLILFDQWO\
FKDQJHG�FRPSRVLWLRQV�IURP�WKH�LQLWLDO�PDWHULDO�WR�HPLWWHG�SDUWLFOHV��DV�ZHOO�DV�D�ODUJH�FRQWULEXWLRQ�RI�WKH�EUDNH�GLVF�ZHUH
REVHUYDEOH�EDVHG�RQ�FKHPLFDO�SDWWHUQV�


>�@��7��*ULJRUDWRV�DQG�*��0DUWLQL��(QYLURQPHQWDO�6FLHQFH�DQG�3ROOXWLRQ�5HVHDUFK�,QWHUQDWLRQDO������������������±�����


>�@�*��%DFKOHU�HW�DO���3DUWLFOH�DQG�)LEUH�7R[LFRORJ\������������������
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