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Corona viruses have turned into persistent threats for our society. Once again, we have
decided to organize the 25thETH-Conference on Combustion Generated Nanoparticles as
an online event under the auspice of the Swiss Chemical Society. It served as an 
interdisciplinary platform for expert discussions on all aspects of nanoparticles, freshly
emitted from various sources, aged in ambient air, technical mitigation aspects, impact of
particles on health, environment and climate and particle legislation. The conference
brought together representatives from research, industry and legislation.

Conference Topics
! Ambient air particles, secondary pollutants
! Aircraft, marine and non-Road sources
! Biomass-, biofuel and synfuel combustion
! Brake- and tyre-wear, non-combustion emissions
! Emission control of combustion engines
! Emission upgrade and PTI for in-use vehicles
! Environmental and health effects
! Exhaust aftertreatment systems
! Future legislation and enforcement
! Impact on climate
! Nanoparticle metrology and chemical characterization
! Nanoparticle chemistry and toxicology
! Occupational exposure and prevention

Focus Event: New Legislation to Guide the World
The World Health Organization air quality guidelines, European vehicle and engine
legislation, national clean air acts, and periodic technical inspection (PTI) legislation have
become key elements of international and national clean air policy. With no doubt, the
implementation of catalytic converter technologies and better fuels, compatible with such 
technologies, were major steps to reduce emission of combustion enginges.
The 2022 focus event will discuss the next legislative steps to take and the challenges to
tackle with new fuels and new enginge and vehicle technologies, to further reduce the
impact of air pollution on health and global warming.

Health Session
The health session will focus on the effects of aircraft-/airport and wood smoke/wildfire
related emissions.
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$PELHQW�DLU�SDUWLFOHV��&RQWULEXWHG�/HFWXUH 7���

(QKDQFHG�OLJKW�DEVRUSWLRQ�DQG�UDGLDWLYH�IRUFLQJ�E\�EODFN�FDUERQ�DJJORPHUDWHV

*��$��.HOHVLGLV���'��1HXEDXHU���/��)DQ���8��/RKPDQQ���6��(��3UDWVLQLV�

�3DUWLFOH�7HFKQRORJ\�/DERUDWRU\��'HSDUWPHQW�RI�0HFKDQLFDO�DQG�3URFHVV�(QJLQHHULQJ��(7+�=¾ULFK�
�,QVWLWXWH�RI�$WPRVSKHULF�DQG�&OLPDWH�6FLHQFH��'HSDUWPHQW�RI�(QYLURQPHQWDO�6\VWHPV�6FLHQFH�
(7+�=¾ULFK���'HSDUWPHQW�RI�&KHPLFDO�DQG�%LRPROHFXODU�(QJLQHHULQJ��7KH�2KLR�6WDWH�8QLYHUVLW\

7KH FOLPDWH PRGHOV RI WKH ,QWHUJRYHUQPHQWDO 3DQHO RQ &OLPDWH &KDQJH �,3&&� OLVW EODFN FDUERQ
�%&� DV DQ LPSRUWDQW FRQWULEXWRU WR JOREDO ZDUPLQJ EDVHG RQ LWV UDGLDWLYH IRUFLQJ �5)� LPSDFW�
([DPLQLQJ FORVHO\ WKHVH PRGHOV� LW EHFRPHV DSSDUHQW WKDW WKH\ PLJKW XQGHUSUHGLFW VLJQLILFDQWO\
WKH GLUHFW 5) IRU %&� ODUJHO\ GXH WR WKHLU DVVXPHG VSKHULFDO %& PRUSKRORJ\ >�@� ,Q VSHFLILF� WKH
OLJKW DEVRUSWLRQ DQG GLUHFW 5) RI %& DJJORPHUDWHV DUH HQKDQFHG E\ OLJKW VFDWWHULQJ EHWZHHQ WKHLU
FRQVWLWXHQW SULPDU\ SDUWLFOHV >�@ DV GHWHUPLQHG E\ WKH 5D\OHLJK�'HE\H�*DQV WKHRU\ LQWHUIDFHG ZLWK
GLVFUHWH GLSROH DSSUR[LPDWLRQ >�@ DQG UHFHQW UHODWLRQV IRU WKH UHIUDFWLYH LQGH[ DQG OHQVLQJ HIIHFW�
7KH UHVXOWLQJ OLJKW DEVRUSWLRQ DJUHHV YHU\ ZHOO ZLWK WKH REVHUYHG DEVRUSWLRQ DHURVRO RSWLFDO GHSWK
RI %&� (&+$0�+$0 VLPXODWLRQV DFFRXQWLQJ IRU WKH UHDOLVWLF %& PRUSKRORJ\ DQG LWV FRDWLQJV UHYHDO
KLJK GLUHFW 5)  � � � :�P� LQ (DVW� 6RXWK $VLD� VXE�6DKDUD� ZHVWHUQ $IULFD DQG WKH $UDELDQ
SHQLQVXOD �)LJ� ��� 7KHVH DUH LQ DJUHHPHQW ZLWK VDWHOOLWH DQG $(521(7 REVHUYDWLRQV RI 5) DQG
LQGLFDWH�D�UHJLRQDO�FOLPDWH�ZDUPLQJ�FRQWULEXWLRQ�E\�������������R&��VROHO\�GXH�WR�%&�HPLVVLRQV�

�)LJXUH����*OREDO�PDS�RI�WKH�GLUHFW�5)�RI�FRDWHG�%&�DJJORPHUDWHV�HVWLPDWHG�E\�(&+$0�+$0�

>�@ *HRUJLRV $� .HOHVLGLV� 6RWLULV (� 3UDWVLQLV� 3URFHHGLQJV RI WKH &RPEXVWLRQ ,QVWLWXWH� ����� ���
�����������GRL�RUJ���������M�SURFL�������������
>�@ *HRUJLRV $� .HOHVLGLV� 0� 5H]D .KROJK\� -RHO =XHUFKHU� -XOLDQ 5REHUW]� 0DUWLQ $OOHPDQQ�
$OHNVDQGDU 'XULF� 6RWLULV (� 3UDWVLQLV� 3RZGHU 7HFKQRORJ\� ����� ���� ��૱���
GRL�RUJ���������M�SRZWHF�������������
>�@ *HRUJLRV $� .HOHVLGLV� 6RWLULV (� 3UDWVLQLV� 3URFHHGLQJV RI WKH &RPEXVWLRQ ,QVWLWXWH� ����� ���
�����������GRL�RUJ���������M�SURFL�������������
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$PELHQW�DLU�SDUWLFOHV��&RQWULEXWHG�/HFWXUH 7���

&RPSDUDWLYH�DVVHVVPHQW�RI�LQGRRU�DQG�RXWGRRU�DLU�TXDOLW\�DW�D�VHPL�XUEDQ�VLWH�LQ�'HOKL
IRU�REVHUYLQJ�VHDVRQDO�YDULDWLRQV�DQG�SRWHQWLDO�KHDOWK�HIIHFWV

$��6��&+$8'+$5<���$��%+$5'$:$-�
��5��%+$5':$-���

�-XQRWHUUD�7HFKQRORJ\�3ULYDWH�/LPLWHG��1HZ�'HOKL���,QGLD���6ZDPL�.HVKYDQDQG�,QVWLWXWH�RI
7HFKQRORJ\��0DQDJHPHQW�	�*UDPRWKDQ��-DLSXU��,QGLD���-XQRWHUUD�7HFKQRORJ\�3ULYDWH�/LPLWHG��1HZ

'HOKL��,QGLD

$LU SROOXWLRQ LV RQH RI WKH OHDGLQJ FDXVHV RI PRUELGLW\ DQG PRUWDOLW\ JOREDOO\ >�� �@� 'HOKL LV
FRQVLVWHQWO\ UDQNHG DPRQJ WKH WRS DLU SROOXWHG FLWLHV RI WKH ZRUOG >�@� 7KLV SDSHU LV LQWHQGHG IRU D
FRPSDUDWLYH DVVHVVPHQW RI LQGRRU DQG RXWGRRU DLU TXDOLW\ DW $QDQG 9LKDU� 'HOKL� ZKLFK LV D VHPL
XUEDQ VLWH ORFDWHG DW �������r 1� �������r (� 7KH PHWKRGRORJ\ LQYROYHG WKH FROOHFWLRQ RI RXWGRRU
DLU TXDOLW\ GDWD IURP FHQWUDO SROOXWLRQ FRQWURO ERDUG૷V �&3&%� VWDWLRQDU\ PRQLWRULQJ XQLW DW $QDQG
9LKDU IURP �VW -DQXDU\ ���� WR ��VW 'HFHPEHU ���� FRYHULQJ DOO IRXU PDMRU VHDVRQV QDPHO\ ZLQWHU�
VSULQJ� VXPPHU DQG PRQVRRQ� &RQFXUUHQWO\� IRU WKH VDPH GXUDWLRQ� WKH LQGRRU DLU TXDOLW\ GDWD DW D
UHVLGHQWLDO KRXVH QHDUE\ ZDV REWDLQHG XVLQJ $LU&XELF LQGRRU DLU TXDOLW\ VHQVRU PRGHO 7���� IRU
WKH VDPH WLPH GXUDWLRQ� 7KH SDUDPHWHUV VWXGLHG ZHUH SDUWLFXODWH PDWWHU �30��� DQG 30���� FDUERQ
PRQR[LGH �&2�� WHPSHUDWXUH DQG UHODWLYH KXPLGLW\ �5+�� 7KH GDWD VR REWDLQHG ZHUH VWDWLVWLFDOO\
DQDO\VHG� 7KH PDMRU UHVXOWV REWDLQHG ZHUH WKDW WKH YDULDWLRQ LQ RXWGRRU DQG LQGRRU DLU TXDOLW\
SDUDPHWHUV YDULHG PRUH GXULQJ ZLQWHUV WKDQ RWKHU VHDVRQV� 7KHUH ZDV D GHFUHDVH LQ YDOXHV RI 30
DQG 5+ LQGRRUV WKDQ RXWGRRUV ZKHUHDV &2 OHYHOV ZHUH PRUH LQGRRUV WKDQ RXWGRRUV� %XW LQ PRVW
FDVHV� WKH YDOXHV REWDLQHG ZHUH DERYH SHUPLVVLEOH OLPLWV DV SHU LQWHUQDWLRQDO VWDQGDUGV ZKLFK PD\
OHDG WR FKURQLF DQG DFXWH QHJDWLYH KHDOWK HIIHFWV� PRUELGLW\ DQG PRUWDOLW\� LI WKH H[SRVXUH LV IRU D
ORQJ GXUDWLRQ RI WLPH� +HQFH LW PD\ EH FRQFOXGHG WKDW WKHUH LV DQ XUJHQW QHHG IRU LQVWDOOLQJ D KXJH
ZHE RI VWDWLRQDU\ DQG PRELOH DLU TXDOLW\ PRQLWRULQJ VWDWLRQV IRU REVHUYLQJ RXWGRRU DLU TXDOLW\ DQG
FRPSDFW VHQVRU�EDVHG DLU TXDOLW\ PRQLWRULQJ GHYLFHV IRU H[DPLQLQJ LQGRRU DLU TXDOLW\� ,W LV
H[SHFWHG WKDW WKLV UHVHDUFK ZLOO KHOS PRWLYDWH WKH SROLF\ PDNHUV� JRYHUQPHQW RIILFLDOV DQG SXEOLF
LQ JHQHUDO WR LQVWDOO PRUH LQGRRU DLU TXDOLW\ VHQVRUV DV D QHFHVVDU\ KHDOWK PRQLWRULQJ HTXLSPHQW
DQG LQFUHDVH WKH QXPEHU RI RXWGRRU PRQLWRULQJ VWDWLRQV WR KHOS WKH UHVLGHQWV LQ SODQQLQJ WKHLU
GDLO\ DFWLYLWLHV DV SHU WKH SUHYDLOLQJ LQGRRU DQG RXWGRRU DLU TXDOLW\ WR UHGXFH WKH H[SRVXUH WR
SROOXWDQWV�DQG�OHDG�D�KHDOWK\�OLIH�

>�@ %KDUGDZDM $� +DELE *� .XPDU $� 6LQJK 6� 1HPD $.� $ UHYLHZ RI XOWUDILQH SDUWLFOH�UHODWHG
SROOXWLRQ GXULQJ YHKLFXODU PRWLRQ� KHDOWK HIIHFWV DQG FRQWURO� -� (QYLURQ� 6FL� 3XEOLF +HDOWK�
������������������

>�@�%KDUGDZDM�$��+DELE�*��6LQJK�6��$PELHQW�DHURVRO�LQGXFHG�FDUGLRYDVFXODU�GLVHDVH�DPRQJ�VXEMHFWV�LQ
PRQVRRQ�DQG�ZLQWHU�VHDVRQ��,Q�$$$6�$QQXDO�0HHWLQJ��%RVWRQ������)HE����

>�@�%KDUGDZDM�$��+DELE�*��3DGKL�$��$QDQG�$��0DKDOD�1��6LQJK�%.��'HWHULRUDWLQJ�DLU�TXDOLW\�DQG�LQFUHDVHG
KHDOWK�ULVNV�LQ�'HOKL��7KH�GHFLVLRQV�EHLQJ�GHOD\HG��,,2$%�-RXUQDO��������������
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0HFKDQLVPV�RI�VRRW�DJJUHJDWH�UHVWUXFWXULQJ�DQG�FRPSDFWLRQ

-��&��&RUELQ���5��0RGLQL���0��*\VHO�%HHU�


�1DWLRQDO�5HVHDUFK�&RXQFLO�&DQDGD���/DERUDWRU\�RI�$WPRVSKHULF�&KHPLVWU\��36,�6ZLW]HUODQG

6RRW DJJUHJDWHV IRUP DV RSHQ� IUDFWDO�OLNH VWUXFWXUHV� EXW DJHG DWPRVSKHULF SDUWLFOHV DUH RIWHQ
REVHUYHG WR EH UHVWUXFWXUHG LQWR PRUH FRPSDFW VKDSHV� 7KLV FRPSDFWLRQ KDV D PDMRU HIIHFW RQ WKH
UDGLDWLYH SURSHUWLHV RI WKH DJJUHJDWHV� DQG PD\ DOVR LQIOXHQFH WKHLU DHURVRO�FORXG LQWHUDFWLRQV DQG
WR[LFLW\� 5HFHQW ODERUDWRU\ VWXGLHV KDYH SUHVHQWHG FRQIOLFWLQJ DUJXPHQWV RQ ZKHWKHU WKLV
FRPSDFWLRQ RFFXUV GXULQJ FRQGHQVDWLRQ RU GXULQJ HYDSRUDWLRQ� ,Q WKLV WKUHH�SDUW VWXG\� ZH
FRPELQH WKHRU\ DQG H[SHULPHQWV WR H[SODLQ WKHVH FRQIOLFWLQJ UHVXOWV� )LUVW� ZH UHYLHZ WKH VXUIDFH�
VFLHQFH OLWHUDWXUH DQG LGHQWLI\ H[SOLFLW PHFKDQLVPV FRQGHQVDWLRQ FRPSDFWLRQ DV ZHOO DV
HYDSRUDWLRQ FRPSDFWLRQ� :H DOVR LGHQWLI\ D PHFKDQLVP IRU DYRLGLQJ FRPSDFWLQJ GXULQJ
FRQGHQVDWLRQ� ZKLFK LV SUHGLFWHG IURP KHWHURJHQHRXV QXFOHDWLRQ WKHRU\ DQG WKH NLQHWLF EDUULHUV WR
FDSLOODU\ IRUPDWLRQ� 6HFRQG� ZH UHYLHZ WKH VRRW�UHVWUXFWXULQJ OLWHUDWXUH DQG ILQG HYLGHQFH IRU DOO RI
WKHVH FRPSDFWLRQ PHFKDQLVPV� WKH PRVW FRPPRQ EHLQJ FRQGHQVDWLRQ�FRPSDFWLRQ� 6RPH
DWPRVSKHULF VWXGLHV KDYH UHSRUWHG QRQ�FRPSDFWHG VRRW LQ LQWHUQDO PL[WXUHV� ZKLFK ZH DWWULEXWH WR
FRDJXODWLRQ� DQG ZKLFK LV OHVV FRPPRQ� 7KLUG� ZH SUHVHQW QHZ H[SHULPHQWDO UHVXOWV IURP D VWXG\
LQ RXU ODERUDWRU\ ZKHUH WKH VXUIDFH WHQVLRQ RI DQWKUDFHQH FRDWLQJV ZDV VZLWFKHG RQ RU VZLWFKHG
RII E\ XVLQJ VROLG RU OLTXLG SKDVHV GXULQJ DGGLWLRQ DQG UHPRYDO� &RQVHTXHQWO\� ZH GHPRQVWUDWHG
FRQGHQVDWLRQ FRPSDFWLRQ� HYDSRUDWLRQ FRPSDFWLRQ� DQG QR FRPSDFWLRQ� IRU WKH VDPH VRRW VRXUFH�
2YHUDOO� RXU VWXG\ LQGLFDWHV WKDW LW LV PRVW UHDVRQDEOH WR DVVXPH WKDW VRRW ZLOO XQGHUJR FRPSDFWLRQ
XSRQ�FRDWLQJ�FRQGHQVDWLRQ�LQ�WKH�DWPRVSKHUH��LQ�FRPEXVWLRQ�V\VWHPV��DQG�LQ�KXPDQ�OXQJV�
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(YDOXDWLRQ�RI�DHURVRO�HPLVVLRQ�IURP�D�PDULQH�GLHVHO�HQJLQH�XVLQJ�D�ZHW�VXOIXU�VFUXEEHU
DQG�ILOWUDWLRQ�V\VWHP�IRU�H[KDXVW�JDV�DEDWHPHQW

6��-HRQJ�����-��%HQGO���0��6DUDML�%R]RUJ]DG���8��.¦IHU�����8��(W]LHQ���-��6FKDGH�����7��6WUHLEHO�����-�
6FKQHOOH�.UHLV�����0��6NORU]�����7��$GDP���
��5��=LPPHUPDQQ���


�-RLQW�0DVV�6SHFWURPHWU\�&HQWHU��-06&��DW�&RPSUHKHQVLYH�0ROHFXODU�$QDO\WLFV��&0$���'HSDUWPHQW
(QYLURQPHQWDO�+HDOWK��+HOPKROW]�0XQLFK��,QJROVW¦GWHU�/DQGVWU�����������1HXKHUEHUJ��*HUPDQ\���
8QLYHUVLW\�RI�WKH�%XQGHVZHKU�0XQLFK��)DFXOW\�IRU�0HFKDQLFDO�(QJLQHHULQJ��,QVWLWXWH�RI�&KHPLFDO
DQG�(QYLURQPHQWDO�(QJLQHHULQJ���������1HXELEHUJ��*HUPDQ\���&KDLU�RI�3LVWRQ�0DFKLQHV�DQG
,QWHUQDO�&RPEXVWLRQ�(QJLQHV��)DFXOW\�RI�0HFKDQLFDO�(QJLQHHULQJ�DQG�0DULQH�7HFKQRORJ\�
8QLYHUVLW\�RI�5RVWRFN��$OEHUW�(LQVWHLQ�6WUDVVH�����������5RVWRFN��*HUPDQ\���-RLQW�0DVV

6SHFWURPHWU\�&HQWHU��-06&��DW�&KDLU�RI�$QDO\WLFDO�&KHPLVWU\��,QVWLWXWH�RI�&KHPLVWU\��8QLYHUVLW\�RI
5RVWRFN��$OEHUW�(LQVWHLQ�6WUDVVH�����������5RVWRFN��*HUPDQ\

,QWURGXFWLRQ� 'XH WR WKH ODFN RI WLJKW UHJXODWLRQV UHJDUGLQJ VKLS HPLVVLRQV DQG WKHLU GHSRVLWLRQ�
WKH PDULWLPH WUDQVSRUW ORJLVWLFV EHFRPH RQH RI WKH PDLQ FRQWULEXWRUV WR DLU SROOXWLRQ� $PRQJ
YDULRXV VKLS HPLVVLRQ SROOXWDQWV� WKH GLUHFW DQG LQGLUHFW HIIHFWV FDXVHG E\ 62[ HPLVVLRQ KDYH
JDLQHG DWWHQWLRQ GXH WR WKHLU LPSDFW RQ KXPDQ KHDOWK DQG FOLPDWH FKDQJH� ,Q RUGHU WR UHGXFH WKHLU
HQYLURQPHQWDO EXUGHQ DQG SRWHQWLDO HIIHFWV RQ KXPDQ KHDOWK� WKH ,QWHUQDWLRQDO 0DULWLPH
2UJDQL]DWLRQ �,02� FDSSHG WKH IXHO VXOIXU FRQWHQW �)6&� RI PDULQH IXHOV XS WR ��� � P�P JOREDOO\
DQG ��� � P�P LQ VXOIXU HPLVVLRQ FRQWURO DUHDV �6(&$V�� 7R FRPSO\ ZLWK WKH UHJXODWLRQV� WKH
FRQYHQWLRQDO ORZ�JUDGH KHDY\ IXHO RLOV KDYH EHHQ H[FKDQJHG ZLWK KLJK�TXDOLW\ GLVWLOODWH IXHOV RU
ORZ VXOIXU KHDY\ IXHO RLOV� $OWHUQDWLYHO\� FRQYHQWLRQDO ORZ�JUDGH KHDY\ IXHO RLO FDQ EH IXUWKHU XVHG
LQ FRPELQDWLRQ ZLWK DQ DEDWHPHQW V\VWHP VXFK DV D VXOIXU VFUXEEHU WR UHGXFH WKH 62[ HPLVVLRQV LQ
WKH H[KDXVW JDV� :KLOH QXPHURXV VWXGLHV KDYH H[KLELWHG D UHPDUNDEOH UHGXFWLRQ RI 62[ HPLVVLRQ
E\ D VFUXEEHU� LWV UHPRYDO HIILFLHQF\ UHJDUGLQJ SDUWLFXODWH PDWWHUV YDULHV GHSHQGLQJ RQ VHYHUDO
FRQGLWLRQV�DQG�UHPDLQV�XQFOHDU�>�@�>�@�

0HWKRGV 	 5HVXOWV� )LQH SDUWLFXODWH PDWWHU �30���� HPLWWHG IURP WKH FRPEXVWLRQ RI WKUHH PDULQH
IXHOV� QDPHO\ PDULQH JDV RLO �0*2� 6 � ��� � P�P�� KLJK�DURPDWLF KHDY\ IXHO RLO �+)2� 6  ��� �
P�P� DQG KLJK�VXOIXU +)2 �6  ��� � P�P�� ZHUH LQYHVWLJDWHG DW D UHVHDUFK VKLS GLHVHO HQJLQH�
7KH FKDQJH RI SK\VLFDO DV ZHOO DV FKHPLFDO SURSHUWLHV RI WKH SDUWLFOHV ZDV HYDOXDWHG E\ LQVWDOOLQJ D
ZHW VFUXEEHU V\VWHP IRU H[KDXVW JDV FOHDQLQJ� ,Q DGGLWLRQ� IXUWKHU UHGXFWLRQV RI WKH SDUWLFOH
QXPEHU DQG PDVV FRQFHQWUDWLRQ E\ XVLQJ DQ DGGLWLRQDO DEDWHPHQW V\VWHP� D ZHW�HOHFWURVWDWLF
SUHFLSLWDWRU �:(63�� ZHUH LQYHVWLJDWHG� ([KDXVW HPLVVLRQV ZHUH DQDO\]HG E\ XVLQJ RQ�OLQH
WHFKQLTXHV IRU 62� DQG 12[ DQDO\VLV �)7,5� DV ZHOO DV SDUWLFOHV UHJDUGLQJ VL]H GLVWULEXWLRQ DQG PDVV
FRQFHQWUDWLRQ �6036� 7(20� $HWKDORPHWHU�� )LOWHU VDPSOHV ZHUH WDNHQ IRU RUJDQLF �2&� DQG
HOHPHQWDO FDUERQ �(&� PHDVXUHPHQWV DV ZHOO DV LRQ�FKURPDWRJUDSK\ VWXGLHV� ZKLFK GHPRQVWUDWHG
WKH�PDVV�FRQFHQWUDWLRQ�RI�VXOIXU�FRQWDLQLQJ�SDUWLFOHV�DV�VXOIDWH�

7KH SDUWLFOH HPLVVLRQ RI +)2V ZDV GLVWLQJXLVKHG E\ UHPDUNDEO\ KLJKHU SDUWLFOH QXPEHU DQG PDVV
FRQFHQWUDWLRQV DV ZHOO DV OHIW�VNHZHG VL]H GLVWULEXWLRQV FRPSDUHG WR 0*2� 7KH LQFUHDVHG VXOIXU
FRQWHQW RI WKH IXHOV UHVXOWHG LQ KLJKHU VXOIXU�FRQWDLQLQJ SDUWLFOH PDVV FRQFHQWUDWLRQ DQG LQ KLJKHU
62� FRQFHQWUDWLRQ LQ WKH UDZ JDV� $IWHU WKH VFUXEEHU� WKH VL]H GLVWULEXWLRQ RI +)2V ZDV VKLIWHG WR
ODUJHU SDUWLFOHV� ZKLOH WKH 0*2 VL]H GLVWULEXWLRQ ZDV DOPRVW XQFKDQJHG� 7KH SDUWLFOH QXPEHU
FRQFHQWUDWLRQ RI DOO IXHO W\SHV ZDV UHGXFHG E\ WKH VFUXEEHU XS WR �� �� 0RUHRYHU� D UHGXFWLRQ RI
HTXLYDOHQW PDVV FRQFHQWUDWLRQ RI EODFN FDUERQ �H%&� DQG HOHPHQWDO FDUERQ �(&� ZDV REVHUYHG�
ZKHUHDV WKH VXOIDWH PDVV FRQFHQWUDWLRQ RI +)2V ZDV LQFUHDVHG DIWHU WKH VFUXEEHU� &RPELQLQJ WKH
VFUXEEHU ZLWK D :(63 VKRZHG D UHPDUNDEOH UHGXFWLRQ RI ERWK SDUWLFOH QXPEHU DQG PDVV
FRQFHQWUDWLRQ��

�

7KLV VWXG\ LV D SDUW RI WKH SURMHFW 6$$586 ���6;���=� ZZZ�VDDUXV�GH� VXSSRUWHG E\ )HGHUDO
0LQLVWU\ IRU (FRQRPLF $IIDLUV DQG (QHUJ\ �*HUPDQ\�� WKH (8�SURMHFW 8/75+$6 �(XURSHDQ 8QLRQ૷V
+RUL]RQ ������������� GWHF�EZ�'LJLWDOL]DWLRQ DQG 7HFKQRORJ\ 5HVHDUFK &HQWHU RI WKH %XQGHVZHKU
�SURMHFW ૼ/8.$6ਆ DQG ਈ025(ਆ� DV ZHOO DV WKH +HOPKROW] ,QWHUQDWLRQDO /DERUDWRU\ DHUR+($/7+
�,QWHU/DEV�������ZZZ�DHURKHDOWK�HX��

>�@ (ULN )ULGHOO� .HQW 6DOR� 3URF ,0HFK( 3DUW 0� -� (QJLQHHULQJ IRU WKH 0DULWLPH (QYLURQPHQW� �����
����������������

>�@�<DQJ�HW�DO���)XHO��������������������
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1XPHULFDO�VLPXODWLRQ�RI�6L&�VSRQJH�SRWHQWLDOO\�DSSOLHG�IRU�JDVROLQH�SDUWLFXODWH�ILOWHU

.��<DPDPRWR���0��+LURWD���<��,QXL�

�1DJR\D�8QLYHUVLW\

,Q ����� WKH ��WK &RQIHUHQFH RI WKH 3DUWLHV �&23��� WR WKH 8QLWHG 1DWLRQV )UDPHZRUN &RQYHQWLRQ
RQ &OLPDWH &KDQJH ZDV KHOG LQ 0DGULG� 6SDLQ� 7KH 3DULV $JUHHPHQW KDV EHHQ FRQILUPHG� LQ ZKLFK
DQ LQWHUQDWLRQDO UXOH WR FRPEDW JOREDO ZDUPLQJ VHWV D JRDO WR NHHS WKH JOREDO DYHUDJH WHPSHUDWXUH
ULVH ORZ HQRXJK� 'XH WR WKHLU IXHO HFRQRP\� JDVROLQH GLUHFW LQMHFWLRQ �*',� YHKLFOHV DUH H[SDQGLQJ
WKHLU VKDUH RI WKH PDUNHW� +RZHYHU� GLIIHUHQW IURP WUDGLWLRQDO SRUW IXHO LQMHFWLRQ �3),� JDVROLQH
YHKLFOHV� *', HQJLQHV HPLW PRUH SDUWLFXODWH PDWWHUV �30V�� %\ FRQVLGHULQJ WKDW WKH VWULQJHQW
UHJXODWLRQ LV VHWWLQJ LQ WKH ZRUOG IRU JDVROLQH YHKLFOHV� D 30 ILOWHU IRU JDVROLQH VRRW LV QHHGHG�
FDOOHG D JDVROLQH SDUWLFXODWH ILOWHU �*3)�� 6R IDU� ZH KDYH EHHQ IRFXVHG RQ 6L& VSRQJHV SRWHQWLDOO\
DSSOLHG IRU *3)� DQG KDYH WHVWHG WKH VRRW ILOWUDWLRQ SHUIRUPDQFH H[SHULPHQWDOO\� ,W VKRXOG EH QRWHG
WKDW 6L& VSRQJH KDV KLJK WKHUPDO GXUDELOLW\ DQG ORZ SRURVLW\ ZLWK RYHU �� �� ,Q WKLV VWXG\� ZH
VLPXODWHG WKH IORZ ZLWK VRRW GHSRVLWLRQ E\ D ODWWLFH %ROW]PDQQ PHWKRG �/%0�� $V VHHQ LQ )LJ� ��
ILOWHU VXEVWUDWH ZLWK �' SRUHV LQ WKH 6L& VSRQJH ZDV REWDLQHG E\ DQ ;�UD\ &7 WHFKQLTXH� VR WKDW WKH
UHDO IORZ ILHOG ZDV QXPHULFDOO\ REWDLQHG >���@� ,Q WKH VLPXODWLRQ� WKH FRPSOH[ IORZ SDWWHUQ LV VHHQ
LQ WKH UHODWLYHO\ ODUJH SRUH RI WKH ��� PP� )LJXUH � VKRZV WKH VRRW GHSRVLWLRQ UHJLRQ GXULQJ WKH
GHSWK ILOWUDWLRQ DQG WKH VXUIDFH ILOWUDWLRQ� ,Q WKH SUHVHQWDWLRQ� ZH GLVFXVVHG WKH HIIHFWV RI WKH
ILOWUDWLRQ�YHORFLW\�DQG�WKH�VRRW�VL]H�RQ�WKH�SUHVVXUH�GURS�GXULQJ�WKH�ILOWUDWLRQ�

>�@ .� <DPDPRWR� 6� 0DWVXPRWR� (YDOXDWLRQ RI SUHVVXUH GURS GXULQJ ILOWUDWLRQ RI JDVROLQH
SDUWLFXODWH ILOWHU� &RQWULEXWHG OHFWXUH SUHVHQWHG DW WKH ��UG (7+�&RQIHUHQFH RQ &RPEXVWLRQ
*HQHUDWHG�1DQRSDUWLFOHV��=XULFK��&+�������

>�@�.��<DPDPRWR��5��.RPL\DPD��7��6DNDL��)ORZ�DQG�SUHVVXUH�YDULDWLRQV�WKURXJK�SRURXV�ILOWHU�GXULQJ�VRRW
ILOWUDWLRQ�DQG�UHJHQHUDWLRQ��$60(�-RXUQDO�RI�7KHUPDO�6FLHQFH�DQG�(QJLQHHULQJ�$SSOLFDWLRQV��9RO����������
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9LUWXDO�6HQVRU�IRU�6RRW�(PLVVLRQV�LQ�+HDY\�'XW\�'LHVHO�(QJLQHV�XVLQJ�DOWHUQDWLYH�)XHOV

&��%DUUR�����3��.\UWDWRV�

�9LU�VHQVH��%DDU��6ZLW]HUODQG����%DUUR#YLU�VHQVH�FRP

7KH UHGXFWLRQ RI &2� HPLVVLRQV LQ WUDQVSRUW DQG SRZHU JHQHUDWLRQ LV D NH\ FKDOOHQJH RI WKH FXUUHQW
JHQHUDWLRQ� 2QH SDUWLFXODU RSSRUWXQLW\ RI &2� UHGXFWLRQ LV WKH LQWURGXFWLRQ RI IXHOV ZLWK D VPDOOHU
&2� IRRWSULQW� 7KH FRPEXVWLRQ FKDUDFWHULVWLFV RI VXFK IXHOV DUH GLIIHUHQW DQG UHTXLUH HQJLQH
VHWWLQJV PRGLILFDWLRQ WR SURILW PRVW IURP WKHVH FKDUDFWHULVWLFV� 7KH DLP RI WKLV ZRUN LV WR GHYHORS
FRPEXVWLRQ DQG HPLVVLRQ PRGHOV IRU D VLPXODWLRQ SODWIRUP IRU RSWLPL]LQJ WKH RYHUDOO HQJLQH XQLW
�HQJLQH ZLWK H[KDXVW JDV DIWHUWUHDWPHQW� RI YHKLFOHV RI DOO VL]HV IRU IXHOV ZLWK GLIIHUHQW
FKDUDFWHULVWLFV >�@� 7KHUHIRUH� GLIIHUHQW GLHVHO OLNH IXHOV KDYH EHHQ WHVWHG LQ D VLQJOH F\OLQGHU
UHVHDUFK HQJLQH WR GHWHUPLQH WKHLU GHWDLOHG EHKDYLRXU ZLWK UHVSHFW WR FRPEXVWLRQ DQG HPLVVLRQ
FKDUDFWHULVWLFV� 7KH IXHOV WHVWHG LQFOXGH +\GURWUHDWHG 9HJHWDEOH 2LO �+92�� *DV�WR�/LTXLG IXHO �*7/�
IURP D )LVFKHU�7URSVFK FRQYHUVLRQ DQG SRO\R[LPHWK\OHQH GLPHWK\OHWKHU �20(����� ZKLFK ZHUH
WHVWHG QHDW DQG DV EOHQGV ZLWK 'LHVHO RU DPRQJ HDFK RWKHU� 7KH FRPEXVWLRQ DQDO\VLV VKRZHG WKDW
FKDQJHV LQ IXHO FRPSRVLWLRQ DIIHFW PRVWO\ WKH LJQLWLRQ GHOD\ DV ZHOO DV WKH FKDUDFWHULVWLF PL[LQJ
UDWH�RI�WKH�GLIIXVLRQ�FRPEXVWLRQ��

$ KHDW UHOHDVH UDWH �+55� PRGHO DQG VXEVHTXHQW HPLVVLRQ PRGHOV IRU 12[ DQG VRRW ZHUH
GHYHORSHG�DQG�WKHLU�PRGHO�SDUDPHWHUV�FDOLEUDWHG�IRU�VWDQGDUG�GLHVHO��

7KH REVHUYHG FKDQJHV LQ FRPEXVWLRQ EHKDYLRXU ZHUH XVHG WR FKDQJH WKH +55 PRGHO SDUDPHWHUV�
UHVXOWLQJ LQ DQ DFFXUDWH GHSLFWLRQ RI WKH PHDVXUHG +55 IRU YDU\LQJ IXHO FRPSRVLWLRQ� 7KH 12[
HPLVVLRQ PRGHO VKRZHG YHU\ JRRG SUHGLFWLYH FDSDELOLW\ IRU DOO IXHOV ZLWK FRQVWDQW SDUDPHWHUV�
LQGLFDWLQJ WKDW DQ\ FKDQJH LQ 12[ HPLVVLRQV EHWZHHQ WKH IXHOV DUH PRVWO\ GXH WR FRPEXVWLRQ
SKDVLQJ ZKLFK LV FDSWXUHG E\ WKH +55 PRGHO� 7KH VRRW PRGHO SDUDPHWHUV ZHUH VKRZQ WR EH
DIIHFWHG E\ IXHO FRPSRVLWLRQ� ZLWK UHGXFLQJ DURPDWLF FRQWHQW DQG LQFUHDVLQJ R[\JHQDWH FRQWHQW
DIIHFWLQJ VRRW SURGXFWLRQ DQG R[LGDWLRQ UHVSHFWLYHO\� 7KH UHVXOWLQJ VRRW PRGHO VKRZV YHU\ DFFXUDWH
HVWLPDWLRQ�RI�HPLVVLRQV�IRU�D�YHU\�ZLGH�UDQJH�RI�FRQGLWLRQV�DQG�IRU�DOO�IXHOV��

>�@ %DUUR HW DO� � 3ODWIRUP WR UHGXFH IXHO FRQVXPSWLRQ DQG &2� HPLVVLRQV RI GLHVHO SRZHU XQLWV
XVLQJ RSWLPL]HG RSHUDWLRQ DQG DOWHUQDWLYH IXHOV�� )LQDO 5HSRUW �����
KWWSV���ZZZ�DUDPLV�DGPLQ�FK�'HIDXOW"'RFXPHQW,' �����	/RDG WUXH�
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(IIHFWLYH�'HQVLW\�DQG�,36'�0HDVXUHPHQWV�RI�VROLG�30�IURP�D�/HDQ�DQG�6WRLFKLRPHWULF
*',�(QJLQH�2SHUDWLQJ�RQ�(WKDQRO�%OHQGV

:��&KHQ���1��%RFN���:��1RUWKURS���'��.LWWHOVRQ���


�8QLYHUVLW\�RI�0LQQHVRWD��'HSDUWPHQW�RI�0HFKDQLFDO�(QJLQHHULQJ������&KXUFK�6WUHHW�6(�
0LQQHDSROLV��01��������8QLWHG�6WDWHV���.LWWH���#XPQ�HGX

*DVROLQH GLUHFW LQMHFWLRQ �*',� HQJLQHV DUH FRPLQJ LQWR ZLGHVSUHDG XVH LQ OLJKW�GXW\ YHKLFOHV
EHFDXVH RI WKHLU LQFUHDVHG SRZHU RXWSXW DQG UHGXFHG IXHO FRQVXPSWLRQ DQG &2� HPLVVLRQV�
+RZHYHU� *',V WHQG WR SURGXFH KLJKHU SDUWLFXODWH PDWWHU �30� HPLVVLRQV� HVSHFLDOO\ OHDQ EXUQ
HQJLQHV� ,Q WKLV VWXG\� SDUWLFOH QXPEHU� VL]H� DQG PDVV FRQFHQWUDWLRQ� HIIHFWLYH GHQVLW\� DQG PDVV�
PRELOLW\ H[SRQHQW DUH PHDVXUHG IRU D *', HQJLQH IXHOHG ZLWK (��� (��� DQG (�� DQG RSHUDWHG LQ
WKUHH FRPEXVWLRQ PRGHV� VWRLFKLRPHWULF ����� 530 � EDU %0(3�� OHDQ KRPRJHQHRXV ����� 530 �
EDU %0(3�� DQG OHDQ VWUDWLILHG ����� 530 � EDU %0(3�� 7KH IRFXV RI WKLV VWXG\ LV RQ VROLG SDUWLFOHV�
VR DOO PHDVXUHPHQWV DUH PDGH EHKLQG D FDWDO\WLF VWULSSHU� 7ZR GLIIHUHQW PHWKRGV IRU PHDVXULQJ
HIIHFWLYH GHQVLW\ DUH FRPSDUHG� '0$�&30$�&3& DQG &30$�6036 FRQILJXUDWLRQV� 8VLQJ WKH
PHDVXUHG HIIHFWLYH GHQVLW\ IXQFWLRQV DQG SDUWLFOH VL]H GLVWULEXWLRQV� VROLG SDUWLFOH PDVV LV
FDOFXODWHG XVLQJ WKH LQWHJUDWHG SDUWLFOH VL]H GLVWULEXWLRQ �,36'� PHWKRG DQG FRPSDUHG WR EODFN
FDUERQ�PDVV�PHDVXUHG�ZLWK�D�0LFUR�6RRW�6HQVRU��066��

:LWK WKH EDVHOLQH IXHO (��� ��� 6WRLFKLRPHWULF �6� RSHUDWLRQ SURGXFHV WKH ORZHVW SDUWLFOH
FRQFHQWUDWLRQ� D EURDG VL]H GLVWULEXWLRQ ZLWK D KLQW RI D QXFOHDWLRQ PRGH� DQG WKH KLJKHVW HIIHFWLYH
GHQVLW\� ��� /HDQ KRPRJHQHRXV �/+� RSHUDWLRQ OHDGV WR VOLJKWO\ KLJKHU SDUWLFOH FRQFHQWUDWLRQ WKDQ
6� D QDUURZHU� PRUH SHDNHG XQLPRGDO VL]H GLVWULEXWLRQ� DQG WKH ORZHVW HIIHFWLYH GHQVLW\� ��� /HDQ
VWUDWLILHG �/6� RSHUDWLRQ SURGXFHV PXFK KLJKHU SDUWLFOH FRQFHQWUDWLRQV WKDQ 6 DQG /+� D EURDG�
QHDUO\ IODW� EXW FOHDUO\ ELPRGDO VL]H GLVWULEXWLRQ� DQG HIIHFWLYH GHQVLWLHV VOLJKWO\ KLJKHU WKDQ /+� EXW
FRQVLGHUDEO\�VPDOOHU�WKDQ�6�

,QFUHDVLQJ WKH HWKDQRO FRQWHQW WR (�� DQG (��� ��� XQGHU 6 FRQGLWLRQV GHFUHDVHV QXPEHU DQG PDVV
FRQFHQWUDWLRQV� QDUURZV WKH VL]H GLVWULEXWLRQ� DQG VOLJKWO\ GHFUHDVHV GHQVLW\� ��� XQGHU /+
FRQGLWLRQV LQFUHDVHV PDVV DQG QXPEHU FRQFHQWUDWLRQV� EURDGHQV� DQG IODWWHQV WKH VL]H GLVWULEXWLRQ�
DQG VLJQLILFDQWO\ LQFUHDVHV GHQVLW\� ��� XQGHU /6 FRQGLWLRQV� VWURQJO\ GHFUHDVHV PDVV DQG QXPEHU
FRQFHQWUDWLRQV��QDUURZV�WKH�VL]H�GLVWULEXWLRQ��DQG�KDV�OLWWOH�LQIOXHQFH�RQ�HIIHFWLYH�GHQVLW\�

&RPEXVWLRQ VWUDWHJ\ KDV D FOHDU LQIOXHQFH RQ WKH UDWLR RI ,36' WR 066 PDVV ZLWK WKH UDWLR
LQFUHDVLQJ�IURP�6�WR�/+�WR�/6��VXJJHVWLQJ�D�GHFUHDVH�LQ�WKH�OLJKW�DEVRUELQJ�FURVV�VHFWLRQ�RI�WKH�30�

$OWKRXJK WKHUH KDYH EHHQ UHSRUWV HOVHZKHUH RI GLIIHUHQFHV EHWZHHQ HIIHFWLYH GHQVLWLHV PHDVXUHG
XVLQJ WKH '0$�&30$�&3& DQG &30$�6036 FRQILJXUDWLRQV� RXU PHDVXUHPHQWV VKRZHG QR
GLIIHUHQFH�ZLWKLQ�H[SHULPHQWDO�XQFHUWDLQW\�
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0HDVXUHPHQW�RI�EUDNH�DQG�W\UH�ZHDU�HPLVVLRQV�IURP�D�EDWWHU\�HOHFWULF�YHKLFOH

/��%RQGRUI���7��*UHLQ���/��.¸KOHU���)��3KLOLSSV���7��6FKULSS�

�,QVLWXWH�RI�&RPEXVWLRQ�7HFKQRORJ\��*HUPDQ�$HURVSDFH�&HQWHU��'/5���6WXWWJDUW���������*HUPDQ\�
�,QVWLWXWH�RI�9HKLFOH�&RQFHSWV��*HUPDQ�$HURVSDFH�&HQWHU��'/5���6WXWWJDUW���������*HUPDQ\

1RQ�H[KDXVW SDUWLFOH HPLVVLRQV DOUHDG\ GRPLQDWH WKH (XURSHDQ WUDQVSRUW VHFWRU >�@� .QRZOHGJH RI
WKH TXDQWLW\ DQG VL]H GLVWULEXWLRQ RI WKH HPLWWHG SDUWLFOHV LV HVVHQWLDO IRU KD]DUG DVVHVVPHQW DQG
UHGXFWLRQ� 6WDQGDUGL]HG WHVWV XVH FRPSRQHQW WHVW EHQFK PHDVXUHPHQWV WR GHWHUPLQH EUDNH DQG
W\UH HPLVVLRQV� $OWKRXJK WKHVH RIIHU FRPSDUDEOH UHVXOWV� WKH WHVW FRQGLWLRQV GLIIHU VWURQJO\ IURP
WKRVH RQ WKH YHKLFOH� 7KH REMHFWLYH RI WKLV VWXG\ LV WR GHWHUPLQH DQG FKDUDFWHUL]H WKH XOWUDILQH
SDUWLFOH�HPLVVLRQV�IURP�D�EDWWHU\�HOHFWULF�FDU�XQGHU�UHDOLVWLF�FRQGLWLRQV�

7KH H[SHULPHQW ZDV SHUIRUPHG ZLWK D %0: L� WHVW YHKLFOH� HTXLSSHG ZLWK PHDVXULQJ LQVWUXPHQWV
DQG D FXVWRPL]HG VDPSOLQJ VHWXS� 7KLV LQFOXGHV D VHSDUDWH HQFDSVXODWLRQ RI EUDNHV DQG W\UHV
ZKLFK HQDEOHV GLUHFW VRXUFH DOORFDWLRQ� $Q DGMXVWDEOH YHQWLODWLRQ ZLWK SUH�ILOWHUHG DLU LV VHW EDVHG
RQ D UHDO GULYH VFHQDULR ZLWKRXW PRGLILFDWLRQV DQG� WKXV� HQVXUHV UHDOLVWLF EUDNH WHPSHUDWXUHV�
5HDO GULYLQJ H[SHULPHQWV ZHUH SHUIRUPHG LQ WKH DUHD RI 6WXWWJDUW XQGHU GLIIHUHQW WUDIILF FRQGLWLRQV
�XUEDQ� UXUDO� KLJKZD\�� $GGLWLRQDO WHVWV ZLWK EUDNLQJ SDWWHUQV DQG FRUQHULQJ VFHQDULRV ZHUH
SHUIRUPHG RQ D WHVW VLWH� 7KH SDUWLFOH PHDVXUHPHQW LQVWUXPHQWDWLRQ LV FRQQHFWHG WR DQ LVRNLQHWLF
VDPSOLQJ DW WKH EDFN RI HLWKHU WKH EUDNH RU WKH W\UH KRXVLQJ� 7RWDO SDUWLFOH QXPEHU FRQFHQWUDWLRQ
EHWZHHQ � QP DQG � ͐P LV PHDVXUHG E\ D 76, &RQGHQVDWLRQ 3DUWLFOH &RXQWHU� $ FRPELQHG XVH RI
DQ (QJLQH ([KDXVW 3DUWLFOH 6L]HU �76,� ZLWK DQ 2SWLFDO 3DUWLFOH 6L]HU �76,� GHWHUPLQHV WKH UHDO�WLPH
SDUWLFOH VL]H GLVWULEXWLRQ EHWZHHQ ��� QP DQG �� ͐P� 0RQLWRULQJ WKH EDFNJURXQG FRQFHQWUDWLRQ
ZLWK D VHFRQG &RQGHQVDWLRQ 3DUWLFOH &RXQWHU HQDEOHV WKH LGHQWLILFDWLRQ RI SDUWLFOHV HPLWWHG LQ WKH
VHPL�FORVHG�W\UH�KRXVLQJ�

5HDO GULYLQJ WHVWV VKRZ D VWURQJ GHSHQGHQFH RI QRQ�H[KDXVW HPLVVLRQV RQ GULYLQJ FRQGLWLRQV�
%UDNLQJ HPLVVLRQV RFFXU GHVSLWH UHFXSHUDWLRQ DQG DUH KLJKHVW DW KLJK VSHHGV� 7\UH HPLVVLRQV
GHSHQG�SULPDULO\�RQ�ORQJLWXGLQDO�DQG�ODWHUDO�YHKLFOH�DFFHOHUDWLRQ�

$FNQRZOHGJPHQW� 7KLV ZRUN ZDV FDUULHG RXW DV SDUW RI WKH =('8�� �=HUR (PLVVLRQ 'ULYH 8QLW ૱
*HQHUDWLRQ �� SURMHFW DQG LV VXSSRUWHG E\ WKH %DGHQ�:¾UWWHPEHUJ 0LQLVWU\ RI (FRQRPLFV� /DERXU
DQG�+RXVLQJ�

>�@ 2(&'� 1RQ�H[KDXVW 3DUWLFXODWH (PLVVLRQV IURP 5RDG 7UDQVSRUW� $Q ,JQRUHG (QYLURQPHQWDO
3ROLF\�&KDOOHQJH�������
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5HDO�:RUOG�%UDNH�DQG�7LUH�:HDU�30�(PLVVLRQV�1HDU�&DOLIRUQLDQ�+LJKZD\V

+��-XQJ���;��:DQJ���$��&KHQ���0��=KDQJ���*��:X���%��/RSH]���4��<DR���6��<RRQ�

�8QLYHUVLW\�RI�&DOLIRUQLD��5LYHUVLGH���'HVHUW�5HVHDUFK�,QVWLWXWH���8QLYHUVLW\�RI�1HYDGD��/DV�9HJDV���
&RUQHOO�8QLYHUVLW\���&DOLIRUQLD�$LU�5HVRXUFHV�%RDUG

%UDNH DQG WLUH�ZHDU SDUWLFXODWH PDWWHU �30� LV D ODUJH IUDFWLRQ RI QRQ�H[KDXVW 30 HPLVVLRQV IURP
YHKLFOHV� &$5%૷V OHJLVODWLYH HIIRUW KDV UHVXOWHG LQ PXFK ORZHU WDLOSLSH 30 HPLVVLRQV RYHU WKH \HDUV
EXW KDV QRW DIIHFWHG QRQ�H[KDXVW 30 HPLVVLRQV� 7KXV� QRQ�H[KDXVW VRXUFHV� LQFOXGLQJ EUDNH DQG
WLUH�ZHDU 30� KDYH EHFRPH ODUJHU FRQWULEXWRUV WR WUDIILF�UHODWHG HPLVVLRQV� $Q DGGLWLRQDO FRQFHUQ
LV WKDW WKHVH SDUWLFXODU VRXUFHV KDYH KLJK PHWDO FRQWHQW� ZKLFK FRXOG UHVXOW LQ KLJKHU WR[LFLW\ DQG
QHJDWLYH LQIOXHQFH RQ LPSDFWHG FRPPXQLWLHV� DQG WKHUHIRUH LW LV FULWLFDO WR LPSURYH RXU
XQGHUVWDQGLQJ�RI�WKH�LPSDFW�RI�EUDNH�ZHDU�30�HPLVVLRQV�

7KH REMHFWLYH RI WKLV VWXG\ LV WR TXDQWLI\ WKH UHDO�ZRUOG LPSDFW RI EUDNH DQG WLUH�ZHDU HPLVVLRQV RQ
30 FRQFHQWUDWLRQV QHDU KLJKZD\V� 7KH ILQGLQJV IURP WKLV VWXG\ ZLOO VXSSRUW DPELHQW DLU TXDOLW\
DWWDLQPHQW VWUDWHJLHV DQG VWDWH LPSOHPHQWDWLRQ SODQV DV ZHOO DV KHDOWK VWXGLHV UHODWHG WR WR[LF 30
FRQVWLWXHQWV�

7KH VL]H GLVWULEXWLRQ� FKHPLFDO FRPSRVLWLRQ� GLVSHUVLRQ FKDUDFWHULVWLFV DQG HPLVVLRQ UDWHV RI EUDNH
DQG WLUH�ZHDU 30 ZLOO EH FKDUDFWHUL]HG DQG WKHLU LPSRUWDQFH UHODWLYH WR WDLOSLSH H[KDXVW DQG RWKHU
UHJLRQDO EDFNJURXQG VRXUFHV ZLOO EH FDOFXODWHG� 7KH UHVXOWV RI WKLV VWXG\ ZLOO EH XVHG WR YHULI\
ODERUDWRU\ JHQHUDWHG EUDNH DQG WLUH�ZHDU 30 HPLVVLRQ IDFWRUV DQG TXDQWLI\ 30 FRQWULEXWLRQV IURP
YHKLFXODU VRXUFHV �WDLOSLSH DQG QRQ�WDLOSLSH� QHDU URDGZD\V� 7KH UHVXOWV ZLOO DOVR KHOS SURYLGH
H[SRVXUH LQIRUPDWLRQ WR H[DPLQH SRVVLEOH KHDOWK LPSDFWV RI WKHVH VRXUFHV RQ QHDUE\ UHFHSWRU
SRSXODWLRQV�

7KH�SUHVHQWDWLRQ�ZLOO�LQFOXGH�GHWDLOHG�UHVXOWV�IURP�WKH�SURMHFW�
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$�QHZ�GHYLFH�IRU�IDVW�VROLG�YRODWLOH�QDQRSDUWLFOH�GLIIHUHQWLDWLRQ

0��)LHU]���0��+¾JL�

�1DQHRV�SDUWLFOH�VROXWLRQV

7UDGLWLRQDOO\� PDQ\ QDQRSDUWLFOH PHDVXUHPHQWV PHDVXUH SXUHO\ SK\VLFDO SURSHUWLHV� VXFK DV
SDUWLFOH PDVV RU QXPEHU� +RZHYHU� IRU WKH DVVHVVPHQW RI KHDOWK ULVNV� VXFK PHDVXUHPHQWV DUH
LQFRPSOHWH GXH WR WKH ODFN RI LQIRUPDWLRQ RQ WKH SDUWLFOH FKHPLVWU\� 8QIRUWXQDWHO\� SURSHU WLPH�
UHVROYHG FKHPLFDO VSHFLDWLRQ H�J� ZLWK PDVV VSHFWURPHWHUV LV H[SHQVLYH DQG FRPSOH[� 2QH
FKDUDFWHULVWLF RI QDQRSDUWLFOHV WKDW LV FRPSDUDWLYHO\ HDV\ WR PHDVXUH LV WKHLU YRODWLOLW\� DQG WKLV
SURSHUW\ KDV DOVR EHHQ DSSOLHG WR HPLVVLRQV VWDQGDUGV IRU YHKLFOHV DQG DLUFUDIW� ZKHUH RQO\
QRQYRODWLOH�SDUWLFOH�DUH�PHDVXUHG�

+HUH� ZH SUHVHQW D QHZ GHYLFH WR PRQLWRU DHURVRO YRODWLOLW\ ZLWK KLJK WLPH UHVROXWLRQ DQG
FRPSDUDWLYHO\ ORZ FRVW� 7KH GHYLFH FRQVLVWV RI D FDWDO\WLF VWULSSHU DQG DQ �$GYDQFHG 3DUWHFWRU�
2(0 VHQVRU DV SDUWLFOH GHWHFWRU� ZKLFK PHDVXUHV OXQJ�GHSRVLWHG VXUIDFH DUHD �/'6$�� DYHUDJH
SDUWLFOH GLDPHWHU DQG SDUWLFOH QXPEHU� 7KH FDWDO\WLF VWULSSHU FDQ EH E\SDVVHG E\ VZLWFKLQJ D YDOYH
HYHU\ �� VHFRQGV� &RPSDUHG WR D WUDGLWLRQDO SDUWLFOH QXPEHU FRXQWHU� WKLV V\VWHP GHOLYHUV
DGGLWLRQDO LQIRUPDWLRQ RQ SDUWLFOH VL]H DQG YRODWLOLW\� DW VWLOO UHDVRQDEO\ KLJK WLPH UHVROXWLRQ� DQG LQ
D�V\VWHP�WKDW�FDQ�EH�RSHUDWHG�ZLWKRXW�LQWHUYHQWLRQ�RYHU�ORQJ�SHULRGV�RI�WLPH��PRQWKV��

$V DQ H[DPSOH DSSOLFDWLRQ� ZH SUHVHQW GDWD PHDVXUHG DW =¾ULFK DLUSRUW� 1DQRSDUWLFOH HPLVVLRQV RI
DLUFUDIW DUH RI KHDOWK FRQFHUQ� LQ SDUWLFXODU WKH QRQYRODWLOH IUDFWLRQ� +RZHYHU� DLUSRUW HPLVVLRQV DUH
KLJKO\ G\QDPLF DQG D KLJK WLPH UHVROXWLRQ LV QHFHVVDU\ WR DFFXUDWHO\ PHDVXUH WKH VKRUW�OLYHG
H[KDXVW SOXPHV RI LQGLYLGXDO DLUSODQHV� 7KH IROORZLQJ ILJXUH VKRZV DQ H[DPSOH RI GDWD PHDVXUHG
DW�=¾ULFK�DLUSRUW�LQ�)HEUXDU\������

$V FDQ EH VHHQ LQ WKH ILJXUH� LW LV RIWHQ SRVVLEOH WR GHWHUPLQH WKH YRODWLOH IUDFWLRQ IRU HDFK
LQGLYLGXDO SHDN� DQG VRPH DLUSODQHV SURGXFH ODUJH IUDFWLRQV RI QRQYRODWLOH SDUWLFOHV ������� �������
ZKHUHDV RWKHUV SURGXFH SUDFWLFDOO\ RQO\ QRQYRODWLOH SDUWLFOHV �������� ,Q FRQWUDVW WR D &3&� ZKLFK
SURYLGHV RQO\ QXPEHU FRQFHQWUDWLRQ� RXU QHZ GHYLFH DOVR PHDVXUHV DQ DYHUDJH SDUWLFOH GLDPHWHU
ZKLFK FDQ EH XVHG WR GLIIHUHQWLDWH DLUSODQHV �ZKLFK RIWHQ SURGXFH SDUWLFOHV RI a��QP GLDPHWHU�
IURP�JURXQG�YHKLFOHV�ZKLFK�SURGXFH�PXFK�ODUJHU�SDUWLFOHV��a��QP���

,Q VXPPDU\� ZH KDYH GHPRQVWUDWHG D QHZ GHYLFH WKDW PD\ EH XVHIXO IRU PRQLWRULQJ LQ SODFHV
ZKHUH�WKH�YRODWLOLW\�RI�DHURVROV�LV�RI�LQWHUHVW��VXFK�DV�DW�DLUSRUWV�
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&KDUDFWHULVLQJ�WKH�6LOYHU�3DUWLFOH�*HQHUDWRU��D�SDWKZD\�WRZDUGV�VWDQGDUGLVLQJ�DHURVRO
JHQHUDWLRQ

0��,UZLQ���7��+DPPHU���-��6ZDQVRQ�����9��%HUJHU���8��6RQNDPEOH���$��%RLHV���+��6FKXO]���.��9DVLODWRX�

�&DWDO\WLF�,QVWUXPHQWV�*PE+�	�&R�.*��������5RVHQKHLP��*HUPDQ\���)HGHUDO�,QVWLWXWH�RI
0HWURORJ\�0(7$6�������%HUQ�:DEHUQ��6ZLW]HUODQG���8QLYHUVLW\�RI�&DPEULGJH��'HSDUWPHQW�RI
(QJLQHHULQJ��&DPEULGJH��&%���3=��8QLWHG�.LQJGRP���0LQQHVRWD�6WDWH�8QLYHUVLW\��0DQNDWR��01

�������8QLWHG�6WDWHV

5HIHUHQFH DHURVROV IRU WKH FDOLEUDWLRQ RI FRPPRQ DHURVRO LQVWUXPHQWV� VXFK DV FRQGHQVDWLRQ
SDUWLFOH FRXQWHUV �&3&V� DQG GLIIHUHQWLDO PRELOLW\ DQDO\]HUV �'0$V�� PXVW EH VWDEOH DQG
UHSURGXFLEOH LQ FRQFHQWUDWLRQ DQG SDUWLFOH VL]H� LGHDOO\ PRQRGLVSHUVH DQG QRQ�YRODWLOH DQG
FRPSULVH D XQLIRUP QRQ�UHDFWLYH PDWHULDO >�@� 7R WKDW HQG� ZH SUHVHQW D GHWDLOHG HYDOXDWLRQ RI WKH
DHURVRO ZLWK UHJDUGV WR QXPEHU� VL]H� LQWHU� DQG LQWUD�GD\ VWDELOLW\� DQG DHURG\QDPLF SURSHUWLHV RI
WKH�DHURVRO�SURSHUWLHV�RI�WKH�QHZ�6LOYHU�3DUWLFOH�*HQHUDWRU��63*��IURP�&DWDO\WLF�,QVWUXPHQWV��

7KH DHURVRO SURGXFWLRQ LQ WKH 63* UHVHPEOHV WKDW RI D FODVVLF WXEH IXUQDFH� KRZHYHU� WKH GHYLFH
RIIHUV ��WRXFK EXWWRQ RSHUDWLRQ DQG LV VLPSOH IRU WKH XVHU WR VHW XS DQG FRQILJXUH� DQG RIIHUV ORQJ�
WHUP VWDELOLW\ XVLQJ FRQWUROOHG VWDQGDUGL]HG SURFHGXUHV DQG RSHUDWLRQ VHWWLQJV� 2XW RI WKH ER[� WKH
63* KDV WZR RSHUDWLRQDO PRGHV �0RGHV � 	 � IRU WKH VPDOOHVW DQG ODUJHVW DHURVRO� UHVSHFWLYHO\��
7KHVH PRGHV PHUHO\ FRUUHVSRQG WR WHPSHUDWXUH VHW SRLQWV IRU GHIDXOW IORZ RSHUDWLRQ �0RGH �  
���� |&� 0RGH �  ���� |&�� 7KH XVHU FDQ ILQHO\ WXQH WKH WHPSHUDWXUHV DQG IORZV WR DFKLHYH WKHLU
GHVLUHG RXWSXW �)LJXUH ��� *0' UDQJH LV DURXQG � QP WR �� QP� DQG WKH ODUJHVW DHURVRO LQ
VLJQLILFDQW FRQFHQWUDWLRQV �L�H� ! ����� ��FF� LV RYHU ��� QP LQ GLDPHWHU� ,Q DGGLWLRQ� WKH VKDSH
DQG VL]H RI WKH DHURVRO� DV ZHOO DV WKH HIIHFWV RI VLQWHULQJ ZHUH DVVHVVHG XVLQJ WUDQVPLVVLRQ
HOHFWURQ�PLFURVFRS\��7(0���6036�DQG�DHURG\QDPLF�DHURVRO�FODVVLILHU��$$&��

6XLWDEOH DSSOLFDWLRQV RI WKH 63* LQFOXGH WKH FDOLEUDWLRQ RI &3&V� '0$V� SDUWLFOH QXPEHU FRXQWHUV
�31&V�� 935 V\VWHPV� 303 DQG 3&5) FRPSOLDQFHV� DQG WKH FKDUDFWHULVDWLRQ RI SDUWLFOH QXPEHU �
SRUWDEOH�HPLVVLRQV�PHDVXUHPHQW�V\VWHPV��31�3(06��V\VWHPV�

>�@ +LQGV� :� ������� $HURVRO WHFKQRORJ\� SURSHUWLHV� EHKDYLRU� DQG PHDVXUHPHQW RI DLUERUQH
SDUWLFOHV��$GVDEV�+DUYDUG�(GX�
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7KH�RUJDQLF�FRDWLQJ�XQLW��DQ�DOO�LQ�RQH�V\VWHP�IRU�UHSURGXFLEOH�JHQHUDWLRQ�RI�VHFRQGDU\
RUJDQLF�DHURVRO

$��.HOOHU���'��0��.DOEHUPDWWHU���3��6SHFKW���3��6WHLJPHLHU���.��:ROIHU���-��5HVFK���0��.DOEHUHU���7�
+DPPHU���.��9DVLODWRX�


�,QVWLWXWH�IRU�6HQVRUV�DQG�(OHFWURQLFV��8QLYHUVLW\�RI�$SSOLHG�6FLHQFHV�1RUWKZHVWHUQ�6ZLW]HUODQG�
:LQGLVFK��������6ZLW]HUODQG���/DERUDWRU\�3DUWLFOHV�DQG�$HURVROV��)HGHUDO�,QVWLWXWH�RI�0HWURORJ\
0(7$6��%HUQ�:DEHUQ��������6ZLW]HUODQG���'HSDUWPHQW�RI�(QYLURQPHQWDO�6FLHQFHV��8QLYHUVLW\�RI

%DVHO��%DVHO��������6ZLW]HUODQG

6HFRQGDU\ RUJDQLF DHURVRO �62$�� SDUWLFXODUO\ IURP ELRJHQLF RULJLQV� LV WKH ODUJHVW RUJDQLF DHURVRO
IUDFWLRQ �,3&& ����� ������ 0RVW RI RXU XQGHUVWDQGLQJ RI 62$ FRPHV IURP HQYLURQPHQWDO FKDPEHU
H[SHULPHQWV� %XW FRPSOH[LW\ DQG FRVW IDFWRUV SUHYHQW WKH XVH RI WKHVH LQVWDOODWLRQV LQ GD\�WR�GD\
WDVNV� 2[LGDWLRQ IORZ UHDFWRUV �2)5� RIIHU D IDVWHU� SRUWDEOH DQG PRUH HFRQRPLF DSSURDFK WR� H�J��
PRGHO SURSHUWLHV RI ૺIUHVKૻ DQG ૺDJHGૻ FRPEXVWLRQ SDUWLFOHV LQ DPELHQW DLU �(VV HW DO�� ������ %XW
WKH\ DUH VWLOO QRW VXIILFLHQWO\ VWDQGDUGL]HG� DQG WKHLU RSHUDWLRQ UHTXLUHV FRQVLGHUDEOH H[SHULPHQWDO
HIIRUW�

:LWKLQ WKH IUDPHZRUN RI WKH (03,5 $HURWR[ SURMHFW� RXU JRDO ZDV WR PLQLDWXUL]H DQG DXWRPDWH WKH
DHURVRO JHQHUDWLRQ SURFHGXUH� :H EXLOW D FRPSDFW 62$ JHQHUDWRU FDOOHG 2UJDQLF &RDWLQJ 8QLW
�.HOOHU HW DO� VXEPLWWHG� ILJXUH EHORZ�� 7KH GHYLFH LQFRUSRUDWHV D KXPLGLILHU� WZR V\VWHPV IRU
GRVLQJ 92& SUHFXUVRU VXEVWDQFHV� D FRPSDFW 2)5� DQG FRQWURO HOHFWURQLFV� 7KLV DOO�LQ�RQH
LQVWUXPHQW SURGXFHV SXUH 62$ SDUWLFOHV RU� ZKHQ XVHG LQ FRPELQDWLRQ ZLWK D VWDQGDUG DHURVRO
JHQHUDWRU �H�J�� D GLIIXVLRQ IODPH VRRW JHQHUDWRU�� FRDWV YHU\ GLYHUVH SULPDU\ SDUWLFOHV ZLWK D
FRQWUROOHG DPRXQW RI VHFRQGDU\ RUJDQLF PDWWHU� $SSOLFDWLRQV LQFOXGH LQWHUFRPSDULVRQ RI EODFN
FDUERQ PHDVXULQJ LQVWUXPHQWV �.DOEHUPDWWHU HW DO�� ������ ILOWHU WHVWLQJ� DV ZHOO DV PRUH EDVLF
KHDOWK DQG FOLPDWH�UHODWHG VWXGLHV� 7HVWV SHUIRUPHG RQ � GLIIHUHQW XQLWV E\ LQGHSHQGHQW
ODERUDWRULHV VKRZ DQ H[FHOOHQW XQLW WR XQLW UHSURGXFLELOLW\� :H ZLOO VKRZ VWDEOH RSHUDWLRQ SRLQWV DQG
FKDUDFWHUL]H WKH SK\VLFRFKHPLFDO SURSHUWLHV RI WKH JHQHUDWHG DHURVROV ZLWK DQ DUUD\ RI PHWKRGV�
LQFOXGLQJ WUDQVPLVVLRQ HOHFWURQ PLFURVFRS\ �7(0�� WKHUPDO�RSWLFDO DQDO\VLV DQG OLTXLG
FKURPDWRJUDSK\ FRXSOHG ZLWK PDVV VSHFWURPHWU\ �/&�06�� 7KLV DOO�LQ�RQH LQVWUXPHQW LV UREXVW�
SRUWDEOH�DQG�XVHU�IULHQGO\��PDNLQJ�LW�LGHDO�IRU�ODERUDWRU\�RU�ILHOG�EDVHG�DHURVRO�VWXGLHV�

(VV��0�1��HW�DO���������$HURVRO�6FL��������������

,3&&��������)LIWK�$VVHVVPHQW�5HSRUW�RI�WKH�,3&&��&DPEULGJH�8QLYHUVLW\�3UHVV�

.DOEHUPDWWHU��'��0��HW�DO���������$WPRV��0HDV��7HFK���������૱����

.HOOHU��$��HW�DO���VXEPLWWHG�WR�$HURVRO�6FL��	�7HFK�
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$�GXDO�ZDYHOHQJWK�SKRWRWKHUPDO�DHURVRO�DEVRUSWLRQ�PRQLWRU��GHVLJQ��FDOLEUDWLRQ�DQG
PHDVXUHPHQWV�RI�DEVRUSWLRQ�HQKDQFHPHQW�GXH�WR�FRDWLQJ

*��0RÏQLN���

�8QLYHUVLW\�RI�1RYD�*RULFD���+D]H�,QVWUXPHQWV�G�R�R�

&R�DXWKRUV� 8� -DJRGLÏ���� /� 3LUNHU���� 0� ĢNDUDERW�� 0� .XUWMDN�� .� 9LGRYLÉ�� /� )HUUHUR�� %� 9LVVHU�� -�
5¸KUEHLQ�� (� :HLQJDUWQHU�� '�0� .DOEHUPDWWHU�� .� 9DVLODWRX�� 7� %¾KOPDQQ�� &� 3DVFDOH�� 7�
0¾OOHU���$��:LHGHQVRKOHU���/��'ULQRYHF�����

�-��6WHIDQ�,QVWLWXWH��6ORYHQLD���8QLY��/MXEOMDQD��6ORYHQLD���1DWO��,QVWLWXWH�RI�&KHPLVWU\��6ORYHQLD���8QLY��0LODQR�%LFRFFD��,WDO\���)+1:��6ZLW]HUODQG���0(7$6�
6ZLW]HUODQG���7URSRV��*HUPDQ\

7KH GLUHFW PHDVXUHPHQW RI DHURVRO OLJKW DEVRUSWLRQ FRHIILFLHQW ZLWK WKH SKRWRWKHUPDO
LQWHUIHURPHWHU SUREHV WKH FKDQJH RI WKH UHIUDFWLYH LQGH[ FDXVHG E\ OLJKW DEVRUSWLRQ LQ WKH VDPSOH�
0HDVXUHPHQW DW WZR ZDYHOHQJWKV GHWHUPLQHV LWV ZDYHOHQJWK GHSHQGHQFH � WKH �QJVWU¸P
H[SRQHQW �$$(�� 7KH SKRWRWKHUPDO DHURVRO DEVRUSWLRQ PRQLWRU XVHV D IROGHG 0DFK�=HQGHU
LQWHUIHURPHWHU� 7ZR SXPS ODVHUV DW ��� DQG ���� QP DUH PRGXODWHG DW GLIIHUHQW IUHTXHQFLHV DQG
IRFXVHG LQ WKH VDPSOH FKDPEHU XVLQJ DQ D[LFRQ �SDWHQW SHQGLQJ� IRU VLPXOWDQHRXV PHDVXUHPHQW�
7KH LQWHUIHURPHWHU VLJQDO LV GHWHFWHG E\ SKRWRGLRGHV DQG ORFN�LQ DPSOLILHU DW WKH WZR UHVSHFWLYH
IUHTXHQFLHV� 7KH JUHHQ FKDQQHO LV FDOLEUDWHG WUDFHDEO\ WR SULPDU\ VWDQGDUGV XVLQJ a� wPRO�PRO
12�� 7KH FDOLEUDWLRQ LV WUDQVIHUUHG WR WKH ,5 XVLQJ DHURVROL]HG QLJURVLQ �'ULQRYHF� ������7KH
XQFHUWDLQWLHV IRU DEVRUSWLRQ FRHIILFLHQWV DW ��� DQG ���� QP DQG $$( ZHUH ��� �� DQG
��� UHVSHFWLYHO\� :H FDOLEUDWHG ILOWHU SKRWRPHWHUV �LQ JUHHQ DQG ,5� $ ZLQWHU DPELHQW
FDPSDLJQ KDV VKRZQ VLPLODU PXOWLSOH VFDWWHULQJ SDUDPHWHU YDOXHV IRU DPELHQW DHURVROV DQG
ODERUDWRU\ H[SHULPHQWV� 7KH VSHFWUDO GHSHQGHQFH RI WKHVH SDUDPHWHUV UHVXOWHG LQ $(�� UHSRUWLQJ
$$( ELDVHG �������� KLJKHU WKDQ WKH 37$$0 PHDVXUHPHQW� :H GHWHUPLQHG WKH DEVRUSWLRQ
HQKDQFHPHQW (EDEV ���� QP� XVLQJ ODERUDWRU\ PHDVXUHPHQWV ZLWK XQFRDWHG DQG VRRW FRDWHG ZLWK
VHFRQGDU\ RUJDQLF PDWWHU �620�� )LJ� � VKRZV LWV GHSHQGHQFH RQ WKH PDVV RI RUJDQLF FRDWLQJ RYHU
WKH�PDVV�RI�XQFRDWHG�VRRW�5%& �0WRWDO�0%&��0%&��.DOEHUPDWWHU��������

:H�WKDQN�616)��������B���������(85267$56����������6ORYHQLDQ�5HVHDUFK�$JHQF\��3��������3��������,��������DQG�(03,5��%ODFN�&DUERQ��$HUR7R[��

'ULQRYHF�HW�DO����������$WPR��0HDV��7HFK��'LVFXVV���������.DOEHUPDWWHU�HW�DO����������$WPR��0HDV��7HFK����������૱����

)LJXUH �� $EVRUSWLRQ HQKDQFHPHQW GXH WR FRDWLQJ ZLWK 620 DV D IXQFWLRQ RI WKH UHODWLYH FRDWLQJ PDVV 5%&� )LOWHU SKRWRPHWHUV RYHUHVWLPDWH (EDEV FRPSDUHG WR
3$;�DQG�37$$0��.DOEHUPDWWHU�HW�DO���������
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,Q�VLWX�&KDUDFWHUL]DWLRQ�RI�&DWDO\VW�1DQRSDUWLFOHV�IURP�5HDFWLYH�6SUD\�'HSRVLWLRQ
7HFKQRORJ\��56'7�

(��.��6WHIDQLGLV���7��$��(EDXJK���6��%OL]QDNRY���/��-��%RQYLOOH���5��0DULF���
��)��&DUERQH���


�'HSDUWPHQW�RI�&KHPLFDO�DQG�%LRPROHFXODU�(QJLQHHULQJ��8QLYHUVLW\�RI�&RQQHFWLFXW��6WRUUV��&7��86$�
�&HQWHU�IRU�&OHDQ�(QHUJ\�(QJLQHHULQJ��8QLYHUVLW\�RI�&RQQHFWLFXW��6WRUUV��&7��86$���'HSDUWPHQW�RI

0HFKDQLFDO�(QJLQHHULQJ��8QLYHUVLW\�RI�&RQQHFWLFXW��6WRUUV��&7��86$�

5HDFWLYH 6SUD\ 'HSRVLWLRQ 7HFKQRORJ\ �56'7� LV WKH VWDWH�RI�WKH�DUW IRU PDQXIDFWXULQJ 0HPEUDQH
(OHFWURGH $VVHPEOLHV �0($V� IRU IXHO FHOOV� ZDWHU HOHFWURO\]HUV� DQG EDWWHULHV� 7KLV RQH�VWHS IODPH�
EDVHG SURFHVV V\QWKHVL]HV DQG GHSRVLWV FDWDO\WLF QDQRSDUWLFOHV ZLWK WDLORUHG SURSHUWLHV FRQWUROOHG
E\ WKH 56'7 RSHUDWLQJ SDUDPHWHUV� 1DQRSDUWLFOHV DUH FROOHFWHG DQG DQDO\]HG H[�VLWX DW WKH HQG RI
WKH GHSRVLWLRQ WR RSWLPL]H WKH RSHUDWLQJ SDUDPHWHUV RI 56'7 VR WKDW /DVHU GLDJQRVWLFV FDQ
DFFHOHUDWH WKH 56'7 RSWLPL]DWLRQ DQG SURYLGH LQIRUPDWLRQ DERXW WKH V\QWKHVL]HG QDQRSDUWLFOHV E\
PHDVXULQJ�LQ�VLWX�WKHLU�SURSHUWLHV�

$ KRUL]RQWDO WXUEXOHQW GLIIXVLRQ IODPH V\QWKHVL]HV WKH QDQRSDUWLFOHV LQ WKH 56'7� 7KH PHWDO
SUHFXUVRU LV VHHGHG LQ WKH IODPH IXHO DQG JRHV WKURXJK WKH GHFRPSRVLWLRQ DQG SDUWLFOH QXFOHDWLRQ�
JURZWK� DQG FRDJXODWLRQ VWDJHV >�@� ,Q WKLV VWXG\� ZH LQYHVWLJDWH WZR IODPHV IXHOHG E\ D ��P0
VROXWLRQ RI SODWLQXP DFHW\ODFHWRQDWH LQ [\OHQH� DFHWRQH� DQG OLTXLG SURSDQH ZLWK GLIIHUHQW IORZ
UDWHV �3W�7\SH� DQG 3W�7\SH�� DQG D IODPH IXHOHG E\ D �P0 LULGLXP DFHW\ODFHWRQDWH �,U�7\SH��
VROXWLRQ LQ [\OHQH� '*0(� HWKDQRO� DQG SURSDQH� 7KH WKUHH IODPHV DUH XVHG ZLWK LGHQWLFDO 56'7
SDUDPHWHUV EXW GHSULYHG RI WKH VROXWH FDWDO\VW SUHFXUVRUV �3W�%ODQN�� 3W�%ODQN�� ,U�%ODQN�� IRU
GLVFHUQLQJ�WKH�QDQRSDUWLFOH�VLJQDO�IURP�WKDW�RI�WKH�JDVHRXV�SURGXFWV�RI�WKH�IODPH�

/DVHU�LQGXFHG LQFDQGHVFHQFH �/,,� LV XVHG WR PHDVXUH WKH YROXPH IUDFWLRQ RI WKH V\QWKHVL]HG
QDQRSDUWLFOHV DW YDULRXV GLVWDQFHV IURP WKH QR]]OH RI WKH IODPH� / >�@� ,Q SDUWLFXODU� ZH PHDVXUH
WKH /,, VLJQDO DW WKH HGJH RI WKH IODPH� ZKHUH WKH YROXPH IUDFWLRQ FDQ EH IRXQG WKURXJK D PDVV
EDODQFH IURP WKH FDWDO\VW PHWDO VHHGHG LQ WKH IODPH� 7KH YROXPH IUDFWLRQ LV PHDVXUHG E\
FRPSDULQJ WKH PHDVXUHG /,, VLJQDO DW YDULRXV / ZLWK WKH VLJQDO DW WKH HGJH RI WKH IODPH� ZKHUHDV
/DVHU OLJKW VFDWWHULQJ �//6� PHDVXUHV WKH VL]H RI WKH QDQRSDUWLFOHV >�@ XSRQ FDOLEUDWLRQ LQ SXUH
JDVHV �&�+�� &2�� 1�� +H� ZLWK NQRZQ VFDWWHULQJ FURVV�VHFWLRQ� 7KH DYHUDJH OLJKW VFDWWHULQJ
HTXLYDOHQW GLDPHWHU� G���� LV GHWHUPLQHG E\ WKH FDOLEUDWHG EDFNJURXQG�VXEWUDFWHG //6 VLJQDO DQG
WKH PHDVXUHG YROXPH IUDFWLRQ� 5DPDQ VFDWWHULQJ LV DSSOLHG LQ WKH LULGLXP IODPH WR GHWHFW SRVVLEOH
SHDNV UHODWHG WR QDQRSDUWLFOH FRPSRVLWLRQ� 7KH ODVHU UHVXOWV DUH FRPSDUHG ZLWK WKDW REWDLQHG IRU
VDPSOHV FROOHFWHG YLD WKHUPRSKRUHVLV IURP WKH IODPHV DQG FKDUDFWHUL]HG YLD H[�VLWX XVLQJ +LJK�
$QJOH $QQXODU 'DUN�)LHOG 6FDQQLQJ 7UDQVPLVVLRQ (OHFWURQ 0LFURVFRS\ �+$$')�67(0� LPDJH
DQDO\VLV�

/DVHU GLDJQRVWLF UHVXOWV DUH FRQVLVWHQW ZLWK WKH +$$')�67(0 PHDVXUHG QDQRSDUWLFOH VL]HV DQG WKH
JURZWK UDWH RI WKH QDQRSDUWLFOHV ZDV IRXQG WR EH RUGHUV RI PDJQLWXGH VORZHU WKDQ WKRVH SUHGLFWHG
IRU QRQ�LQWHUDFWLQJ %URZQLDQ SDUWLFOHV� )LQDOO\� WKH 5DPDQ VSHFWUXP RI LULGLXP IODPH LQGLFDWHV WKH
DWWDFKPHQW�RI�D�FDUERQ\O�JURXS�RQ�WKH�V\QWKHVL]HG�QDQRSDUWLFOHV�

>�@�-XVWLQ�0��5ROOHU��5DGHQND�0DULF��-RXUQDO�RI�7KHUPDO�6SUD\�7HFKQRORJ\����������������������

>�@�+RSH�$��0LFKHOVHQ��3URFHHGLQJV�RI�WKH�&RPEXVWLRQ�,QVWLWXWH��������������������

>�@�&UDLJ�)��%RKUHQ��'RQDOG�5��+XIIPDQ��������:LOOH\�9&+�
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$LUSRUW�HPLVVLRQ�SDUWLFOHV��H[SRVXUH�FKDUDFWHUL]DWLRQ�DQG�WR[LFLW\�IROORZLQJ
LQWUDWUDFKHDO�LQVWLOODWLRQ�LQ�PLFH

8��9RJHO�

�1DWLRQDO�5HVHDUFK�&HQWUH�IRU�WKH�:RUNLQJ�(QYLURQPHQW

%DFNJURXQG� /LWWOH LV NQRZQ DERXW WKH H[SRVXUH OHYHOV DQG DGYHUVH KHDOWK HIIHFWV RI RFFXSDWLRQDO
H[SRVXUH WR DLUSODQH HPLVVLRQV� 'LHVHO H[KDXVW SDUWLFOHV DUH FODVVLILHG DV FDUFLQRJHQLF WR KXPDQV
DQG MHW HQJLQHV SURGXFH SRWHQWLDOO\ VLPLODU VRRW SDUWLFOHV� :H HYDOXDWHG WKH SRWHQWLDO RFFXSDWLRQDO
H[SRVXUH ULVN E\ DQDO\]LQJ SDUWLFOHV IURP D QRQ�FRPPHUFLDO DLUILHOG DQG IURP WKH DSURQ RI D
FRPPHUFLDO DLUSRUW� 7R[LFLW\ RI WKH FROOHFWHG SDUWLFOHV ZDV HYDOXDWHG DORQJVLGH 1,67 VWDQGDUG
UHIHUHQFH GLHVHO H[KDXVW SDUWLFOHV �1,67����� LQ WHUPV RI DFXWH SKDVH UHVSRQVH� SXOPRQDU\
LQIODPPDWLRQ��DQG�JHQRWR[LFLW\�DIWHU�VLQJOH�LQWUDWUDFKHDO�LQVWLOODWLRQ�LQ�PLFH�

5HVXOWV� 3DUWLFOH H[SRVXUH OHYHOV ZHUH XS WR � PJ�P� DW WKH QRQ�FRPPHUFLDO DLUILHOG� 3DUWLFXODWH
PDWWHU IURP WKH QRQ�FRPPHUFLDO DLUILHOG DLU FRQVLVWHG RI SULPDU\ DQG DJJUHJDWHG VRRW SDUWLFOHV�
ZKHUHDV FRPPHUFLDO DLUSRUW VDPSOLQJ UHVXOWHG LQ D PRUH KHWHURJHQHRXV PL[WXUH RI RUJDQLF
FRPSRXQGV LQFOXGLQJ VDOW� SROOHQ DQG VRRW� UHIOHFWLQJ WKH FRPSOH[ RFFXSDWLRQDO H[SRVXUH DW DQ
DSURQ� 7KH SDUWLFOH FRQWHQWV RI SRO\F\FOLF DURPDWLF K\GURFDUERQV DQG PHWDOV ZHUH VLPLODU WR WKH
FRQWHQW LQ 1,67����� 0LFH ZHUH H[SRVHG WR GRVHV �� �� DQG �� ͐J DORQJVLGH FDUERQ EODFN �3ULQWH[
��� DQG 1,67���� DQG HXWKDQL]HG DIWHU �� �� RU �� GD\V� 'RVH�GHSHQGHQW LQFUHDVHV LQ WRWDO
QXPEHU RI FHOOV� QHXWURSKLOV� DQG HRVLQRSKLOV LQ EURQFKRDOYHRODU ODYDJH IOXLG ZHUH REVHUYHG RQ GD\
� SRVW�H[SRVXUH IRU DOO SDUWLFOHV� /\PSKRF\WHV ZHUH LQFUHDVHG IRU DOO IRXU SDUWLFOH W\SHV RQ �� GD\V
SRVW�H[SRVXUH DV ZHOO DV IRU QHXWURSKLO LQIOX[ IRU MHW HQJLQH SDUWLFOHV DQG FDUERQ EODFN
QDQRSDUWLFOHV� ,QFUHDVHG 6DD� P51$ OHYHOV LQ OXQJ WLVVXH DQG LQFUHDVHG 6$$� SURWHLQ OHYHOV LQ
SODVPD ZHUH REVHUYHG RQ GD\ � SRVW�H[SRVXUH� ,QFUHDVHG OHYHOV RI '1$ VWUDQG EUHDNV LQ
EURQFKRDOYHRODU ODYDJH FHOOV DQG OLYHU WLVVXH ZHUH REVHUYHG IRU ERWK SDUWLFOHV� DW VLQJOH GRVH OHYHOV
DFURVV�GRVHV�DQG�WLPH�SRLQWV�

&RQFOXVLRQV� 3XOPRQDU\ H[SRVXUH RI PLFH WR SDUWLFOHV FROOHFWHG DW WZR DLUSRUWV LQGXFHG DFXWH
SKDVH UHVSRQVH� LQIODPPDWLRQ� DQG JHQRWR[LFLW\ VLPLODU WR VWDQGDUG GLHVHO H[KDXVW SDUWLFOHV DQG
FDUERQ EODFN QDQRSDUWLFOHV� VXJJHVWLQJ VLPLODU SK\VLFRFKHPLFDO SURSHUWLHV DQG WR[LFLW\ RI MHW
HQJLQH SDUWLFOHV DQG GLHVHO H[KDXVW SDUWLFOHV� *LYHQ WKLV UHVHPEODQFH DV ZHOO DV WKH GRVH�UHVSRQVH
UHODWLRQVKLS EHWZHHQ GLHVHO H[KDXVW H[SRVXUH DQG OXQJ FDQFHU� RFFXSDWLRQDO H[SRVXUH WR MHW
HQJLQH�HPLVVLRQV�DW�WKH�WZR�DLUSRUWV�VKRXOG�EH�PLQLPL]HG�

>�@ .DWMD 0DULD %HQGWVHQ� $QGHUV %URVWUºP� $QWWL -RRQDV .RLYLVWR� ,VPR .RSRQHQ� 7ULQH
%HUWKLQJ� 1LFRODV %HUWUDP� .LUVWHQ ,QJD .OLQJ� 0LLNND 'DO 0DVR� 2VNDUL .DQJDVQLHPL� 0LNNR
3RLNNLP¦NL� .DWULQ /RHVFKQHU� 3HU $[HO &ODXVHQ� +HQULN :ROII� .HOG $OVWUXS -HQVHQ� $QQH 7KRXVWUXS
6DEHU��8OOD�9RJHO��3DUWLFOH�DQG�)LEUH�7R[LFRORJ\������������������GRL����������V�����������������

Powered by TCPDF (www.tcpdf.org)

https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Bendtsen+KM&cauthor_id=31182125
http://www.tcpdf.org


+HDOWK�HIIHFWV��&RQWULEXWHG�/HFWXUH 7���

5HVSLUDWRU\�KHDOWK�HIIHFWV�RI�DLUFUDIW�HPLVVLRQV��DQ�LQ�YLWUR�VWXG\�IRU�HYDOXDWLQJ�WKH
WR[LFLW\�RI�QRQ�YRODWLOH�SDUWLFXODWH�PDWWHU�IURP�DQ�DLUFUDIW�WXUERIDQ�HQJLQH�RQ�EURQFKLDO

HSLWKHOLDO�FHOOV

0��1��'HODYDO�����+��5��-RQVGRWWLU�����$��.HOOHU���%��%UHP���/��'XUGLQD���0��(OVHU���3��/RER���+�
%XUWVFKHU���0��*HLVHU�

�-RLQW�0DVV�6SHFWURPHWU\�&HQWHU��-06&���&RPSUHKHQVLYH�0ROHFXODU�$QDO\WLFV��&0$���+HOPKROW]
=HQWUXP�0¾QFKHQ��'�������1HXKHUEHUJ��*HUPDQ\����6SLH]�/DERUDWRU\��)HGHUDO�2IILFH�IRU�&LYLO

3URWHFWLRQ��6SLH]��6ZLW]HUODQG���,QVWLWXWH�IRU�6HQVRUV�DQG�(OHFWURQLFV��8QLYHUVLW\�RI�$SSOLHG�6FLHQFHV
DQG�$UWV�1RUWKZHVWHUQ�6ZLW]HUODQG�������:LQGLVFK��6ZLW]HUODQG���/DERUDWRU\�RI�$WPRVSKHULF
&KHPLVWU\��3DXO�6FKHUUHU�,QVWLWXWH�������9LOOLJHQ��6ZLW]HUODQG���(PSD��/DERUDWRU\�IRU�$LU
3ROOXWLRQ�(QYLURQPHQWDO�7HFKQRORJ\�������'¾EHQGRUI��6ZLW]HUODQG���(PSD��6ZLVV�)HGHUDO
/DERUDWRULHV�IRU�0DWHULDOV�6FLHQFH�DQG�7HFKQRORJ\��$XWRPRWLYH�3RZHUWUDLQ�7HFKQRORJLHV

/DERUDWRU\�������'¾EHQGRUI��6ZLW]HUODQG���0HWURORJ\�5HVHDUFK�&HQWUH��1DWLRQDO�5HVHDUFK�&RXQFLO
&DQDGD��2WWDZD��2QWDULR�.�$��5���&DQDGD����,QVWLWXWH�RI�$QDWRP\��8QLYHUVLW\�RI�%HUQ�������%HUQ�

6ZLW]HUODQG

$LUFUDIW HPLVVLRQV FRQWULEXWH WR ORFDO DQG JOREDO DLU SROOXWLRQ� +HDOWK HIIHFWV RI SDUWLFXODWH PDWWHU
�30� IURP DLUFUDIW HQJLQHV KDYH QRW EHHQ DGHTXDWHO\ LQYHVWLJDWHG� VLQFH FRQWUROOHG ODERUDWRU\
VWXGLHV UHIOHFWLQJ UHDOLVWLF FRQGLWLRQV UHJDUGLQJ DHURVROV� WDUJHW WLVVXH� 30 H[SRVXUH DQG GHSRVLWHG
SDUWLFOH GRVH DUH ORJLVWLFDOO\ FKDOOHQJLQJ� +RZHYHU� JLYHQ WKH GRFXPHQWHG KHDOWK HIIHFWV RI SDUWLFOH
HPLVVLRQV JHQHUDWHG IURP JDVROLQH DQG GLHVHO FRPEXVWLRQV� LW LV RI LPSRUWDQFH WR XQUDYHO WKH
LPSDFW�RI�DLUFUDIW�JHQHUDWHG�HPLVVLRQV�RQ�KXPDQ�KHDOWK�

:H H[DPLQHG WKH UHVSLUDWRU\ HIIHFWV RI QRQ�YRODWLOH 30 �QY30� HPLWWHG IURP D UXQ�LQ &)0����%��
WXUERIDQ� RQH RI WKH PRVW FRPPRQ DLUFUDIW HQJLQHV LQ WKH ZRUOG� E\ XVLQJ D XQLTXH H[SHULPHQWDO
VHWXS IRU SDUWLFOH VDPSOLQJ DQG FHOOXODU GHSRVLWLRQ� 7KH QY30 ZHUH GLUHFWO\ VDPSOHG IURP WKH
HQJLQH H[KDXVW XQGHU UHDOLVWLF HQJLQH RSHUDWLQJ FRQGLWLRQV DQG GHSRVLWHG RQWR DLU�OLTXLG�LQWHUIDFH
FXOWXUHV RI KXPDQ EURQFKLDO HSLWKHOLDO FHOOV �%($6��%� DQG UH�GLIIHUHQWLDWHG KXPDQ EURQFKLDO
HSLWKHOLD �+%(� GHULYHG IURP QRUPDO DQG KHDOWK FRPSURPLVHG GRQRUV XVLQJ WKH 1DQR�$HURVRO
&KDPEHU IRU ,Q YLWUR 7R[LFLW\ �1$&,97�� :H HYDOXDWHG DFXWH FHOOXODU UHVSRQVHV DIWHU ��KRXU RI
H[SRVXUH WR GLOXWHG H[KDXVW IURP FRPEXVWLRQ RI FRQYHQWLRQDO RU DOWHUQDWLYH IXHO� &\WRWR[LFLW\�
F\WRNLQH UHOHDVH DQG R[LGDWLYH VWUHVV ZHUH PHDVXUHG DW ���KRXU SRVW�H[SRVXUH� 0RUSKRORJLFDO
FKDUDFWHULVWLFV RI VRRW ZHUH H[DPLQHG E\ +LJK 5HVROXWLRQ 7UDQVPLVVLRQ (OHFWURQ 0LFURVFRS\
�+57(0��

3DUWLFOH GHSRVLWLRQ YDULHG GHSHQGLQJ RQ WKH HQJLQH WKUXVW OHYHOV� ZLWK ��� WKUXVW SURGXFLQJ WKH
KLJKHVW QY30 PDVV DQG QXPEHU HPLVVLRQV� 7KH +57(0 DQDO\VHV RI VRRW UHYHDOHG YDU\LQJ
UHDFWLYLW\ PDWFKLQJ WKH REVHUYHG FHOOXODU UHVSRQVHV� 6LQJOH� VKRUW�WHUP H[SRVXUHV WR QY30
LPSDLUHG ERWK %($6��% DQG +%( FHOO FXOWXUHV� ZKHUHE\ QY30 IURP FRQYHQWLRQDO IXHO DW ORZ WKUXVW
OHYHOV ZDV IRXQG WR EH WKH PRVW KD]DUGRXV� $ GHFUHDVH LQ WKH VHFUHWLRQ RI LQWHUOHXNLQ � DQG
PRQRF\WH FKHPRWDFWLF SURWHLQ � ZDV REVHUYHG LQ +%( IROORZLQJ H[SRVXUH WR QY30 IURP
FRQYHQWLRQDO IXHO� 0XOWLSOH H[SRVXUHV RI HSLWKHOLD IURP D QRUPDO GRQRU WR QY30 SULPDULO\ UHVXOWHG
LQ D SUR�LQIODPPDWRU\ UHVSRQVH� ZKLOH ERWK F\WRWR[LFLW\ DQG R[LGDWLYH VWUHVV LQGXFWLRQ UHPDLQHG
XQDIIHFWHG�

0RUH VHYHUH UHVSRQVHV DW ORZHU PDVV FRQFHQWUDWLRQV VXJJHVW WKDW DGGLWLRQDO PHWULFV DUH
QHFHVVDU\ WR HYDOXDWH KHDOWK ULVNV RI WKLV LQFUHDVLQJO\ LPSRUWDQW HPLVVLRQ VRXUFH� 2XU UHVXOWV
VXSSRUW WKH QHHG WR IXUWKHU FKDUDFWHUL]H WKH SXOPRQDU\ WR[LFLW\ RI DLUFUDIW HQJLQH H[KDXVW�
HVSHFLDOO\�LQ�RFFXSDWLRQDO�VHWWLQJV�

$FNQRZOHGJHPHQWV� 7KLV UHVHDUFK ZDV VXSSRUWHG E\ WKH 6ZLVV )HGHUDO 2IILFH IRU &LYLO $YLDWLRQ
�)2&$���SURMHFWV��������������DQG����������
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$LUSRUW�UHODWHG�XOWUDILQH�SDUWLFOHV�DQG�ULVN�RI�PDOLJQDQW�EUDLQ�FDQFHU�DPRQJ�/RV
$QJHOHV�SDUWLFLSDQWV�LQ�WKH�0XOWLHWKQLF�&RKRUW�6WXG\

$��+��:X�

�'HSDUWPHQW�RI�3RSXODWLRQ�DQG�3XEOLF�+HDOWK�6FLHQFHV��/RV�$QJHOHV��&$��������86$

$PELHQW DLU SROOXWLRQ PD\ UHDFK WKH EUDLQ YLD V\VWHPLF FLUFXODWLRQ� LQFUHDVLQJ WKH ULVN RI PDOLJQDQW
EUDLQ FDQFHU GHYHORSPHQW� 8VLQJ SXEOLVKHG H[SRVXUH DVVHVVPHQW PHWKRGV� ZH LQYHVWLJDWHG WKH
UHODWLRQVKLS EHWZHHQ ORQJ�WHUP DLUSRUW�UHODWHG XOWUDILQH �8)3� H[SRVXUHV DQG ULVN RI PDOLJQDQW
EUDLQ FDQFHUV� ,Q WKLV FRKRUW DQDO\VLV RI ��� PDOLJQDQW EUDLQ FDQFHUV GLDJQRVHG DPRQJ ������
FRKRUW SDUWLFLSDQWV ZLWK ���� \HDUV RI IROORZ�XS� ULVN RI PDOLJQDQW EUDLQ FDQFHU LQFUHDVHG
VLJQLILFDQWO\ ��� SHU LQWHUTXDUWLOH UDQJH LQFUHDVH LQ 8)3 DIWHU DGMXVWLQJ IRU LQGLYLGXDO DQG
QHLJKERUKRRG IDFWRUV DQG 30�� H[SRVXUHV� 2XU UHVXOWV DGG WR WKH HYLGHQFH WKDW DLU SROOXWLRQ PD\
EH�D�ULVN�IDFWRU�IRU�PDOLJQDQW�EUDLQ�FDQFHU�
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1DQRSDUWLFOH�7ULJJHUHG�5HDFWLYDWLRQ�RI�/DWHQW�9LUXV�,QIHFWLRQ�૱�$�/LQN�EHWZHHQ�WKH
,QIODPPDWRU\�5HVSRQVH�WR�$LU�3ROOXWDQWV�DQG�&KURQLF�/XQJ�'LVHDVH

9��+DHIQHU�����/��+DQ�����'��.XWVFKNH���%��6WHHU���$��2��<LOGLULP���+��$GOHU�����7��6WRHJHU���

�,QVWLWXWH�RI�/XQJ�+HDOWK�DQG�,PPXQLW\��&RPSUHKHQVLYH�3QHXPRORJ\�&HQWHU��+HOPKROW]�=HQWUXP
0¾QFKHQ��*HUPDQ�5HVHDUFK�&HQWHU�IRU�(QYLURQPHQWDO�+HDOWK��1HXKHUEHUJ��*HUPDQ\���

&RPSUHKHQVLYH�3QHXPRORJ\�&HQWHU��+HOPKROW]�=HQWUXP�0¾QFKHQ��*HUPDQ�5HVHDUFK�&HQWHU�IRU
(QYLURQPHQWDO�+HDOWK��*UR¡KDGHUQ��*HUPDQ\���,QVWLWXWH�RI�$VWKPD�DQG�$OOHUJ\�3UHYHQWLRQ�

+HOPKROW]�=HQWUXP�0¾QFKHQ��*HUPDQ�5HVHDUFK�&HQWHU�IRU�(QYLURQPHQWDO�+HDOWK��1HXKHUEHUJ�
*HUPDQ\���0HPEHU�RI�WKH�*HUPDQ�&HQWHU�RI�/XQJ�5HVHDUFK��'=/���0XQLFK��*HUPDQ\

,QWURGXFWLRQ

3DUWLFXODWH DLU SROOXWLRQ DQG JDPPDKHUSHVYLUXVHV DUH RPQLSUHVHQW LQ KXPDQ VRFLHW\ DQG DOPRVW
HYHU\ DGXOW SHUVRQ LV LQIHFWHG E\ DW OHDVW RQH YLUXV� 7KHVH YLUXVHV SHUVLVW OLIHORQJ LQ WKH KRVW LQ D
ODWHQW VWDWH� DQG VZLWFK WR D O\WLF DQG UHSOLFDWLYH SKDVH XSRQ UHDFWLYDWLRQ� :H KDYH SUHYLRXVO\
VKRZQ WKDW SXOPRQDU\ H[SRVXUH WR FDUERQ QDQRSDUWLFOHV �&13V�� D W\SLFDO FRPSRQHQW RI XUEDQ DLU
SROOXWLRQ� DQG HQJLQHHUHG FDUERQ QDQRWXEHV �&17V� FDQ OHDG WR WKH UHDFWLYDWLRQ RI ODWHQW PXULQH
JDPPDKHUSHVYLUXV �� �0+9���� LQ WKH OXQJV RI PLFH� %RRVWLQJ WKH SURGXFWLRQ RI O\WLF SURWHLQV DQG
VXEVHTXHQW LPPXQRPRGXODWLRQ E\ UHSHWLWLYH &13 DQG &17 LQKDODWLRQ VFHQDULRV PLJKW FRQWULEXWH WR
WKH H[DFHUEDWLRQ RI FKURQLF OXQJ GLVHDVHV OLNH &23' DQG SXOPRQDU\ ILEURVLV� +HUH ZH WHVW ZKHWKHU
D UHSHDWHG QDQRSDUWLFOH H[SRVXUH SRWHQWLDOO\ WULJJHUV DGGLWLYH SXOPRQDU\ LQIODPPDWRU\ HIIHFWV LQ
WKH 0+9��� YLUXV UHDFWLYDWLRQ PRXVH PRGHO DQG WKHUHE\ PLJKW FRQWULEXWH WR H[DFHUEDWLRQV RI
FKURQLF�OXQJ�GLVHDVHV�

5HVXOWV

5HSHDWHG LQWUDWUDFKHDO GRVLQJ RI 0+9��� LQIHFWHG PLFH ZLWK ��wJ VRRW�OLNH FDUERQ QDQRSDUWLFOHV
�&13� RU HQJLQHHUHG FDUERQ QDQRWXEHV �':&17�� DW D WLPH LQWHUYDO RI �� GD\V� FDXVHG LQFUHDVHG
DQG SURORQJHG EURQFKRDOYHRODU ODYDJH �%$/� O\PSKRF\WH QXPEHUV LQ 0+9��� LQIHFWHG DQG SDUWLFOH
WUHDWHG PLFH� QRW REVHUYHG LQ DQLPDOV LQIHFWHG RU QDQRSDUWLFOH WUHDWHG RQO\� 7KH RYHU RQH ZHHN
DIWHU WKH ODVW H[SRVXUH ULVLQJ 7�FHOO GRPLQDWHG OXQJ O\PSKRF\WH LQILOWUDWLRQ ZDV DFFRPSDQLHG E\
LQFUHDVHG OHYHOV RI SXOPRQDU\ 7QI� 6DD� DQG 6SS� JHQH H[SUHVVLRQ� HOHYDWHG %$/ SURWHLQ DQG ,J0
OHYHOV DQG PHDQ FRUG OHQJWK� DOO WRJHWKHU LQGLFDWLQJ SURJUHVVLYH HPSK\VHPD OLNH DOYHRODU EDUULHU
GDPDJH� /XQJ GDPDJH IXUWKHUPRUH ZDV DVVRFLDWHG ZLWK KLJK VHUXP FRQFHQWUDWLRQV RI WKH DFXWH
SKDVH�UHDFWDQW�6$$���VXJJHVWLQJ�V\VWHPLF�LQIODPPDWLRQ�

&RQFOXVLRQV

7KHVH REVHUYDWLRQV VXJJHVW WKDW UHSHDWHG QDQRSDUWLFOH H[SRVXUH RI ODWHQWO\ JDPPD KHUSHVYLUXV
LQIHFWHG OXQJV OHDGV WR D SURORQJHG LQIODPPDWRU\ UHVSRQVH ZLWK DOYHRODU�FDSLOODU\ EDUULHU
GLVUXSWLRQ DQG SRWHQWLDO V\VWHPLF FRQVHTXHQFHV� ZKLFK PD\ FRQWULEXWH WR DLU SROOXWLRQ UHODWHG
H[DFHUEDWLRQ�RI�FKURQLF�OXQJ�GLVHDVHV�RU�FDUGLRYDVFXODU�GLVHDVH�

�
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,PSDFW�RI�FRPEXVWLRQ�JHQHUDWHG�SDUWLFOHV�RQ�UHVSLUDWRU\�UHVSRQVH�WR�YLUDO�LQIHFWLRQ

0��(��5HEXOL�����6��$��%URFNH���,��-DVSHUV���

�&XUULFXOXP�LQ�7R[LFRORJ\�	�(QYLURQPHQWDO�0HGLFLQH��8QLYHUVLW\�RI�1RUWK�&DUROLQD�DW�&KDSHO�+LOO�
&KDSHO�+LOO���&HQWHU�IRU�(QYLURQPHQWDO�0HGLFLQH��$VWKPD��DQG�/XQJ�%LRORJ\��'HSDUWPHQW�RI
3HGLDWULFV��6FKRRO�RI�0HGLFLQH��8QLYHUVLW\�RI�1RUWK�&DUROLQD�DW�&KDSHO�+LOO��&KDSHO�+LOO

&RPEXVWLRQ�JHQHUDWHG SDUWLFOHV DUH D JURZLQJ VRXUFH RI 30 LQ PDQ\ SDUWV RI WKH ZRUOG GXH WR WKH
JURZLQJ LQFLGHQFH RI ZLOGILUHV GXH WR FOLPDWH FKDQJH� 7KH UHVSLUDWRU\ V\VWHP LV DOVR D SULPH
WDUJHW IRU FRQFXUUHQW H[SRVXUHV WR LQKDOHG FRPEXVWLRQ�JHQHUDWHG SDUWLFOHV� DV ZHOO DV YLUXVHV�
(SLGHPLRORJLFDO HYLGHQFH VXJJHVWV WKDW ZLOGILUH VPRNH H[SRVXUH LQFUHDVHV SRWHQWLDO IRU V\PSWRPV
DQG VHYHUH GLVHDVH LQGXFHG E\ WKH VHYHUH DFXWH UHVSLUDWRU\ V\QGURPH FRURQDYLUXV � �6$56�
&R9���� ZKLFK LV UHVSRQVLEOH IRU WKH RQJRLQJ SDQGHPLF� $GGLWLRQDOO\� FRQWUROOHG H[SRVXUH GDWD WR D
ZLOGILUH VPRNH PRGHO� ZRRG VPRNH� LQGLFDWHV VH[�VSHFLILF DOWHUHG UHVSLUDWRU\ KRVW GHIHQVH
UHVSRQVHV WR LQIOXHQ]D� 5HFHQW PHFKDQLVWLF GDWD IURP LQ YLWUR H[SRVXUH RI SULPDU\ QDVDO HSLWKHOLDO
FHOOV WR ZRRG VPRNH DQG 6$56�&R9�� KDV DOVR GHPRQVWUDWHG GDPSHQHG LPPXQH JHQH H[SUHVVLRQ
FULWLFDO IRU UHVSRQVH WR YLUDO LQIHFWLRQ� SDUWLFXODUO\ LQ IHPDOHV� 7KLV WDON ZLOO VXPPDUL]H ZKDW LV
NQRZQ DERXW WKH LPSDFW RI FRPEXVWLRQ�JHQHUDWHG SDUWLFOHV� SDUWLFXODUO\ PRGHOV RI ZLOGILUH VPRNH�
RQ UHVSLUDWRU\ KRVW GHIHQVH UHVSRQVHV ZKHQ H[SRVHG WR YLUDO LQIHFWLRQV DQG KLJKOLJKW QHHGHG
IXWXUH�UHVHDUFK���
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,QKDODWLRQ�([SRVXUH�WR�:LOGILUH�DQG�%XUQ�3LW�6PRNH��$�&RPPRQ�(WLRORJ\�IRU�1HXURJHQLF
DQG�2QFRJHQLF�'LVHDVHV�RI�WKH�%UDLQ�,QYROYLQJ�,URQ"

8��*UDKDP���*��2EHUG¸UVWHU�

�8QLYHUVLW\�RI�.HQWXFN\��)DUDGD\�(QHUJ\��8QLYHUVLW\�RI�5RFKHVWHU

$FFHOHUDWLQJ DWPRVSKHULF ZDUPLQJ JLYHV ULVH WR PDQ\ QHZ FKDOOHQJHV LQ WHUPV RI KHDY\ DLU
SROOXWLRQ IURP JOREDOO\ LQFUHDVLQJ IRUHVW ILUHV� DQG DGGLWLRQDO XQFRQWUROOHG EXUQ SLW RSHUDWLRQV LQ
UHJLRQDO ZDUIDUH FRPEDW ]RQHV ZKLFK FRQWULEXWH WKHLU RZQ KLJKO\ VSHFLILF ILQJHUSULQW RI SRLVRQRXV
DLU SROOXWLRQ� %RWK JDVHRXV DQG SDUWLFXODWH FRQVWLWXHQWV DUH HVVHQWLDO FRQWULEXWRUV IRU DGYHUVH
HIIHFWV DQG GLVHDVH IRUPDWLRQ� 5HFRUG�EUHDNLQJ HPLVVLRQV LQ ���� LQWR WKH DWPRVSKHUH IURP
ZLOGILUHV �L�H�� LQ WKH 86 WKH 'L[LH )LUH HPLWWHG �� PLOOLRQ WRQV RI FDUERQ DQG SOXPHV RI VPRNH� DQG
IURP EXUQ SLWV �L�H�� GXULQJ WKH ,UDT ZDU LQGLYLGXDO EXUQV RI a��� WRQHV�GD\ RI GLYHUVH ZDVWH�
PDWHULDOV� KDYH EHHQ GRFXPHQWHG� $FXWH DQG ORQJ�WHUP DGYHUVH HIIHFWV KDYH EHHQ UHSRUWHG IURP
ZLOGILUH H[SRVXUH LQ ILUHILJKWHUV DQG WKH JHQHUDO SRSXODWLRQ ERWK LQ WKH UHVSLUDWRU\ WUDFW DQG DOVR LQ
VHFRQGDU\ RUJDQV LQFOXGLQJ FDUGLRYDVFXODU� FHQWUDO QHUYRXV �&16� DQG RWKHU V\VWHPV� /LNHZLVH�
EXUQ SLW H[SRVXUH RI YHWHUDQV DOVR LQGXFHG UHVSLUDWRU\ WUDFW HIIHFWV� KRZHYHU� D PDMRU FRQFHUQ KDV
DULVHQ RYHU WKH \HDUV OLQNLQJ EXUQ SLW VPRNH LQKDODWLRQ WR EUDLQ WXPRUV� VSHFLILFDOO\ WKHLU GHDGOLHVW
IRUP RI JOLREODVWRPD PXOWLIRUPH� %XUQ FRQGLWLRQV IRU ZLOGILUH DQG EXUQ SLW VPRNH UDQJH IURP RSHQ
IODPH WR VPROGHULQJ� HPLWWLQJ DLUERUQH SDUWLFOHV YDU\LQJ IURP XOWUDILQH WR PLFURQ VL]H� ,QKDOHG QDQR�
VL]HG SDUWLFOHV �XOWUDILQH SDUWLFXODWHV ૺ8)3ૻ� GHSRVLWLQJ RQ WKH QDVDO ROIDFWRU\ PXFRVD WUDQVORFDWH
WR WKH ROIDFWRU\ EXOE �2%� RI WKH EUDLQ ZKLFK SURYLGHV D GLUHFW LPPHGLDWH SDWKZD\ IRU DLUERUQH
SDUWLFOHV WR WKH &16 DV ZH GHPRQVWUDWHG DW WKH SUHYLRXV (7+ FRQIHUHQFH XVLQJ XOWUDKLJK UHVROXWLRQ
DQDO\WLFDO LPDJLQJ� 2XU SUHVHQW UHVXOWV LQGLFDWH WKH KLJKO\ UHDFWLYH QDWXUH RI IUHVKO\ JHQHUDWHG
VPRNH ZKLFK ૱ GHSHQGLQJ RQ GRVH ૱ FDXVHV R[LGDWLYH VWUHVV DW WDUJHW FHOOV DQG LQGXFHV
LQIODPPDWLRQ� ZKLFK WKHQ FDQ SURJUHVV WR DFWLYDWH DQG LQWHUDFW ZLWK PDFUR DQG PLFURJOLD WDUJHW
FHOOV� :H K\SRWKHVL]H WKDW QHXUR LQIODPPDWLRQ LQLWLDWHG E\ WUDQVORFDWHG 8)3V UHSUHVHQWV D
FRPPRQ PHFKDQLVP SUHFHGLQJ QHXURJHQLF DQG RQFRJHQLF HIIHFWV LQ WKH &16� ZKHUH LQFUHDVHG
JOLDO FHOO SUROLIHUDWLRQ DQG PXWDWLRQDO HYHQWV PD\ SOD\ D FULWLFDO UROH IRU WXPRULJHQLFLW\� ,PSRUWDQW
HYHQWV DVVRFLDWHG ZLWK WUDQVORFDWHG 8)3V GXULQJ LQIODPPDWLRQ DUH WKH VLPXOWDQHRXV SUHVHQFH RI
ELRSURFHVVHG LURQ �)H� RI HQGRJHQRXV �ELRPLQHUDOL]HG� DQG H[RJHQRXV �DPELHQW DHURVROV� RULJLQ�
,W KDV EHHQ SRVWXODWHG WKDW H[FHVVLYH )H GHSRVLWV LQ WKH &16 DUH UHJXODWHG E\ LQIODPPDWRU\
PDFURSKDJHV DV D OLQH RI DWWDFN DQG GHIHQVH� EXW WKH NH\ SURFHVVHV DQG PHFKDQLVPV WKDW RSHUDWH
DW WKH QDQRVFDOH PD\ EH WULJJHUHG E\ LQIOX[ DQG EXLOGXS RI WUDQVORFDWHG 8)3V DQG FRQWLQXH WR
HYROYH� 2XU DSSURDFK XVHV DQDO\WLFDO KLJK�UHVROXWLRQ VFDQQLQJ WUDQVPLVVLRQ HOHFWURQ PLFURVFRS\
�67(0� RI WLVVXHV FRXSOHG ZLWK HOHFWURQ HQHUJ\ ORVV VSHFWURVFRS\ �((/6� WR DVVHVV FRPSRVLWLRQ�
UHODWLYH TXDQWLWLHV� DQG GLVSHUVLRQ DV ZHOO DV UHGR[�DFWLYLWLHV WR KHOS LGHQWLI\ WKH QDWXUH DQG
SK\VLRFKHPLFDO ILQJHUSULQWV RI QRW RQO\ WKH 8)3V WKDW HQWHU FHOOV� QHXURQV� DQG LQWHUVWLWLDO VSDFH�
EXW DOVR LGHQWLILHV WKH WUDQVIRUPDWLRQV RI 8)3V DIWHU XSWDNH DQG QHZ IRUPDWLRQV RI )H�FRQWDLQLQJ
SKDVHV DURXQG WKH LQYDGHU SDUWLFOHV� )RU H[DPSOH� ZH GHPRQVWUDWH IRU WKH ILUVW WLPH WKDW )H�
SKRVSKDWH FUXVWV FRYHU KHDY\ PHWDO DQG WUDQVLWLRQ PHWDO 8)3V �L�H�� 3E� :� +J� $V� =U� 7L� 0Q� &R�
1L� &U� ZKLOH FRSLRXV IHUULWLQ QDQRSDUWLFOHV �)H�R[\K\GUR[LGH� IRUP FORXGV LQ WKH YLFLQLW\ RI WKH
LQYDGHU 8)3V LQ 2% WLVVXHV DQG LQ GHHSHU EUDLQ UHJLRQV DV LQGLFDWRU RI PRGLI\LQJ LQIODPPDWLRQ� 7KH
ORFDWLRQ DQG IUHTXHQF\ RI HQGRJHQRXV )H QHDU LQYDGHU SDUWLFOHV FOHDUO\ KHOSV WR ILQG WKH 8)3V
LQVLGH WKH WLVVXHV ZLWK LPSURYHG DFFXUDF\ VLQFH WKHUH LV QRZ D JUHDWHU FRQWUDVW ZLWK 67(0 GXH WR
WKH EXLOGXS RI )H� +RZHYHU� WKLV )H DFFXPXODWLRQ IXUWKHU LQFUHDVHV WKH SDUWLFXODWH ORDG LQ WKH
DOUHDG\ DIIHFWHG WLVVXHV DQG� KHQFH� PD\ EH LPSOLFDWHG LQ EUDLQ G\VIXQFWLRQ VLQFH VHYHUDO
QHXURORJLFDO GLVRUGHUV DQG JOLREODVWRPDV VKRZ HOHYDWHG )H �HQGRJHQRXV RULJLQ� ZKLFK GRHV QRW JHW
FOHDUHG HIIHFWLYHO\� 2XU LQYHVWLJDWLRQV VKRZ WKH LQLWLDO VWDJHV RI )H EXLOGXS DW WKH QDQRVFDOH ZKHQ
SROOXWLRQ SDUWLFOH XSWDNH ILUVW RFFXUV� 7KH LQLWLDO IHUULWLQ GHSRVLWV RFFXU LQGHSHQGHQW RI ZKHWKHU WKH
8)3V FRQWDLQ H[RJHQRXV )H� 2XU GLVFRYHU\ RI WKH IRUPDWLRQ RI )H�SKRVSKDWH FUXVWV DW WKH
QDQRVFDOH DUH H[SHFWHG WR KHOS JDLQ LQVLJKWV LQWR WKH LQ YLYR UHDFWLYLW\ RI 8)3V WKDW FRPH IURP
ZLOGILUHV DQG RU EXUQ SLW VRXUFHV� 6SHFLILFDOO\� RXU VWXG\ UHSUHVHQWV D ILUVW EDVLF DQDO\VLV RI WKH
PHFKDQLVWLF XQGHUSLQQLQJ RI WKH FRQQHFWLRQ EHWZHHQ 8)3�UHVXOWDQW LQIODPPDWLRQ DQG LQLWLDWLRQ RI
)H�EXLOGXS WR XQGHUVWDQG WKH RYHUDOO ELRORJLFDO UHVSRQVHV WKDW FRQWURO D FRPPRQ HWLRORJ\ IRU
QHXURJHQLF�DQG�RQFRJHQLF�GLVHDVHV�RI�WKH�EUDLQ����)XQGLQJ���1,+��5��$*���������
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2FFXSDWLRQDO�DQG�LQGRRU�H[SRVXUH��&RQWULEXWHG�/HFWXUH 7���

,QGRRU�3URWHFWLRQ�IURP�9LUXVHV�DQG�&RPEXVWLRQ�*HQHUDWHG�1DQRSDUWLFOHV

$��0D\HU���+��%XUWVFKHU�����-��&]HUZLQVNL���7��/XW]���-��0D\HU���5��0D\HU���%��5RWKHQ�5XWLVKDXVHU���7�
5¾JJHEHUJ���3��6SHFKW���(��:HLQJDUWQHU�

�1DQR&OHDQ$LU�������1LHGHUURKUGRUI��6ZLW]HUODQG���,QVWLWXWH�IRU�6HQVRUV�DQG�(OHFWURQLFV��8QLYHUVLW\
RI�$SSOLHG�6FLHQFHV�DQG�$UWV�1RUWKZHVWHUQ�6ZLW]HUODQG�������:LQGLVFK��6ZLW]HUODQG���$GROSKH

0HUNOH�,QVWLWXWH��$0,���8QLYHUVLW\�RI�)ULERXUJ�������)ULERXUJ��6ZLW]HUODQG

,Q WKH ODVW WZR \HDUV RI WKH SDQGHPLF� ZH KDYH OHDUQHG WKDW WKH PRVW LPSRUWDQW ZD\ YLUXVHV DUH
WUDQVIHUUHG IURP RQH SHUVRQ WR DQRWKHU LV YLD LQGRRU DHURVROV� 7R DYRLG LQIHFWLRQV WKLV YLUXV DHURVRO
WUDQVIHU KDV WR EH PLQLPL]HG� 7KLV UHTXLUHV RQ WKH RQH KDQG D YLUXV IUHH VXSSO\ RI DLU WR WKH URRP�
RQ WKH RWKHU KDQG D IORZ UHJLPH ZKLFK DYRLGV DLU WUDQVIHU IURP RQH SHUVRQ WR DQRWKHU� L�H�
KRUL]RQWDO IORZ� 2QH ZD\ WR DFKLHYH WKLV LV HVWDEOLVKLQJ D YHUWLFDO IORZ XSZDUGV� 8SZDUGV LV
HVVHQWLDO EHFDXVH WKLV IORZ GLUHFWLRQ LV VXSSRUWHG E\ WKH WKHUPDO FRQYHFWLRQ LQGXFHG E\ HDFK
LQGLYLGXDO SHUVRQ� 6R WKH ILUVW UHTXLUHPHQW LV D YHQWLODWLRQ V\VWHP� DFKLHYLQJ WKLV YHUWLFDO IORZ RI
WKH YLUXV DHURVRO LQ WKH ZKROH URRP� 7R DYRLG H[FHVVLYH HQHUJ\ ORVV �E\ KHDWLQJ LQ ZLQWHU RU
FRROLQJ LQ VXPPHU� WKH DLU PXVW EH UHFLUFXODWHG DQG WKLV UHTXLUHV ILOWUDWLRQ RI WKH YLUXVHV ZLWK DQ
HIILFLHQF\�FORVH�WR������

:H VKRZHG WKDW WKH YLUDO ILOWUDWLRQ FDQ EH GRQH XVLQJ FHUDPLF ZDOO IORZ ILOWHUV DV DSSOLHG IRU
JDVROLQH SDUWLFOH ILOWHUV �*3)�� $V LW WDNHV ORQJ WLPH WR EXLOG XS D ILOWHU FDNH ZKHQ ILOWHULQJ DPELHQW
DLU WKHVH ILOWHUV KDYH WR KDYH WKH KLJK HIILFLHQF\ DOUHDG\ IURP WKH EHJLQQLQJ� ([WHQVLYH WHVWV ZLWK
06� EDFWHULRSKDJHV XVHG DV YLUXV VXUURJDWH VKRZHG WKDW WKH 06� EDFWHULRSKDJHV DUH SUHFLSLWDWHG
ZLWK YHU\ KLJK HIILFLHQF\ E\ WKHVH ILOWHUV DQG WKDW WKH OLIHWLPH LQ WKH ILOWHU LV VKRUW HQRXJK WR DYRLG
WKH QHHG IRU DGGLWLRQDO GHFRQWDPLQDWLRQ PHDVXUHV� 1HYHUWKHOHVV� WKHVH ILOWHUV FDQ EH KHDWHG IURP
WLPH�WR�WLPH�LQ�DSSOLFDWLRQV��ZKHUH�EDFWHULD�RU�IXQJL�FRXOG�EH�D�SUREOHP�

,Q D FDVH VWXG\ ZH LQVWDOOHG D YHQWLODWLRQ V\VWHP LQ D FODVVURRP� 6L[ SRURXV WXEHV RQ WKH FHLOLQJ
DUH XVHG WR HVWDEOLVK WKH UHTXLUHG YHUWLFDO IORZ� 7KH DLU� VXFFHHG YLD WKHVH WXEHV� LV PL[HG ZLWK
RXWGRRU DLU� WKH DPRXQW RI RXWGRRU DLU EHLQJ FRQWUROOHG E\ WKH &2� FRQFHQWUDWLRQ LQ WKH URRP� 7KLV
PL[WXUH�LV�WKHQ�SDVVHG�WKURXJK�WKH�FHUDPLF�ILOWHU�DQG�UHFLUFXODWHG�LQWR�WKH�URRP�DW�WKH�ERWWRP�

7HVWV E\ IORZ YLVXDOL]DWLRQ VKRZ WKH YHUWLFDO IORZ GLUHFWLRQ� 0HDVXUHPHQWV ZKHQ DHURVRO VHQVRUV
DUH SODFHG RQ HDFK GHVN RI WKH FODVVURRP DQG DQ DHURVRO VRXUFH �QHEXOL]HU� GLVWULEXWLQJ 1D&O
DHURVROV� VKRZ WKDW WKH FRQFHQWUDWLRQ RQ DOO GHVNV LV PRUH WKDQ WZR RUGHUV RI PDJQLWXGH VPDOOHU
WKDQ WKH VRXUFH FRQFHQWUDWLRQ� 7KLV SURYHV WKDW WKH YHUWLFDO IORZ LV DFKLHYHG LQ WKH ZKROH URRP�
7KLV�H[SHULPHQWDO�UHVXOW�DUH�FRUURERUDWHG�E\�VLPXODWLRQV�

7KH FRQFHSW� SUHVHQWHG DERYH QRW RQO\ DOORZV WR PLQLPL]H WKH LQIHFWLRQ ULVN LQ LQGRRU
HQYLURQPHQWV� ,Q DGGLWLRQ� WKH DLU HQWHULQJ IURP RXWGRRU LV ILOWHUHG� UHGXFLQJ WKH KHDOWK ULVNV GXH WR
WUDIILF�HPLVVLRQV�HWF�

$FKQRZOHGJHPHQW�

7KH DXWKRUV ZRXOG OLNH WR DFNQRZOHGJH WKH ILQDQFLDO VXSSRUW RI WKH 6ZLVV )HGHUDO 2IILFH IRU WKH
(QYLURQPHQW��8PZHOWWHFKQRORJLHI¸UGHUXQJ�XQGHU�FRQWUDFW�87)�����������

�

�
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2FFXSDWLRQDO�DQG�LQGRRU�H[SRVXUH��&RQWULEXWHG�/HFWXUH 7���

(YDOXDWLQJ�FOHDQ�DLU�WHFKQRORJLHV�IRU�PRELOH�DLU�SXULILHUV

6��.RXVW���1��9LOODGVHQ���)��5��5DVPXVVHQ���&��6��.LUNHE\���.��3UHVV�.ULVWHQVHQ���7��:LOOXPVHQ���3��(�
3HGHUVHQ�

�'DQLVK�7HFKQRORJLFDO�,QVWLWXWH��$DUKXV�'HQPDUN���'DQLVK�&RQVXPHU�&RXQFLO��&RSHQKDJHQ�
'HQPDUN���*UHHQ�7UDQVLWLRQ�'HQPDUN

%DFNJURXQG� 0RVW SHRSOH LQ WKH GHYHORSHG ZRUOG VSHQG PRUH WKDQ �� SHUFHQW RI WKHLU WLPH
LQGRRUV� +HQFH� JRRG LQGRRU DLU TXDOLW\ LV LPSRUWDQW IRU SXEOLF KHDOWK� ,Q WKH VKRUW WHUP�
LPSURYHPHQWV RI LQGRRU DLU TXDOLW\ PD\ EH DFKLHYHG E\ PRELOH DLU SXULILHUV �0$3V�� ZKLFK DUH
SURGXFHG LQ DOO SULFH FODVVHV XVLQJ GLIIHUHQW FOHDQ DLU WHFKQRORJLHV� 6HYHUDO TXHVWLRQV DULVH� �� $UH
0$3V HIILFLHQW LQ UHPRYLQJ SDUWLFOHV DQG JDVVHV" �� $UH 0$3V FDSDEOH RI UHPRYLQJ YLUXVHV" �� $UH
0$3V DV HIILFLHQW DV SURPLVHG E\ WKH SURGXFHUV" �� 'R 0$3V WKHPVHOYHV FRQWULEXWH WR DLU
SROOXWLRQ" 7R DQVZHU WKHVH TXHVWLRQV� ZH KDYH FRQGXFWHG ODERUDWRU\ WHVWV RI L� 7KH UHPRYDO
HIILFLHQF\ RI SDUWLFOH PDVV� SDUWLFOH QXPEHU� YRODWLOH RUJDQLF FRPSRXQGV �92&V�� DQG YLUXVHV LQ DLU�
LL� 7KH JHQHUDWLRQ RI KDUPIXO E\SURGXFWV �R]RQH DQG 92&૷V�� 5HVXOWV DUH FRPSDUHG ZLWK WKH SXULILHU
SURGXFW LQIRUPDWLRQ �SURPLVHG HIILFLHQF\� DQG HYDOXDWHG DFURVV WKH GLIIHUHQW FOHDQ DLU
WHFKQRORJLHV� 0DWHULDOV DQG PHWKRGV� 0RUH WKDQ �� DLU SXULILHUV IRU SULYDWH KRPHV ZHUH
LGHQWLILHG LQ 'HQPDUN� )URP WKHVH� �� 0$3V XVLQJ GLIIHUHQW WHFKQRORJLHV ZHUH FKRVHQ IRU GHWDLOHG
ODERUDWRU\ WHVWV� :KHQ WHVWLQJ� DOO 0$3V DUH QHZ� DOO DYDLODEOH ILOWHUV DUH XVHG� DQG DOO DLU�SXULI\LQJ
IXQFWLRQV DUH DFWLYDWHG RQ KLJKHVW OHYHO XQOHVV WKH SXULILHU DXWRPDWLFDOO\ VHOHFWV WKH OHYHO E\ DXWR�
IXQFWLRQ� 7KH WHVW FKDPEHU LV D �� P� DLUWLJKW DQG FORVHG URRP FRYHUHG LQ 7HIORQ WR PLQLPLVH
SDUWLFOH DQG JDV DGVRUSWLRQ� ZKLFK PDNHV LW DSSURSULDWH IRU WHVWLQJ WKH HIILFLHQF\ RI 0$3V�7HVW
SURFHGXUHV� 3DUWLFOHV DQG 92&V DUH JHQHUDWHG IURP VPRNLQJ FLJDUHWWHV LQ D IXOO\ DXWRPDWLF
SURFHVV XWLOL]LQJ D VPRNLQJ URERW� 7KH WHVW SURFHGXUH LV D PRGLILHG YHUVLRQ RI WKH VWDQGDUG IRU
PHDVXULQJ SHUIRUPDQFH RI 3RUWDEOH $LU &OHDQHUV �$16,�$+$0 $&��������� 7KH WHVW FKDUDFWHUL]HV
WKH FOHDQLQJ HIILFLHQF\ DJDLQVW ERWK XOWUDILQH� ILQH DQG FRDUVH SDUWLFOHV� DV ZHOO DV 92&V� 7KH WHVW
SHULRG ODVWV IRU �� PLQXWHV DIWHU WKH VPRNLQJ SKDVH HQGV GXULQJ ZKLFK DOO SDUDPHWHUV DUH
PHDVXUHG FRQWLQXRXVO\ �WLPH UHV� �� VHFRQGV�� $ UHIHUHQFH PHDVXUHPHQW LV SHUIRUPHG WR DFFRXQW
IRU QDWXUDO GHFD\� DGVRUSWLRQ� DQG VHGLPHQWDWLRQ RI SDUWLFOHV DQG 92&V� 7KH SRWHQWLDO JHQHUDWLRQ
RI R]RQH IURP WKH GHYLFHV LV FKDUDFWHUL]HG XVLQJ DQ 2]RQH $QDO\]HU� ZKLFK PHDVXUHV WKH LQWHUYDO
ZLWK D ���SSE DFFXUDF\ DQG D ORZHU GHWHFWLRQ OLPLW RI �SSE� 6L[ GLIIHUHQW 0$3V UHSUHVHQWLQJ
GLIIHUHQW WHFKQRORJLHV KDYH EHHQ VHOHFWHG IRU WHVWLQJ HIILFLHQF\ WR UHPRYH YLUXVHV IURP WKH DLU� 7KH
WHVW LV SHUIRUPHG ZLWK D XQLW LQVWDOOHG LQ D FORVHG �� P� WHVW FKDPEHU XVLQJ D PRGLILHG YHUVLRQ RI
WKH ,62������������� VWDQGDUG� 7KH HIIHFWLYHQHVV RI WKH 0$3V LV WHVWHG DJDLQVW D YLUXV PRGHO
FRQVLVWLQJ RI 06� EDFWHULRSKDJHV �$7&& ������%��� 06� EDFWHULRSKDJH LV SUHIHUUHG DV WKLV D
UHFRJQL]HG PRGHO YLUXV IRU QRQ�HQYHORSHG YLUXV� 7KH LQDFWLYDWLRQ UDWH RI WKH DHURVROL]HG 06� LV
GHWHUPLQHG DV WKH GLIIHUHQFH EHWZHHQ WKH QDWXUDO LQDFWLYDWLRQ UDWH DQG WKH LQDFWLYDWLRQ UDWH
PHDVXUHG GXULQJ RSHUDWLRQ RI WKH WHVW XQLW IRU �� PLQXWHV� )LQGLQJV� 7KH &$'5 UHVXOWV IRU WKH ��
GLIIHUHQW 0$3V GLIIHU VLJQLILFDQWO\� 7KH ZRUVW SHUIRUPLQJ GHYLFHV VKRZ QR FOHDQLQJ FDSDELOLWLHV�
ZKHUHDV WKH EHVW GHPRQVWUDWHV D &$'5 IRU SDUWLFOHV RI PRUH WKDQ ���� $ WHQWDWLYH JHQHUDO
FRQFOXVLRQ LV WKDW +(3$�EDVHG 0$3V RXWSHUIRUP RWKHU FOHDQ DLU WHFKQRORJLHV EDVHG RQ WKH SDUWLFOH
&$'5 YDOXHV� ,W LV IRXQG IRU DOO 0$3V WKDW WKH &$'5 IRU 92&V LV VLJQLILFDQWO\ ORZHU WKDQ IRU
SDUWLFOHV� 'HWDLOHG UHVXOWV RI YDULRXV SDUDPHWHUV� H�J�� QRLVH OHYHOV� SDUWLFOH VL]H HIILFLHQFLHV� DQG
DQDO\VLV RI ૺDXWR�IXQFWLRQૻ RIIHUHG IRU VRPH RI WKH GHYLFHV� DUH WR EH SHUIRUPHG DQG SUHVHQWHG DW
WKH FRQIHUHQFH DORQJ ZLWK UHVXOWV IURP WKH WHVW DJDLQVW DLUERUQH YLUXVHV� 3HUVSHFWLYHV� 7KH
UHVXOWV PLJKW KHOS VHW HIILFLHQF\ UHTXLUHPHQWV IRU 0$3V LQ WKH 1RUGLF (FR�ODEHO DQG WKH (8૷V
(FRGHVLJQ 'LUHFWLYH� )XUWKHU� WKH HLJKW EHVW 0$3V ZHUH WHVWHG LQ VLWX LQ D SULYDWH KRPH �RWKHU (7+
SRVWHU VXEPLVVLRQ�� $FNQRZOHGJHPHQW� 7KHVH H[SHULPHQWV KDYH RQO\ EHHQ SRVVLEOH GXH WR WKH
ILQDQFLDO VXSSRUW RI 5HDOGDQLD )RXQGDWLRQ DQG 7KH 'DQLVK /DQGRZQHUV
 ,QYHVWPHQW )RXQGDWLRQ
�'DQLVK��*UXQGHMHUQHV�,QYHVWHULQJVIRQG���
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+HDOWK�HIIHFWV��&RQWULEXWHG�/HFWXUH 7���

)URP�URDGVLGH�WR�ODE�ZLWK�HOHJDQW�URXQGZRUPV

$��YRQ�0LNHF]���$��6FKDUI�

�,8)�૲�/HLEQL]�5HVHDUFK�,QVWLWXWH�RI�(QYLURQPHQWDO�0HGLFLQH��'XHVVHOGRUI��*HUPDQ\���:DVKLQJWRQ
8QLYHUVLW\�6FKRRO�RI�0HGLFLQH��6W�/RXLV��0LVVRXUL��86$

7KH QHPDWRGH URXQGZRUP &DHQRUKDEGLWLV HOHJDQV UHSUHVHQWV D ZHOO�FKDUDFWHUL]HG DQLPDO PRGHO
LQ WKH ODERUDWRU\ RU RFFXUV JOREDOO\ LQ ZLOG KDELWDWV� 7KH SRZHU RI &� HOHJDQV PDQLIHVWV LQ JHQHWLF
DPHQDELOLW\� D QHUYRXV V\VWHP ZLWK D PDS RI DOO QHXURQV DQG PDQ\ QHXUDO FLUFXLWV DQG D VKRUW
DGXOW OLIH VSDQ RI ��� ZHHNV WKDW HQDEOHV WKH LQYHVWLJDWLRQ RI ELRORJLFDO SURFHVVHV WKURXJKRXW WKH
ZKROH OLIH RI WKH ZRUP� $V LW VKDUHV ������ RI JHQHV� LQFOXGLQJ GLVHDVH JHQHV� DV ZHOO DV LPSRUWDQW
PROHFXODU SDWKZD\V ZLWK KXPDQV� &� HOHJDQV KDV WKH SRWHQWLDO WR HOXFLGDWH ELR�LQWHUDFWLRQV RI
WUDIILF�UHODWHG�QDQRSDUWLFOHV�DQG�SURYLGH�UHVXOWV�IRU�WKH�RQH�KHDOWK�SDUDGLJP�

+HUH� ZH VXJJHVW WR JR RQH VWHS EH\RQG LQ SDUWLFOH WR[LFRORJ\� 3UREDELOLVWLF DQG G\QDPLF PRGHOOLQJ
RI SROOXWDQW IORZV LQ HQYLURQPHQWDO FRPSDUWPHQWV WRJHWKHU ZLWK WKH KDELWDWV RI ZLOG &� HOHJDQV
SUHGLFWV ZKHUH WKH QHPDWRGH LV H[SRVHG WR QDQRSDUWLFOHV� ,Q WKH FDVH RI WUDIILF�UHODWHG
QDQRSDUWLFOHV H[SRVXUH RI IUHH�OLYLQJ VRLO QHPDWRGHV OLNHO\ RFFXUV LQ HQYLURQPHQWDO VLQNV VXFK DV
VRLOV DORQJ URDGVLGHV� H�J� PRWRUZD\V� %\ DQ LQQRYDWLYH DSSURDFK ZH EULQJ WKH ILHOG LQWR WKH ODE�
,VRODWLRQ DQG FXOWLYDWLRQ RI QHPDWRGHV IURP URDGVLGH VRLO UHSUHVHQWV D SURPLVLQJ VWUDWHJ\ WR EULGJH
HQYLURQPHQW DQG ODERUDWRU\� 7KLV DSSURDFK DLPV DW WR[LFRORJLFDO WHVWV ZLWK &� HOHJDQV RU RWKHU IUHH�
OLYLQJ VRLO QHPDWRGHV WKDW DUH VDPSOHG IURP VRLO DORQJ PRWRUZD\V DQG WDNHQ LQWR ODERUDWRU\
FXOWXUH� 7KH VDPSOHG QHPDWRGHV DUH VXEMHFWHG WR VLQJOH ZRUP SURWHRPLFV DQG FKDUDFWHUL]HG ZLWK
UHVSHFW�WR�JHQH�H[SUHVVLRQ�DQG�WKH�XVDJH�RI�PROHFXODU�SDWKZD\V�

:KLOH LW LV DFNQRZOHGJHG WKDW FRQYHQWLRQDO ODERUDWRU\ PHWKRGV UHTXLUH D FHUWDLQ GHJUHH RI
DGDSWDWLRQ� RXU SURMHFW DLPV WR FORVH JDSV EHWZHHQ HQYLURQPHQWDO H[SRVXUH DQG ELRORJLFDO
UHVSRQVHV E\ FRPSDUDWLYH LQYHVWLJDWLRQV EHWZHHQ &� HOHJDQV RU RWKHU VRLO QHPDWRGHV VDPSOHG
IURP�XQSROOXWHG�YV��SROOXWHG�KDELWDWV�DQG�WKH�ODERUDWRU\�DQLPDO�PRGHO�

9RQ 0LNHF]� $�� 6FKDUI� $� 3ROOXWLRQ ૱ EULQJ WKH ILHOG LQWR WKH ODE� 1DWXUH ���� ��� ������ GRL�
KWWSV���GRL�RUJ���������G�����������������
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+HDOWK�HIIHFWV��&RQWULEXWHG�/HFWXUH 7���

*HQHUDWLRQ�DQG�FKDUDFWHUL]DWLRQ�RI�XOWUDILQH�VRRW�SDUWLFOHV�ZLWK�VLPLODU�SK\VLFDO�EXW
YDU\LQJ�FKHPLFDO�SURSHUWLHV�HQDEOLQJ�GLIIHUHQWLDO�WR[LFRORJLFDO�DVVHVVPHQW�LQ�KXPDQ

OXQJ�FHOOV

$��'DV���-��3DQW]NH�����(��+DUWQHU�����6��-HRQJ�����*��-DNREL���7��*U¸JHU���6���GHU���6��'��%XFFKLDQLFR��
0��6NORU]�
��5��=LPPHUPDQQ����


�-RLQW�0DVV�6SHFWURPHWU\�&HQWHU��-06&���&RRSHUDWLRQ�*URXS�ૺ&RPSUHKHQVLYH�0ROHFXODU�$QDO\WLFVૻ
�&0$���+HOPKROW]�0XQLFK��*PXQGHU�6WU������������0¾QFKHQ��*HUPDQ\���-RLQW�0DVV�6SHFWURPHWU\
&HQWHU��-06&���&KDLU�RI�$QDO\WLFDO�&KHPLVWU\��8QLYHUVLW\�RI�5RVWRFN��'U��/RUHQ]�:HJ���������

5RVWRFN��*HUPDQ\

6FLHQWLILF &RQWH[W� 7KH FRQWULEXWLRQV RI XOWUDILQH SDUWLFOHV �8)3V� 'S೩ ��� QP� WR DGYHUVH KXPDQ
KHDOWK HIIHFWV DUH GHEDWHG >�@� 6WXGLHV DQDO\]LQJ WKH FRPSRVLWLRQ DQG ELRORJLFDO HIIHFWV RI 8)3V
IURP YDULRXV HPLVVLRQ VRXUFHV UHPDLQ OLPLWHG DQG LW LV FXUUHQWO\ QRW IXOO\ XQGHUVWRRG ZKLFK
SK\VLFDO RU FKHPLFDO FKDUDFWHULVWLFV DUH UHVSRQVLEOH IRU WKHLU VSHFLILF UHVSRQVH >�@� :KHWKHU WKH
SK\VLFDO FKDUDFWHULVWLFV FRQWULEXWH PRVW RU WKH SDUWLFOHV SULPDULO\ DFW DV FDUULHUV RI ELRORJLFDOO\
UHDFWLYH FKHPLFDOV� UHQGHULQJ WKH ELRORJLFDO UHVSRQVHV LV YDVWO\ XQNQRZQ >�@� $Q DGGLWLRQDO
FKDOOHQJH LV WKDW ELRORJLFDO UHVSRQVH LV RIWHQ LQIOXHQFHG E\ VHYHUDO SDUWLFOH SURSHUWLHV DW WKH VDPH
WLPH >�@� 7KXV� WKH IXQGDPHQWDO LQYHVWLJDWLRQ RI VXFK FDXVH�DQG�HIIHFW PHFKDQLVPV UHTXLUHV
VRSKLVWLFDWHG VWXGLHV LQ ZKLFK WKH SK\VLFR�FKHPLFDO SDUDPHWHUV RI 8)3 FRXOG EH DGMXVWHG LQ D
WDUJHWHG DQG UHSURGXFLEOH PDQQHU� +HQFH� ODERUDWRU\ FRQGLWLRQV DUH D VWULFW UHTXLUHPHQW WR DVVHVV
WKHVH SURFHVVHV DQG WKHLU LPSRUWDQFH IRU DGYHUVH KHDOWK HIIHFWV DQG WKXV WKH SURGXFWLRQ RI UHOLDEOH
DQG�UHSURGXFLEOH�GDWD�RQ�8)3V�LV�SHUWLQHQW�>�@�

$SSURDFK� *HQHUDWLRQ DQG FKDUDFWHUL]DWLRQ RI XOWUDILQH VRRW SDUWLFOHV RI VLPLODU HOHPHQWDO FDUERQ
FRUH ZLWK FKDQJLQJ FKHPLVWU\ L�H�� KLJK �8)3KLJK 2&� DQG ORZ RUJDQLF FRQWHQW �8)3ORZ 2&� WR
LQYHVWLJDWH GLIIHUHQW ELRORJLFDO UHVSRQVHV LQ KXPDQ DOYHRODU HSLWKHOLDO $��� FHOOV DW WKH $LU�/LTXLG�
,QWHUIDFH �$/,�� 0HWKRGV� 7KH PLQLDWXUH FRPEXVWLRQ DHURVRO VWDQGDUG VRRW JHQHUDWRU �0LQL&$67�
ZDV XVHG WR JHQHUDWH XOWUDILQH VRRW SDUWLFOHV� $ FDWDO\WLF VWULSSHU �&6� DORQJ ZLWK KRQH\FRPE
DFWLYDWHG FDUERQ GHQXGHUV ZHUH XVHG IRU UHPRYLQJ RUJDQLF FRPSRXQGV GHSHQGLQJ RQ WKHLU
YRODWLOLW\� 7ZR FODVVHV RI 8)3 VRRW� GHSHQGLQJ RQ WKH DSSOLHG WHPSHUDWXUH LQ WKH &6 �UHVLGHQFH
WLPH ���� V� ZHUH JHQHUDWHG DQG IXUWKHU FKDUDFWHUL]HG� 3K\VLFDO FKDUDFWHUL]DWLRQ ZDV GRQH
FRQFHUQLQJ SDUWLFOH QXPEHU FRQFHQWUDWLRQ� SDUWLFOH PDVV FRQFHQWUDWLRQ� PRELOLW\ GLDPHWHU DQG
DHURG\QDPLF GLDPHWHU� :KLOH WKH FKHPLFDO FKDUDFWHUL]DWLRQ RI WKH GHULYHG SDUWLFOHV ZDV GRQH LQ
WHUPV RI RUJDQLF �2&�� HOHPHQWDO FDUERQ �(&� UDWLR� EODFN FDUERQ �%&� DQG TXDQWLILFDWLRQ RI
SRO\F\FOLF DURPDWLF K\GURFDUERQV �3$+V�� 6XEVHTXHQW H[SRVXUH RI $��� FHOOV DW $/, ZDV FDUULHG
RXW DQG WKH HIIHFWV RI XOWUDILQH VRRW RQ PHWDEROLF DFWLYLW\� F\WRWR[LFLW\ �/'+ UHOHDVH� DQG
[HQRELRWLF PHWDEROLVP �(52'� %52' HQ]\PH DFWLYLW\� ZHUH DVVHVVHG XVLQJ GLIIHUHQW ELRORJLFDO
DVVD\V� 5HVXOWV� 7KH DSSOLHG DSSURDFK DOORZHG XV WR JHQHUDWH WZR FODVVHV RI 8)3V� ZKLFK VKRZHG
VLPLODU SK\VLFDO FKDUDFWHULVWLFV EXW GLVWLQFWO\ GLIIHUHQW FKHPLFDO ORDGLQJ� 7KH GHWDLOHG FKHPLFDO DQG
SK\VLFDO DQDO\VLV LQGLFDWHG VLJQLILFDQW GLIIHUHQW 2& FRQWHQW IRU WKH WZR FODVVHV� )RU LQVWDQFH� LQ
FDVH RI 8)3KLJK 2&� (& ���� wJ& �P�� 2& ���� wJ& �P�� ZKHUHDV� IRU WKH 8)3ORZ 2&� (& ���� wJ&
�P�� 2& ��� wJ& �P�� +RZHYHU� WKH GLIIHUHQFHV LQ SDUWLFOH PDVV� SDUWLFOH QXPEHU DQG VL]H
GLVWULEXWLRQ ZHUH QRW VLJQLILFDQW� IRU H[DPSOH� PRELOLW\ GLDPHWHU IRU 8)3KLJK 2& ZDV DERXW ���� QP
DQG 8)3ORZ 2& ZDV DERXW ���� QP�� 2XU UHVXOWV LQGLFDWH WKDW DQ LQFUHDVH RI WKH 2& FRQWHQW GRHV QRW
FKDQJH WKH UHVSRQVH RQ PHWDEROLF DFWLYLW\ �8)3ORZ 2& ್ ���� 8)3KLJK 2& ್ ��� � DQG F\WRWR[LFLW\
�8)3ORZ 2&�KLJK 2& ್ ����� +RZHYHU� DQ LQFUHDVH LQ [HQRELRWLF PHWDEROLVP VHHPHG WR FRUUHODWH ZLWK
WKH 3$+V ORDGLQJ RI 8)3KLJK 2&� 7KH VKRZQ DSSURDFK DOORZHG XV WR DGMXVW VSHFLILF SK\VLFRFKHPLFDO
FKDUDFWHULVWLFV�RI�8)3�DQG�OLQN�WKHP�WR�VSHFLILF�ELRORJLFDO�UHVSRQVHV�

7KLV SURMHFW LV ILQDQFHG E\ WKH %DYDULDQ 0LQLVWU\ RI WKH (QYLURQPHQW DQG &RQVXPHU 3URWHFWLRQ�
6SHFLDO WKDQNV WR 'U� -¾UJHQ 6FKQHOOH�.UHLV� 'U� 0DWKLOGH 1RHPLH 'HODYDO� $QMD +XEHU DQG 6YHQMD
2IIHU�

>�@�.ZRQ��+6���5\X��0�+��	�&DUOVWHQ��&���([S�0RO�0HG���������������૱����
>�@ 3� (� 6FKZDU]H� -� �YUHYLN� 5� %� +HWODQG� 5� %HFKHU� )� 5� &DVVHH� 0� /§J� 0� /ºYLN� (� '\ELQJ 	
0��5HIVQHV��,QKDODWLRQ�7R[LFRORJ\�����������VXS���������
>�@ +RZDUG &9� -RKQVRQ ':� 0RUWRQ -� 0LFKDHOLV 6� 6XSSOHH '� %XUGRQ -� - 1DQRPHG 1DQRVFL� �����
-1$1�����
>�@ 3UDVKDQW .XPDU� *RSLQDWK .DODLDUDVDQ� $OH[DQGUD (� 3RUWHU� $OHVVDQGUD 3LQQD� 0LFKDĄ 0�
.ĄRVRZVNL� 3KLOLS 'HPRNULWRX� .LDQ )DQ &KXQJ� &KULVWRSKHU 3DLQ� '�.� $UYLQG� 5RVVHOOD $UFXFFL� ,DQ
0��$GFRFN��&ODLUH�'LOOLZD\���6FLHQFH�RI�7KH�7RWDO�(QYLURQPHQW���������������������,661�����������
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)XWXUH�/HJLVODWLRQ��&RQWULEXWHG�/HFWXUH )(��

+RZ�WR�JXLGH�OHJLVODWLRQ���$Q�LQWURGXFWLRQ�WR�WKH�(7+�13&�)RFXV�(YHQW�����

$��&��0D\HU�

�9(57���$VVRFLDWLRQ�IRU�%HVW�$YDLODEOH�7HFKQRORJ\

(PLVVLRQ /HJLVODWLRQ LV QRWKLQJ ZH MXVW KDYH WR ZDLW IRU DQG UHVSHFW DV DQRWKHU GLYLQH PHVVDJH EXW
WR LQLWLDWH� WR VXSSRUW� WR EDFNXS� WR LQIOXHQFH DQG WR FRQWURO FRQWLQXRXVO\� 9(57 KDV VWDUWHG WR
LQIOXHQFH HPLVVLRQ OHJLVODWLRQ ���� LQ 6ZLW]HUODQG DQG IROORZLQJ WKLV VXFFHVV VWRU\ LQ PDQ\ RWKHU
FRXQWULHV DOO RYHU WKH ZRUOG� 7KH (7+ 1DQRSDUWLFOH &RQIHUHQFH KDV EHHQ IRXQGHG �� \HDUV DJR IRU
H[DFWO\ WKLV SXUSRVH� WR EHFRPH DQ LQVWUXPHQW RI VFLHQFH DQG HQJLQHHULQJ DQG KDV GHILQLWHO\ EHHQ
DEOH WR IXOILOO WKHVH H[SHFWDWLRQV� ,Q DJUHHPHQW ZLWK WKH VXSHUVHGLQJ SULQFLSOHV RI ૺKXPDQ ULJKW IRU
FOHDQ DLUૻ DQG ૺLPSOHPHQW EHVW DYDLODEOH WHFKQRORJ\ૻ ZH KDYH GHPRQVWUDWHG� WKDW ZH FDQ KDYH DQ
LPSDFW HYHQ LQWHUQDWLRQDOO\ DQG ZLWKRXW DQ\ SROLWLFDO SRZHU MXVW E\ UHVHDUFK� WHFKQRORJ\ DQG FOHDU
GHWHUPLQDWLRQ� 7KH IRFXV HYHQW SUHVHQWDWLRQV WKLV \HDU DUH JRRG H[DPSOHV IRU WKLV ૺXQLW« GH
GRFWULQHૻ�DQG�ZLOO�SDYH�WKH�ZD\�IRU�IXWXUH�OHJLVODWLRQ�

'LH (PLVVLRQVJHVHW]JHEXQJ LVW QLFKWV� ZDV ZLU HLQIDFK DEZDUWHQ XQG DOV HLQH ZHLWHUH J¸WWOLFKH
%RWVFKDIW UHVSHNWLHUHQ P¾VVHQ� VRQGHUQ ZLU P¾VVHQ VLH LQLWLLHUHQ� XQWHUVW¾W]HQ� EHJOHLWHQ�
EHHLQIOXVVHQ XQG NRQWLQXLHUOLFK NRQWUROOLHUHQ� 9(57 KDW ���� LQ GHU 6FKZHL] EHJRQQHQ� (LQIOXVV DXI
GLH (PLVVLRQVJHVHW]JHEXQJ ]X QHKPHQ� XQG QDFK GLHVHU (UIROJVJHVFKLFKWH LQ YLHOHQ DQGHUHQ
/¦QGHUQ DXI GHU JDQ]HQ :HOW� 'LH (7+�1DQRSDUWLNHOWDJXQJ ZXUGH YRU �� -DKUHQ JHQDX ]X GLHVHP
=ZHFN JHJU¾QGHW� XP HLQ ,QVWUXPHQW GHU :LVVHQVFKDIW XQG 7HFKQLN ]X ZHUGHQ XQG NRQQWH GLHVH
(UZDUWXQJHQ HUI¾OOHQ� ,Q �EHUHLQVWLPPXQJ PLW GHQ ¾EHUJHRUGQHWHQ 3ULQ]LSLHQ �0HQVFKHQUHFKW DXI
VDXEHUH /XIW� XQG �EHVWH YHUI¾JEDUH 7HFKQLN HLQVHW]HQ� KDEHQ ZLU JH]HLJW� GDVV ZLU DXFK
LQWHUQDWLRQDO XQG RKQH SROLWLVFKH 0DFKW DOOHLQ GXUFK )RUVFKXQJ� 7HFKQRORJLH XQG NODUH
(QWVFKORVVHQKHLW HWZDV EHZLUNHQ N¸QQHQ� 'LH GLHVM¦KULJHQ 6FKZHUSXQNWYHUDQVWDOWXQJHQ VLQG JXWH
%HLVSLHOH�I¾U�GLHVH��XQLW«�GH�GRFWULQH��XQG�ZHUGHQ�GHQ�:HJ�I¾U�]XN¾QIWLJH�*HVHW]JHEXQJ�HEQHQ�
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)XWXUH�/HJLVODWLRQ��&RQWULEXWHG�/HFWXUH )(��

5ROH�RI�WKH�QHZ�:+2�$LU�4XDOLW\�*XLGHOLQHV

1��.¾Q]OL�

�0'�3K'��3URI��RI�3XEOLF�+HDOWK��6ZLVV�7URSLFDO�DQG�3XEOLF�+HDOWK�,QVWLWXWH�%DVHO�DQG�8QLYHUVLW\�RI
%DVHO��6ZLW]HUODQG��.UHX]VWUDVVH���������$OOVFKZLO����QLQR�NXHQ]OL#VZLVVWSK�FK

,Q 6HSWHPEHU ����� WKH :RUOG +HDOWK 2UJDQL]DWLRQ :+2 SXEOLVKHG QHZ $LU 4XDOLW\ *XLGHOLQHV
�$4*� >�@ FRQWDLQLQJ D VHW RI QHZ JXLGHOLQH YDOXHV DQG D IHZ *RRG 3UDFWLFH VWDWHPHQWV� LQFOXGLQJ
RQH RQ DPELHQW QDQRSDUWLFOHV� $V D JHQHUDO SDWWHUQ WKH QHZ $4* SURSRVHV FOHDUO\ ORZHU
FRQFHQWUDWLRQV WR SURWHFW SXEOLF KHDOWK WKDQ WKH $4* ����� 7KH SUHVHQWDWLRQ SXWV WKH QHZ $4* LQ
FRQWH[W RI WKH VFLHQWLILF HYLGHQFH DQG WKH FXUUHQW DLU TXDOLW\ WR GLVFXVV WKH LPSDFW RI WKH QHZ $4*
RQ IXWXUH UHJXODWLRQV� $ IRFXV ZLOO EH JLYHQ DOVR RQ WKH SRWHQWLDO LPSDFW RQ WKH 6ZLVV DLU TXDOLW\
UHJXODWLRQV��6R�IDU��WKH�ODWWHU�ZHUH�ODUJHO\�FRPSOLDQW�ZLWK�WKH�IRUPHU�:+2�$4*�

>�@ :RUOG +HDOWK 2UJDQL]DWLRQ� �૬�����૬� :+2 JOREDO DLU TXDOLW\ JXLGHOLQHV� SDUWLFXODWH PDWWHU �૬30���
DQG 30���૬� R]RQH� QLWURJHQ GLR[LGH� VXOIXU GLR[LGH DQG FDUERQ PRQR[LGH� :RUOG +HDOWK
2UJDQL]DWLRQ��KWWSV���DSSV�ZKR�LQW�LULV�KDQGOH���������������/LFHQVH��&&�%<�1&�6$�����,*2
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)XWXUH�/HJLVODWLRQ��&RQWULEXWHG�/HFWXUH )(���

2Q�WKH�HIIHFWV�RI�SDVW�DQG�IXWXUH�DPELHQW�DLU�UHJXODWLRQV�RQ�DLU�TXDOLW\�LQ�6ZLW]HUODQG
3UHVHQWDWLRQ�LQ�WKH�)RFXV�(YHQW�������1HZ�OHJLVODWLRQ�WR�JXLGH�WKH�ZRUOG

&��+¾JOLQ�

�(PSD��6ZLVV�)HGHUDO�/DERUDWRULHV�IRU�0DWHULDOV�6FLHQFH�DQG�7HFKQRORJ\��/DERUDWRU\�IRU�$LU
3ROOXWLRQ�DQG�(QYLURQPHQWDO�7HFKQRORJ\�������'¾EHQGRUI��6ZLW]HUODQG�

FKULVWRSK�KXHJOLQ#HPSD�FK
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)XWXUH�/HJLVODWLRQ��&RQWULEXWHG�/HFWXUH )(��

&OHDQHU�DLU�GXH�WR�YHKLFOH�DSSURYDO�RU�YHKLFOH�LQVSHFWLRQ"

3��%XHNHQKRXGW�����(��)HUQDQGH]�

�&,7$�9LFH�SUHVLGHQW�WHFKQLFDO�DIIDLUV��&,7$��+DQGHOVWUDDW�����������%5866(/6��%(/*,80����
%XHNHQKRXGW�S#JRFDYODDQGHUHQ�EH

3DUWLFOH 1XPEHU PHDVXUHPHQW �31� DUH LQWURGXFHG ZLWKLQ WKH KRPRORJDWLRQ RI (XUR �E GLHVHO
YHKLFOHV VLQFH ����� $OWKRXJK W\SH DSSURYDO OLPLWV IRU 31� 5HDO 'ULYLQJ (PLVVLRQ �5'(� WHVWV�
(XURSHDQ 2Q�%RDUG 'LDJQRVH �(2%'� DQG RSDFLW\ SODWH YDOXH DUH LQVWDOOHG IRU HDFK QHZ W\SH�
IUDXG�E\�UHPRYLQJ�WKH�'LHVHO�3DUWLFXODWH�)LOWHU��'3)��H[LVWV�

7KH�PHDQ�UHDVRQV�IRU�WKH�H[LVWLQJ�IUDXG�DUH�

,W�LV�FKHDSHU�DQG�HDV\�WR�FKHDW�WKDQ�WR�UHSDLU�
�(�2%'�LV�QRW�DEOH�WR�GHWHFW�IUDXG�
2SDFLW\�3ODWH�YDOXH�LV�QRW�FRQVLVWHQW�ZLWK�(XUR���DQG�(XUR���
3HULRGLF�7HFKQLFDO�,QVSHFWLRQ��37,��ZDV�QRW�DEOH�WR�GHWHFW�UHPRYDO�RI�'3)�

'XH WR WKH ZRUN RI &,7$ PHPEHUV ZLWK WKH FROODERUDWLRQ RI 9(57 DQG WKH 137, ZRUNLQJ JURXS
%HOJLXP ZLOO VWDUW DV WKH ILUVW FRXQWU\ ZLWK 31�FRXQWLQJ GXULQJ 37,� 2WKHUV OLNH 7KH 1HWKHUODQGV�
*HUPDQ\ DQG 6ZLW]HUODQG ZLOO IROORZ DV IURP ��������� 7KH SRWHQWLDO EHQHILW LQ UHGXFLQJ HPLWWHG
31�LV�HQRUPRXVO\������RI�WKH�FRQFHUQHG�(XUR���	���GLHVHO�YHKLFOHV��,W�LV�D�JUHDW�VXFFHVV��

%XW LI 7\SH DSSURYDO KDG DOVR WKRXJKW RQ YHKLFOHV LQ VHUYLFHV IURP ����� WKH 37, WHVW ZRXOG EH
WKHUH PXFK HDUOLHU� 7\SH DSSURYDO DQG 37, VKRXOG ERWK EHWWHU LQWHJUDWHG LQ HDFK RWKHU WR IXOILO
YHKLFOH�FRQWLQXRXV�FRPSOLDQFH�

&KHDWLQJ�VKRXOG�EH�PDGH�PRUH�GLIILFXOW�WR�LQWURGXFH�DQG�HDVLHU�WR�GHWHFW�
(2%'�VKRXOG�GHWHFW�IUDXG�

0HDVXUHPHQW�SURFHGXUH�DQG�UHMHFWLRQ�FULWHULD�RI�W\SH�DSSURYDO�DQG�37,�VKRXOG�EHHQ�IL[HG�WRJHWKHU�
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)XWXUH�/HJLVODWLRQ��&RQWULEXWHG�/HFWXUH )(��

1HZ�OHJLVODWLRQ�WR�JXLGH�WKH�ZRUOG��:KHUH�DUH�ZH�QRZ�DQG�LQ�ZKLFK�GLUHFWLRQ�VKRXOG�ZH
JR"

1��+HHE���

�(PSD��/DERUDWRU\�IRU�$GYDQFHG�$QDO\WLFDO�7HFKQRORJLHV���EHUODQGVWU������������'¾EHQGRUI�
6ZLW]HUODQG���1RUEHUW�+HHE#HPSD�FK

:KHUH DUH ZH QRZ ZLWK FXUUHQW YHKLFOH OHJLVODWLRQ DQG DLU TXDOLW\ JXLGHOLQHV" :KDW KDYH ZH
UHJXODWHG VR IDU� ZKDW VKRXOG ZH UHJXODWH LQ WKH IXWXUH" :KDW FDQ ZH OHDUQ IURP WKH RFFXSDWLRQDO
KHDOWK�OHJLVODWLRQ"

&DQ ZH DVVHVV QHZ WHFKQRORJLHV DQG QHZ IXHOV EDVHG RQ WKHLU HIIHFWV" :KDW DUH EHQHILWV DQG ULVNV
RI QHZ WHFKQRORJLHV DQG IXHOV" &DQ ZH FORVH WKH JDSV EHWZHHQ WDLOSLSH� DQG RFFXSDWLRQDO KHDOWK�
OHJLVODWLRQ"

,I D WKUHVKROG OLPLW YDOXH LV WKH PD[LPXP FRQFHQWUDWLRQ RI D FKHPLFDO� DOORZDEOH IRU D UHSHDWHG
H[SRVXUH ZLWKRXW SURGXFLQJ DGYHUVH KHDOWK HIIHFWV� VKRXOGQ
W ZH VHW QHZ OLPLWV IRU HQJLQHV DQG
YHKLFOHV�EDVHG�RQ�WKH�WR[LFLW\�RI�VXFK�FKHPLFDOV"

,I QHZ IXHOV DQG IXHO DGGLWLYHV DUH SURGXFHG DQG DSSOLHG DW ODUJH VFDOHV� H�J� !��
��� W�\� OLNH
RWKHU KLJK�SURGXFWLRQ YROXPH FKHPLFDOV� VKRXOGQ
W ZH DVN IRU D PXOWL�PHGLD ULVN DVVHVVPHQW�
LQFOXGLQJ�DQ�HYDOXDWLRQ�RI�WKH�KHDOWK�DQG�HQYLURQPHQWDO�LPSDFW"

6KRXOGQ
W WDLOSLSH� DQG RFFXSDWLRQDO KHDOWK�OHJLVODWLRQ DQG DLU TXDOLW\ JXLGHOLQHV UHJXODWH WKH VDPH
FRPSRXQGV" +RZ VKRXOG ZH UHJXODWH VHFRQGDU\ SROOXWDQWV� ZKLFK FDQ IRUP GRZQ�VWUHDP RI WKH
HQJLQH� H�J� LQ FDWDO\WLF FRQYHUWHUV� LQ WKH XUEDQ HQYLURQPHQW� DQG LQ DJHG DLU PDVVHV GXULQJ
DWPRVSKHULF�WUDQVSRUW�DQG�WUDQVIRUPDWLRQ"

7KHVH TXHVWLRQV ZLOO EH DGGUHVVHG LQ WKH SUHVHQWDWLRQ� ZKLFK VHUYHV DV DQ RYHUYLHZ RI FXUUHQW
YHKLFOH OHJLVODWLRQ DQG DQ RXWORRN IRU IXWXUH OHJLVODWLRQ IRU QHZ WHFKQRORJLHV DQG IXHOV� 7R IXUWKHU
VWLPXODWH�WKH�SDQHO�GLVFXVVLRQ��D�OLVW�RI�FRPPDQGPHQWV�ZLOO�EH�SUHVHQWHG�
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Environmental temperature effects on secondary organic and inorganic aerosols
formed from vehicle exhausts

H. Hagino1, R. Uchida1

1Japan Automobile Research Institute

Introduction & Background:

Fine particulate matter (PM2.5) is classified into primary particles emitted directly from sources
and secondary particles produced by chemical transformations of precursor gases, such as
photochemical reactions. PM2.5 in the air contains a large amount of secondary particles, and in
recent research into the measurement of nanoparticles in vehicle emissions has included
secondary particles in its assessment, rather than measuring only primary emissions from the
source. However, there is insufficient knowledge of the effect of environmental temperature
conditions on the formation of secondary particles. This study investigates the effect of
environmental conditions on the formation of secondary particles from vehicle exhaust in a smog
chamber experiment.

Methodology:

A mobile photochemical smog chamber was used to measure secondary particles and ozone
produced by photochemical reactions from gasoline automobile emissions. The environmental
temperature conditions of the mobile photochemical smog chamber and the chassis dynamometer
were -7°C, 23°C and 38°C. Diesel and gasoline passenger cars were used in the experiments, and
the diesel cars were tested only at 23°C. Vehicle exhaust gas was introduced into the mobile
photochemical smog chamber by connecting an ejector diluter (DI-1000) directly to the exhaust
pipe of a passenger car running on a chassis dynamometer in four phases of the World Wide
Harmonized Light Vehicles Test Cycle (WLTC). The smog chamber volume (reaction volume 7.5
m3) was kept constant with clean air and hydrogen peroxide (H2O2) was added as a source of OH
radicals, irradiated with 80 UVA 340 lamps and allowed to react photochemically for 5 hours.
Secondary particles were quantified by ion chromatography and carbon component analysis (OCEC
analysis, DRI model 2001) after filter collection.

Results & Conclusions:

The chemical composition of the particles detected after the photochemical reaction included
Elemental Carbon (EC) derived from primary particles, Organic Carbon (OC) including primary and
secondary particles, and ammonium nitrate derived from secondary particles. Comparing gasoline
and diesel car exhausts, gasoline car exhausts contain more VOCs, such as aromatic
hydrocarbons, which are more sensitive to the formation of secondary particles. Therefore,
gasoline car exhausts formed more secondary organic aerosols (SOA) than diesel car exhausts.
The effect of environmental temperature on gasoline car exhaust emissions (Figure 1) showed that
hydrocarbons (HC) were emitted in sufficient amounts at -7°C compared to 23°C and 38°C.
However, the formation of SOA did not increase linearly with the increase in HC emissions at
-7°C.This suggests that the decrease in temperature reduces the UV intensity, resulting in a
decrease in the amount of photochemical reaction of the HC precursor gas and in the yield of SOA
formation.

Next, it is known that the ammonium nitrate particles formed from gasoline vehicle emissions
depend on the mixture concentration of NH3 gas and HNO3 gas formed from NOX (Figure 2).
Despite the higher emission of NH3 gas at -7°C (circle plot in Figure 2) compared to 23°C (square
plot in Figure 2) and 38°C (triangle plot in Figure 2), the amount of ammonium nitrate particles
formed is lower.

It is important to take into account not only the amount of emissions but also the photochemical
reaction process, depending on the environmental temperature, to evaluate the possible impact
on PM2.5 formation in the atmospheric environment.

Figure 1: Effect of environmental temperature on SOA formation.
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Assessment of Sub-Micron Particulate Matter and associated Poly aromatic
hydrocarbons in indoor and outdoor air of Lucknow city: Capital of the most populated

state of India.

S. DWIVEDI1, T. Khan2, A. Taushiba 3,4, A. Lawrence 5*

1Research Scholar, Department of Chemistry, Isabella Thoburn College ,Lucknow , 2Assistant
Professor, Department of Chemistry , 3Research Scholar, Department of Chemistry, Isabella

Thoburn College, 4Department of Environmental Sciences ,Integral University , 5Assistant Professor
,Department of Chemistry ,Isabella Thoburn College

style="text-align: center;">*Presenting author email-id samridhi.dwivedi94@gmail.com

Corresponding author email-id alfred_lawrence@yahoo.com

Abstract

The present study was conducted in Lucknow city from 1st November, 2021-28th February, 2022 in three
microenvironments namely industrial, commercial and residential. Six houses from each
microenvironment were selected for indoor and outdoor monitoring PM2.5, PM>2.5, PM1.0-2.5, PM0.50-1.0,
PM0.25-0.50 and PM<0.25, and polycyclic aromatic hydrocarbons (PAHs) associated with PM2.5. From each
microenvironment 24 samples were collected during the monitoring period. The households were selected
on the basis of a questionnaire survey which was primarily done to assess the Indoor/outdoor
environment. Monitoring was done for four times in each house. The indoor concentration of PM2.5 in
industrial, commercial and residential areas ranged between 121-309, 189-289, and 114-299 µg/m3,
whereas the outdoor concentrations were between 299-356, 294-319 and 279-299 µg/m3 respectively. The
average outdoor concentration of PM>2.5 in industrial, commercial and residential microenvironments were
between 50-60, 51-65 and 31-49 µg/m3, whereas the indoor concentration ranged between 40-53, 41-59
and 41-49 µg/m3. The outdoor concentration of PM1.0-2.5 ranged between 38-49, 62-76 and 35-74 µg/m3,
whereas, the indoor concentration ranges from 31-62, 51-79 and 51-59 µg/m3 in industrial, commercial
and residential areas respectively. The average outdoor concentration of PM0.5-1 ranged between 61-68,
69-76 and 40-59 µg/m3, whereas the average indoor concentration was found to be between 51-59,50-74
and 50-59 µg/m3 in industrial, commercial and residential microenvironments. For PM0.25-0.50 the observed
indoor and outdoor concentration ranged 57-73,59-78,50-60 and 68-85,99-108,48-59 and for PM<0.25 the
concentration ranges from 84-112,59-81,51-69 and 98-119,86-102,41-59 for indoor and outdoor
respectively for the three microenvironment. The contribution of seven carcinogenic PAHs viz.
Benzo(a)anthracene, chrysene, benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene, indeno
(1,2,3-cd) pyrene and dibenzo(a,h)anthracene in households situated in industrial, commercial and
residential areas was estimated to be 60% ,40% and 39%. A significantly strong correlation between Flu
and Phe was obtained in residential households, which may be attributed to their release from combustion
of oil, coal, wood and other organic matter. The findings of this study may give a better understanding of
the quality of air pertaining to size determined particulate concentrations at various microenvironments
which could further help to have an insight of the noxiousness of Sub-micron particles with an improved
understanding to regulate them.

Keywords: Poly aromatic hydrocarbons, Sub-micron particles, Incremental Lifetime Cancer risk
[ILCR].

Powered by TCPDF (www.tcpdf.org)

mailto:samridhi.dwivedi94@gmail.com
http://www.tcpdf.org


Exhaust aftertreatment, Short Talk + 3min Video Presentation S-04

The effects of three-way catalyst samples on particulate emissions from a spark ignited
single cylinder engine

S. Karahanogullari1, S. Sterlepper1, S. Pischinger1*

1RWTH Aachen University, Chair of Thermodynamics of Mobile Energy Conversion Systems,
Forckenbeckstraße 4 52074 Aachen

Knowledge of the oxidation and formation process of soot on its path into the particulate filter
plays an important role in understanding its behavior under defined conditions. This is an
important prerequisite for the development of more comprehensive soot aftertreatment and
particulate filter monitoring strategies. In this study, an experimental investigation of the
interaction between three-way catalyst samples and particulate emissions was conducted on a
single-cylinder spark ignition internal combustion engine at the Institute of Thermodynamics of
Mobile Energy Conversion Systems (TME) at RWTH Aachen University. The experimental
investigations were performed at three different operating points representing low load, high load
and operation immediately after a cold start, all including lambda wobbling. Particulate counts
were measured with an Engine Exhaust Particle Sizer 3090 (EEPS) up- and downstream of
laboratory scaled three-way catalyst (TWC) samples. The samples were a blank cordierite brick, a
non-activated TWC with ceria-only coating, a commercial state-of-the-art TWC, and a commercial
TWC with a particularly high platinum group metals (PGM) loading. For all four catalyst samples,
the total particulate count was lower downstream than upstream of the TWC at all operating
conditions. The greatest effect on the particulate number (PN) occurred during low load operation
at n=2000 1/min, BMEP=3 bar. At this engine operating condition, the highest PN difference
between up- and downstream measurements was observed for the commercial state-of-the-art
catalyst sample. Particulates between 6 and 30 nm in size showed the largest changes at lean
operating conditions, which can be attributed to oxidizing effects. Despite the PN changes, the
particulate size distribution of the none-commercial, ceria-only coated sample maintained its
spherical shape during switching from upstream to downstream measurements.
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Experimental study on nanoparticles emissions from a TSI E6 vehicle beyond the
boundary altitude conditions of the RDE

T. Al-Wasif1, J. Sánchez1, C. Barrios1*

1Department of Environment. CIEMAT, Avda. Complutense, 40, 28040, Madrid, Spain

The transport sector is one of the human activities with the greatest impact on air pollution. Global
warming is increasing due to, in large part, gases produced by said activity, such as CO2 and NOx.
Indeed, nowadays air pollution is dominated by fine particulate matter with aerodynamic diameter
less than or equal to 2.5 µm, product of automobile traffic. Moreover, the exposure to fine
particulate matter contributes to approximately 4 million deaths worldwide, in the form of
increased risk of cardiopulmonary diseases [1].

With the purpose of protecting air quality and reducing the emission of greenhouse gases,
European regulations (EURO) have been put forward, limiting the amount of polluting emissions
derived from said forms of transport. In addition, to regulate traffic emissions in real operating
conditions, in May 2015, the "Real Driving Emissions" (RDE) procedure was approved as part of the
Euro 6 standard legislation. RDE arises from the need to evaluate nitrogen oxides and particulate
matter emitted by transport during its circulation on the road. However, although the RDE cycle
represents a wide range of driving situations, it excludes certain conditions of real traffic
operation, such as engine behaviour at heights above 1200 meters [2].

In line with this, the present work investigates the influence of altitude beyond the boundary
conditions established by the standard RDE cycle on particulate emissions, both in terms of their
size distribution and of their concentration, utilising a blend gasoline engine stratified with Euro 6
regulations.

The measures were carried out using a Skoda Yeti 1.2 TSI vehicle, which was transformed into a
mobile laboratory. This laboratory is designed to obtain the concentration and size distribution of
the particles (EEPS-3090, TSI Inc.) and the emission of gases (OBS-2000, HORIBA Ltd.). In addition,
it is also equipped with several devices capable of diagnosing the vehicle and determining its
position at all times, thus obtaining measurements in real time.

Our tests illustrate that, when the vehicle operates beyond the boundary conditions of the
standard RDE cycle, there is a considerable impact on the amount of the polluting emissions.
When the altitude increases, we have detected that the EOBD leans the air-fuel ratio due to the
oxygen deficit caused by the increase in altitude, which affects the vehicle's emissions.
Specifically, in both urban and rural areas, 97% and 47% more total particles are emitted,
respectively, as compared to the tests carried out within the limits. In addition, for nitrogen oxides,
all the tests carried out beyond the boundary conditions show 17% more of emissions compared to
the experiments carried out within the limits.

Our results indicate the need to revise and expand the limits of the RDE cycle since, in the current
legislation, operating conditions that are quite common in normal transport work are not
considered. Thus, a review of the emission limits set by the standard RDE cycle, at least with
respect to the height margins considered, should be the subject of further research.

[1] Vo, TTT, Wu, CZ, & Lee, IT, Biochemical Pharmacology, 2021, 182.

[2] Suarez-Bertoa, R, Astorga C, Franco V, Kregar Z, Valverde V, Clairotte M, Pavlovic J, &
Giechaskiel B., JRC Technical Reports, 2019.
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Urban and Cold-State Phase Particle Emissions of a Gasoline Hybrid and a CNG Vehicle

A. Kontses1, E. Saltas1, A. Raptopoulos-Chatzistefanou1, Z. Toumasatos1, L. Ntziachristos1, Z.
Samaras1

1Aristotle University of Thessaloniki, Department of Mechanical Engineering, Thessaloniki, Greece

Introduction: Road transport contributes up to 39% to urban PM2.5 (11% in EU-28 average) [1, 2],
while road vehicles are the biggest contributor to ultrafine particle number (PN) emissions in big
cities [3]. EU regulation has addressed light-duty vehicles PN emissions since 2011 for diesel and
2014 for gasoline direct injection (DI) engines. Recent studies show that port fuel injection (PFI)
engines are now among the highest emitters [4]. This study evaluates PN emissions of non-PF PFI
vehicles over on-road and laboratory tests. The focus is on urban routes and the cold start period,
which is not evaluated separately in the current regulation.

Methodology: Two latest-technology vehicles were selected: a EU6d-temp monofuel PFI
compressed natural gas (CNG) (tested also as GDI, gasoline is used as backup fuel) and a Eu6d
hybrid gasoline PFI one. On-road tests comprised several routes within and beyond the real driving
emissions (RDE) boundaries, while laboratory tests included the current type-approval cycle
(WLTC) and several urban routes (such as Transport for London). In all tests, PN emissions were
measured with a portable emissions measurement system (PEMS), while a prototype sampling
system was used for the determination of sub-23nm PN emissions.

Results and conclusions: The graph on the right presents PN emissions of the studied
powertrains for the total trip/test and for the urban, rural and motorway parts separately. A wide
range of emissions is observed in all vehicles and test phases. This is attributed to the different
trip characteristics and driving dynamics of each test. Average CNG PN emissions are more than
one order of magnitude lower than the hybrid PFI and the GDI, with no significant difference
between the latter ones. Urban PN are on average 2.3 times higher than the total trip PN,
revealing the effect of the cold start. The graph on the left presents the cold start (first 5 minutes
of engine operation) contribution to total-cycle cumulative PN. The cold start share is up to 95% in
short tests, while this is significantly reduced in higher trip distances (up to 30% in typical RDE
trips). Among the different powertrains, the lowest cold start contribution is observed in
CNG. These findings reveal that cold start period is a major contributor to total-cycle emissions,
especially in short trips and can be used to underpin the development of the next emissions
regulation towards the suppression of high emitters in urban areas.

[1] European Environmental Agency (EEA), Air quality in Europe – 2020 report, 2020, [2] Thunis P.
et al., Urban PM2.5 Atlas - Air Quality in European cities, Publications Office of the European Union,
Luxembourg, 2021, 10.2760/336669, [3] Lorelei de Jesus A. et al., Ultrafine particles and PM2.5 in
the air of cities around the world: Are they representative of each other?, Environment
International, 2019, https://doi.org/10.1016/j.envint.2019.05.021, [4] Lähde T. et al., Solid particle
number emissions of 56 light-duty Euro 5 and Euro 6 vehicles, Journal of Aerosol Science, 2021,
https://doi.org/10.1016/j.jaerosci.2021.105873
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Novel entrained flow SCR using online synthesized catalyst particles in flue gas
cleaning systems

J. Beimdiek1, S. Schiller1, H. Schmid1*

1Paderborn University, Particle Technology Group, Warburger Str. 100, 33098 Paderborn, Germany

The flue gas of combustion processes – particularly for biomass combustion – typically contains a
significant amount of hazardous particles and gas components. Therefore, emission legislation
becomes increasingly restrictive regarding these pollutants, particularly NOx. As an effective
upgrade measure for non-compliant processes, selective catalytic reduction (SCR) has become the
prevailing technology for flue gas denitrification.

Here, a new concept for integration of a new type of SCR in a compact precipitation system for
combustion processes is presented. A surface filter with precoating is used to efficiently precipitate
even ultrafine particles without clogging of the filter material. Simultaneously, depending on the
precoat material, acid hazardous gases can be absorbed in the precoat layer. The innovative part
of this new SCR technique involves the continuous synthesis of catalytically active nanoparticles.
The SCR happens in-flight at the freshly created particle surface in the exhaust gas line.
Downstream, the catalyst particles are precipitated together with the fly ash particles in the
surface filter. Since the nanoparticles are still reactive, the filter cake serves as a fixed bed
catalyst and enhances the NOx separation performance. In contrast to precoat material, the
catalyst is not recycled. Hence, the catalysator material is required to be inexpensive. This
represents an incentive to replace established catalysators as vanadium oxide by e.g., iron oxide.

The integration of a particle synthesis step into the flue gas results in increased SCR activity and
enables either the use of less active metal oxides (as e.g. iron oxide) or the reduction of operation
temperature for the SCR. Since low operation temperatures are beneficial for combustion
processes coupled with heat recovery, a low-temperature (< 200°C) SCR process was investigated
in this work.

First experimental results prove the efficacy of the presented novel SCR concept. Even at very low
temperatures (175°C) a noticeable SCR performance was obtained. This concept is a promising
approach and has the potential to become an integral part of flue gas cleaning systems with an
existing precoat filtration stage.
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Reduction of PAHs by the Use of Electrostatic Precipitators at Different Positions in the
Exhaust Gas Stream of Logwood Stoves

D. Wohter1, L. Feikus1, P. G. Quicker1*

1 Unit of Technology of Fuels (TEER), RWTH Aachen University

Exhaust gas from logwood stoves consists of a wide range of particulate and gaseous pollutants.
According to projections of the German Federal Environment Agency (UBA) residential wood
combustion is responsible for well over 70 % of polycyclic aromatic hydrocarbons (PAHs) emitted
in Germany.

This poster addresses the potential of electrostatic precipitators (ESPs) to reduce PAHs emitted by
logwood stoves. The focus is on the influence of the ESP position in the exhaust gas pipe, hence
the effect of its working temperature on PAH reduction capability.

The reduction effect towards PAHs of two ESPs at different positions in the exhaust gas pipe was
investigated in the public funded research project TeToxBeScheit (funded by German BMEL). ESP 1
was positioned in the hot exhaust gas (average temperature: 300 °C) at the outlet of the stove.
ESP2 was positioned 8 m downstream the furnace in the cooled exhaust gas (average
temperature: 150 °C). The positions were chosen to simulate different options to integrate an ESP
into the exhaust gas pipe under real life conditions.

The results show a significant reduction for all EPA-PAHs with more than 4 benzene rings (starting
with fluoranthene) for both ESP positions. The reduction rate for both ESP positions is about 50 %
for those PAHs, even though particle characterization shows that PAHs with 4 and 5 benzene rings
are not particle-bound under the conditions present at position 1. Thus, these PAHs cannot deposit
together with the soot-particles, but still they are reduced. That finding was unexpected and bears
some importance for the industry, as ESP integrated into the stove-construction are more
marketable than those positioned at the chimney. 3 potential mechanisms leading to non-particle-
bound-PAH reduction are presented in this poster.

Another sub-project of TeToxBeScheit investigates the effects of emission reduction through ESPs
and catalysts on a toxicological level. The results shall be presented by Manuel Garcia-Käufer from
the Institute for Infection Prevention and Hospital Epidemiology (IUK) at University Medical Center
Freiburg in a second virtual poster.
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Enhancement in Performance Parameters and Reduction in Exhaust Emissions of a
Compression Ignition Engine using Stable Nanofuel Suspension

A. Jain1, A. Ambekar1, T. Thajudeen1

1School of Mechanical Sciences, Indian Institute of Technology Goa, Goa, India

Particulate Matter emissions from motorized vehicles are of great concern due to their
significant health impacts. Upgradation of fuel quality to reduce harmful emissions and accurate
measurement of these emissions has become essential. The nanoparticles (like aluminium oxide,
cerium oxide, etc.), when added to the base fuel (diesel/gasoline), improve the combustion,
performance, and emission characteristics of the fuel1–3. Although multiple investigations have
reported the impact of nanoparticle additives in improving the particulate emissions from exhaust,
very few studies have discussed the impact of stability of the nanofluid fuels4–6. The long-term
stability of the nanofuel suspension can be enhanced using surfactants as well as by employing
mechanical methods to reduce the particle size distribution of the nanoparticles added to the fuel.
We have used alumina (Al2O3) nanoparticles blended with diesel to test the effects on the emission
and combustion characteristics. Simultaneously, the stability of these nanofluid fuels is studied
using size analysis with the help of a dynamic light scattering (DLS) instrument.

The results revealed an improvement in brake thermal efficiency and brake-specific fuel
consumption along with the reduction of hydrocarbon and nitrogen oxides emissions with the
addition of 50 ppm and 100 ppm of alumina to the diesel fuel. Additionally, using DLS, it was found
that the alumina nanoparticles remained dispersed in diesel with no substantial change in their
size distribution, even after a few days when surfactant was used along with the bath-sonication.
Thus, the addition of nanoparticles can have a positive impact in improving the combustion and
emission characteristics of engines. Efforts are underway to study the effect of additives on the
emission of ultrafine particulate matter.

[1] Seal, S., Peterson, E. L., Deshpande, S., Patil, S. & Kuiry, S. C. Use of Oxide Nanoparticles in
Soot Reduction. United States Pat. 1, (2008).
[2] Gumus, S., Ozcan, H., Ozbey, M. & Topaloglu, B. Aluminum oxide and copper oxide nanodiesel
fuel properties and usage in a compression ignition engine. Fuel 163, 80–87 (2016).
[3] Mei, D., Zuo, L., Adu-Mensah, D., Li, X. & Yuan, Y. Combustion characteristics and emissions of
a common rail diesel engine using nanoparticle-diesel blends with carbon nanotube and
molybdenum trioxide. Appl. Therm. Eng. 162, 114238 (2019).
[4] Xia, G., Jiang, H., Liu, R. & Zhai, Y. Effects of surfactant on the stability and thermal conductivity
of Al 2O3/de-ionized water nanofluids. Int. J. Therm. Sci. 84, 118–124 (2014).
[5] Chen, A. F. et al. Combustion characteristics, engine performances and emissions of a diesel
engine using nanoparticle-diesel fuel blends with aluminium oxide, carbon nanotubes and silicon
oxide. Energy Conversion and Management 171, 461–477 (2018).
[6] Askar, A. H., Kadham, S. A. & Mshehid, S. H. The surfactants effect on the heat transfer
enhancement and stability of nanofluid at constant wall temperature. Heliyon 6, e04419 (2020).
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Systems for the reduction of Combustion Generated Nanoparticles in Heavy Plant
Machinery

P. Menéndez-Cabo1, H. García-González1*

1Instituto Nacional de Silicosis

Diesel Particulate Matter (DMP) is a major concern in the mining industry. In 2012 IARC
(International Agency for Research on Cancer) classified diesel engine exhaust as a group 1 human
carcinogen [1], with a specific limit value of 0.05 mg/m3 measured as elemental carbon. This will
come into effect in February 2026 in the underground mining and tunnel construction sectors.
Diesel engine exhaust is a primary source of submicron (particles with diameter < 1 mm) mine
aerosol [2]. All these issues are leading mining companies to look for different ways to reduce
diesel emissions. The main goal of this research is to assess diesel particulate matter reduction
after the installation of an emission control system (Proventia NOx Buster and Purifilter), which is
based on a combination of Diesel Particulate Filter (DPF) and Selective Catalytic Reduction (SCR)
technologies for emissions reduction in heavy diesel plant machinery. The equipment used for
sampling was the spectrometer Engine Exhaust Particle Sizer EEPS-3090 (TSI) and the Rotating
Disk Thermodiluter 379020A. The study was carried out in an underground mine in Spain in which
most of the mining trucks were installed with emission control systems. All the tests were carried
out when the trucks had left the mine fully loaded with the mined mineral. Five Volvo BM A20s
were tested, one without any emission control system, two trucks with the Proventia NOx-Buster,
and two trucks with the Purifilter system. Table 1 shows the concentration particle number
measured with the EEPS-3090 in the heavy plant machinery. The Volvo number 6 without any
emission control system had the highest concentration of nanoparticles both when idling, or
accelerating. The trucks number 7 and number 2 with the Proventia NOxBuster system, and the
trucks number 3 and 5 with the Purifilter system reported around ten times fewer nanoparticles
than the truck with no emission control system.

After analyzing data from the nine samples (taken with the same methodology), results show that
the systems based on a combination of Diesel Particulate Filter (DPF) and Selective Catalytic
Reduction (SCR) technologies are an alternative way to reduce DPM in the underground mining
industry, nevertheless, more research needs to be carried out to verify if this emission reduction is
enough.

[1] IARC, «DIESEL ENGINE EXHAUST CARCINOGENIC». 2012. [En línea]. Disponible en:
https://www.iarc.who.int/wp-content/uploads/2018/07/pr213_E.pdf
[2] B. Cantrel, K. Rubow, W. Watts, S. Bagley, y D. Carlson, «NIOSHTIC-2 Publications Search -
00232500 - Pollutant levels in underground coal mines using diesel equipment.», 1993. Accedido:
1 de abril de 2022. [En línea]. Disponible en: https://www.cdc.gov/niosh/nioshtic-2/00232500.html
[3] M. U. Khan y A. D. S. Gillies, «11 - Diesel particulate matter: Monitoring and control improves
safety and air quality», en Advances in Productive, Safe, and Responsible Coal Mining, J. Hirschi,
Ed. Woodhead Publishing, 2019, pp. 199-213. doi: 10.1016/B978-0-08-101288-8.00009-2.
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Determining the contribution of non-combustion sources by the fine PM source
apportionment results in Tehran, Iran

M. Zare Shahne1

1Assistant Professor, Khaje-Nasir-Toosi university of Technology

Tehran, the capital of Iran, is one of the most polluted megacities in the world. It is home to over 8
million residents who frequently face episodes of critically high pollutant levels. Fine particulate
matter (PM2.5) is one of the most significant criteria air pollutants and frequent episodes of
unhealthy air pollution condition have been reported for Tehran, Iran mainly because of critically
high levels of fine particulate matter. The composition and sources of these particles are poorly
known. The main purpose of this study is to determine the non-combustion sources by developing
source apportionment models in Tehran. To do that, the chemical profile of PM2.5 sources were
examined and analyzed by principal component analysis (PCA) and chemical mass balance (CMB)
models [1,2]. Consecutive use of these models allow us to separate the contribution of PM sources,
accurately.

[1] Guo-Liang Shi, Gui-Rong Liu, Xing Peng, Yi-Nan Wang, Ying-Ze Tian, Wei Wang, Yin-Chang
Feng, A Comparison of Multiple Combined Models for Source Apportionment, Including the
PCA/MLR-CMB, Unmix-CMB and PMF-CMB Models,Aerosol and Air Quality Research, 2014, 

[2] Shi, Guo-Liang, Zeng, Fang, Li, Xiang, Feng, Yin-Chang, Wang, Yu-Qiu, Liu, Guang-Xun, Zhu,
Tan, Estimated contributions and uncertainties of PCA/MLR–CMB results: Source apportionment for
synthetic and ambient datasets, Atmospheric Environment, 2011, 1352-2310
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Inductively Coupled Nitrogen Plasma Mass Spectrometry for online monitoring
of metals in airborne particles.

M. Tanner1, C. Stoermer1

1TOFWERK AG, Thun, Switzerland

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is one of the most sensitive and versatile
technology for detection of metals in various sample matrices. In recent years ICP-MS has become
a popular technology for the metal detection in individual (nano-) particles, the so called single-
particle ICP-MS (spICP-MS) technology [1]. The power of spICP-MS for single particle analysis is the
speed of analysis and the quantitative results. Several 100 particles can be analysed per second.
Detection limits for pure spherical metal particles range from

In principle airborne particles could be online measured by argon based ICP-MS. The intolerance of
the argon plasma to traces of oxigen in the supply gas requires a gas exchange device to replace
the air by argon before feeding the sampled particles into the ICP for analysis [2]. The main
limitation and the reason why ICP-MS did not yet find widespread in the analysis of airborne
particles is the required constant supply of 15-20 L/min of argon. A standard bottle of 50 L
compressed gas at 200 bar pressure lasts for about only a day of measurement which limits the
use of this technology outside a lab environment with fixed installed gas infrastructure.

A prototype ICP-TOFMS combining a MICAP plasma source (RADOM corp., Pewaukee, USA) and a
Time of Flight MS (TOFMS) (TOFWERK, Thun, Switzerland) offers the possibility to run the plasma
on a supply of compressed air or nitrogen [3]. Such gas supply is simpler to sustain in a mobile lab
and still provides similar analytical figures of merit as argon based ICP-MS. The TOFMS acquires full
mass spectra in microseconds to get quantitative multi-element information from individual
particles.

This presentation will introduce the instrument outline of the MICAP-TOFMS prototype with figures
of merit and demonstrate the usability of such instrumentation for online monitoring of airborne
metal rich particles.

[1] Claude Degueldre, Pierre Yves Favarger, Claudia Bitea, Analytica Chimica Acta, 2004, 518
(1-2), 137-142.

[2] Kohei Nishiguchi, Utani Keisuke, Fujimori Eiji, Journal of Analytical Atomic Spectrometry, 2008, 23(8),
1125-1129.

[3] Matthias Schild, Alexander Gundlach-Graham, Ashok Menon, Jovan Jevtic, Velibor Pikelja, Martin
Tanner, Bodo Hattendorf, Detlef Günther, Analytical chemistry, 2018, 90(22), 13443-13450.
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High-throughput generation of aircraft-like soot

U. Trivanovic1, G. A. Kelesidis1, S. E. Pratsinis1*

1Particle Technology Laboratory, Institute of Process Engineering, Department of Mechanical and
Process Engineering, ETH Zürich, Sonneggstrasse 3, CH-8092 Zürich, Switzerland

High-throughput, laboratory units for generation of aircraft-like soot are needed to quantify and
understand the impact of such emissions on public health and climate change due to the high
costs and limited access to aircraft engines. Enclosed spray combustion of jet fuel is used to
generate high soot concentrations, up to 255 mg/m3, three orders of magnitude higher than those
typically obtained by widely-used (i.e. miniCAST) soot generators. This enables routine
characterization of the soot specific surface area (SSA) and pore size distribution (PSD) by N2
adsorption (Fig. 1) that are of prime importance for assessing the toxicity of nanomaterials [1]. 

The geometric mean mobility diameter, dm, of soot agglomerates was systematically varied from
15 to 180 nm by varying the equivalence ratio (EQR) at constant fuel feed rate. The geometric
mean primary particle (PP) diameter, dp, standard deviation, σgp, and mass-mobility exponent, Dfm,
were hardly altered in that EQR range. These measured Dfm and σgp indicate that soot PPs were
sinter-bonded by surface growth, in agreement with aircraft emissions literature. At these
conditions, small agglomerates of soot nanoparticles are emitted having dm ranging from 11 [2] up
to 61 nm [3] and dp ranging from 10 nm at 50% thrust [2] to 18 nm at maximum thrust (100 %)
[4]. The morphology of these agglomerates is quantified by their Dfm that ranges from 2.6 to 2.8 at
high thrust levels [3]. The organic (OC) to total carbon (TC) mass ratio of soot emitted from high
thrust aircraft engines is consistently small (< 20%). Most importantly, soot made at EQR ≤ 1.34
has mainly small pores (Fig. 1) and similar morphology (Dfm = 2.52 ± 0.17), SSA (160 – 239 m2/g),
OC/TC (< 20 %), dm (15 – 60 nm) and dp (14 nm) with those from high thrust (50 – 100 %) aircraft
emissions. Thus, enclosed spray combustion units can be used to produce large mass
concentrations of aircraft-like soot, enabling the offline characterization of its SSA and PSD. Last
but probably not least, the SSA of soot produced at EQR ≥ 1.46 is enhanced through the presence
of pores with 2 – 4 nm width formed by internal oxidation.

[1] Otmar Schmid, Tobias Stoeger. J. Aerosol Sci., 2016, 99, 133–43. 

[2] Adam M. Boies, Marc E. J. Stettler, Jacob J. Swanson, et al. Aerosol Sci. Technol., 2015, 49, 842–55. 

[3] Manuel Abegglen, Lukas Durdina, Benjamin T. Brem, et al. J. Aerosol Sci., 2015, 88, 135–47. 

[4] Anthi Liati, Benjamin Brem, Lukas Durdina, et al. Environ. Sci. Technol., 2014, 48, 10975–83. 
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Accurate quantification of Polycyclic Aromatic Compounds (PACs) adsorbed on soot
samples

S. Lara1, F. Villanueva2, M. Martín1, S. Salgado1, B. Cabañas1*

1Institute for Combustion and Atmopheric Pollution, Castilla La Mancha University, Ciudad Real,
Spain, 2Castilla La Mancha Science and Technology Park

The incomplete combustion processes contribute to a great extent generating atmospheric
pollutants, not only in gas phase but also particles in suspension. The main source of particulate
matter in urban areas is traffic [1]. Their emissions are constituted for soot that is mainly
composed of black carbon and a soluble organic fraction where organic compounds are adsorbed
on it such as Polycyclic Aromatic Compounds (PACs). They are considered as toxic persistent
substances [2]. In addition, soot is a strong contribution to the climate change [3].

Nowadays, the mechanism of soot formation is still unknown, although all predictive models agree
that PAHs (Polycyclic Aromatic Hydrocarbons) are the key precursors. In this study, two diesel soot
(DS) and one biodiesel soot (BS) generated by an engine in the laboratory under controlled
conditions were chemically characterised. One of diesel soot (DS-E) sample was generated in a
different driving mode than the other two soot samples (DS-G and BS-G). Microwave-assisted
extraction (MAE) with two solvent mixtures: acetone:toluene and pyridine:acetic acid were used
for the extraction of 28 PACs (PAHs, Nitro-PAHs and Oxy-PAHs) from the soot. The quantification of
PACs was performed by using GC-MS/MS operating in Multiple Reaction Monitoring (MRM) mode.
This methodology was previously validated with a standard reference material (SRM 1650b)
achieving good recoveries for the majority of PACs: 66-183% (acetone:toluene) and 52-183%
(pyridine:acetic acid) and total amounts of PACs (ΣPACs) of 699 and 692 ng m-1 respectively. The
results show higher PACs amounts when using pyridine:acetic acid and these are similar for soot
generated in the same driving modes regardless of fuel type (33 and 43 ng m-1 for DS-G and BS-G,
respectively, and 75 ng m-1 for DS-E). However, the recoveries of some internal standards PAHs
and NPAHs were < 50 %. A double extraction was carried out obtaining an increase of ΣPACs (74,
73 and 87 ng m-1 for DS-G and BS-G and DS-E, respectively and the recoveries were >66 % for all
PACs in DS-E. A soxhlet extraction was also carried out for DS-G and the amount of ΣPACs obtained
was 422 ng m-1, improving the recoveries (>77%). Therefore, the identification and quantification
of certain PACs depend mainly on the conditions of collection and generation of the soot, implying
modifications of the extraction conditions.

[1] May, A. A.; Nguyen, N. T.; Presto, A. A.; Gordon, T. D.; Lipsky, E. M.; Karve, M.; Gutierrez, A.;
Robertson, W. H.; Zhang, M.; Brandow, C. Atmospheric Environment, 2014, 88, 247-260.
[2] Cervena, T.; Rossnerova, A.; Sikorova, J.; Beranek, V.; Vojtisek‐Lom, M.; Ciganek, M.; Topinka, J.;
Rossner Jr, P. Basic & clinical pharmacology & toxicology 2017, 121, 102-108.
[3] IPCC. Cambridge University Press, UK and NY, USA, 2013.
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Soybean/palm biodiesel soot: characterization and heterogeneous reactivity with NO2
and CF3COOH

M. I. Aranda 1, M. S. Salgado1,2, A. Tapia1, M. P. Martín1,2, F. Villanueva2,4, M. R. García-Contreras3,5,
B. Cabañas1,2*

1Universidad de Castilla - La Mancha. Departamento de Química Física, Facultad de Ciencias
Químicas, Av. Camilo José Cela s/n, 13071 Ciudad Real, Spain., 2Universidad de Castilla - La

Mancha, Instituto de Investigación en Combustión y Contaminación Atmosférica, Camino
Moledores s/n, 13071 Ciudad Real, Spain., 3Universidad de Castilla-La Mancha. Campus de Exc. Int.

en Energía y Medioambiente, Escuela de Ing. Industrial y Aeroespacial, Real Fábrica de Armas,
Edif. Sabatini, Av. Carlos III 45071 Toledo, Spain, 4Parque Científico y Tecnológico de Castilla - La
Mancha, Paseo de la Innovación 1, 02006, Albacete, Spain, 5Universidad de Castilla-La Mancha.
Campus de Exc. Int. en Ener. y Medioambiente, Inst. de Inv. Aplicada a la Ind. Aeronáutica, Real

Fábrica de Armas, Edif. Sabatini, Av. Carlos III 45071 Toledo, Spain

Soot is one of the pollutants generated in the incomplete combustion of fuels. Soot contributes to
climate change, affect to air quality and has negative effects on the human health. It is important
to determine it physical and chemical properties in order to evaluate it impact. The aim of this
work is to study the chemical reactivity of biodiesel soybean/palm soot samples, with NO2 and
CF3COOH using a Knudsen flow reactor, evaluating the initial and steady-state uptake coefficients.
Information about the functionalities present on the surface is also obtained since NO2 is used as a
titration agent for reducing or oxidizable groups, while CF3COOH, a strong acid, is used to evaluate
the presence of basic sites on the soot surface. The results indicate that the uptake coefficients
obtained for the reaction of NO2 with soot are one order of magnitude higher than the
corresponding for CF3COOH reaction. The total number of molecules taken up by the soot has also
been calculated and the values for CH3COOH reaction are at least two orders of magnitude higher
than the corresponding for NO2 reactions, indicating the high presence of basic groups on the soot
surface. Additionally, functional groups are investigated before and after the reactions using
diffuse reflectance infrared spectroscopy (DRIFTS). Bands attributed to C-H bonds in saturated and
unsaturated aliphatic chains, C=C vibrations, C-H vibrations in aromatic compounds are present in
all samples, and vibrations due to R-NO2 bonds are also observed in samples treated with NO2. No
clear difference with respect to unreacted samples were found for soot treated with CF3COOH.
Thermogravimetric analysis-differential scanning calorimetry-mass spectrometry (TGA/DSC-MS)
has been used to obtain more information about the volatile organic compounds present on the
soot and to obtain the mass loss and heat flow profiles in an inert (nitrogen flow) and oxidant (air
flow) atmosphere. Finally, information regarding the topography and chemical composition is
obtained using scanning electron microscopy (SEM).
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Flame Spray Pyrolysis to Asses Sustainable Aviation Fuel Emissions

J. Scott1,2, R. Kholghy1, G. Smallwood2, P. Lobo2

1Carleton University, 2National Research Council Canada

Sustainable aviation fuels (SAF) offer advantages to reducing soot emissions and offer possibilities
for improving overall aircraft engine performance and fuel efficiency. However, SAF’s require
extensive testing and evaluation in the development process [1]. Here, the possibility of using a
flame spray pyrolysis (FSP) reactor as a tool for rapid screening of soot emissions from liquid fuels
is investigated. Liquid fuel is atomized into a spray with dispersion oxygen and ignited by a
premixed methane pilot resulting in a turbulent flame with Reynolds numbers ranging from 6216
to 9157. The goal of this work is to assess the day-to-day consistency of the concentration and size
distribution of soot particles emitted from FSP to enable using it to compare soot emissions from
different liquid fuels. Extensive testing and sampling with Jet A1 were performed to find a
benchmark size and number concentration of soot emissions created with FSP and standard jet
fuel. An alcohol-to-jet SAF was used for comparison under the same flame conditions. Fuel and
dispersion O2 flow rates were adjusted from 10 mL/min to 12 mL/min and 2.00 L/min to 3.00 L/min
respectively, but three flame conditions (fuel [mL/min]/O2 [L/min]: 10/3.00, 12/2.00, and 12/2.50)
were chosen for comparison. Geometric mean mobility diameter (GMD) from Jet A1 ranged from
28 to 111 nm and total number concentrations varied from 1.88×106 to 1.53×107 #/cm3. The ATJ
GMD and total number concentration sampled were consistently lower, with a range of 19 to 91
nm and 0.67×106 to 1.39×107 #/cm3. The GMD geometric standard deviation (GSD) varied
between 1.54 and 2.06 for all samples compared. Although turbulent flame sampling is expected
to have day-to-day inconsistencies, improvements are being made to reach a goal of <10%
variability through day-to-day testing.

[1] J. Heyne, B. Rauch, P. Le Clercq, M. Colket, Comb. and Flame, 2021, 290, 120004
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Environmental nanoparticle exposure triggers gammaherpesvirus reactivation via the
MAPK signaling pathway in macrophages

L. Han1,5, V. Haefner1,5, D. Kutschke1, A. Fuchs1, B. Steer1, M. Irmler2, J. Beckers2,6, A. Feuchtinger3,
H. Adler4,5, T. Stoeger1,1

1Institute of Lung Health and Immunity, Comprehensive Pneumology Center, Helmholtz Zentrum
München, German Research Center for Environmental Health, Neuherberg, Germany, 2Institute of
Experimental Genetics, Helmholtz Zentrum München, German Research Center for Environmental
Health, Neuherberg, Germany, 3Research Unit Analytical Pathology, Helmholtz Zentrum München,
German Research Center for Environmental Health, Neuherberg, Germany, 4Institute of Asthma

and Allergy Prevention, Helmholtz Zentrum München, German Research Center for Environmental
Health, Neuherberg, Germany, 5Member of the German Center of Lung Research (DZL), Munich,
Germany, 6Technische Universität München, Chair of Experimental Genetics, Munich, Germany

Environmental particle inhalation and persistent herpesvirus infection are omnipresent and
associated with chronic lung diseases. Previously, we showed that pulmonary exposure to soot-like
carbonaceous nanoparticles (CNP) and fiber-shaped engineered double walled carbon nanotubes
(DWCNT) induced an increase of lytic viral protein expression in latently murine
gammaherpesvirus-68 (MHV-68) infected mouse lungs, with similar pattern as acute infection
suggesting virus reactivation. However, the underlying mechanisms remain unclear.

Mitogen-activated protein kinase (MAPK) signaling, a stress response pathway also activated by
certain particle-cell interactions, has been reported to contribute to herpesvirus infection. We
therefore studied whether CNP and DWCNT reactivate MHV-68 via MAPK signaling.

In a MHV-68 infected murine model, we confirmed that CNP exposure reactivated herpesvirus
mainly localized to CD11b+ infiltrating macrophage-like cells. To study the underlying mechanism,
we exposed persistently MHV-68 infected bone marrow derived macrophages (Ana-1/MHV-68) with
CNP and DWCNT. MAPK signaling and transcriptomic changes were investigated. Here, we found
that ERK1/2, JNK and p38 MAPK were rapidly activated within the first hour after CNP and DWCNT
exposure, followed by upregulation of viral gene expression (24 h) and increased viral titer (72 h).
However, no pro-inflammatory transcriptional signature was detected within 3 & 9 h. Further
pharmacological inhibition of p38 activation abrogated CNP but not DWCNT triggered virus
reactivation. In vivo, immunohistochemistry staining showed that p38 inhibitor pretreatment in
latently infected mice attenuates MHV-68 reactivation induced by CNP exposure.

Our findings suggest that CNP activates latent herpesvirus via p38 MAPK signaling, and that
pharmacological inhibition might alleviate ambient particle exposure related disease
exacerbations.
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Particle effective densities and size distributions in vehicular and wood combustion
exhaust emissions: Implications to particle deposition in the human respiratory system

A. Mukherjee1,4, J. Leskinen1, M. Ihalainen1, A. Mesceriakovas1, J. Joutsensaari2, P. Yli-Pirilä1, M.
Somero1, J. Louhisalmi1, H. Czech3,5, R. Zimmermann3,5, O. Sippula1,4*

1Department of Environmental and Biological Sciences, University Of Eastern Finland, 2Department
of Applied Physics, University Of Eastern Finland, 3Department of Environmental Health, Helmholtz

Munich, 4Department of Chemistry, University of Eastern Finland, 5Department of Analytical and
Technical Chemistry, University of Rostock

Size, morphology, and composition of airborne particles strongly affect human health. In this
study, the size distribution and effective density of fresh and aged fine particulate emissions from
small-scale combustions were measured using tandem aerosol particle mass analyser and
scanning mobility particle sizer (APM-SMPS) system. A SKODA SCALA (EURO6 gasoline car
equipped with particle filter) on a dynamometer was operated in four consecutive cycles consisting
of cold and warm idling and three distinct velocity phases with successive accelerations and
decelerations, to study vehicular particle emissions. For wood combustion emissions beech logs
were burned in a modern chimney stove, of which particles of four separate combustion phases,
namely warm and cold ignition, flaming and ember phase, were studied separately. The emissions
were photochemically aged using the oxidation flow reactor PEAR (1). The ICRP lung deposition
model was applied on all the available particle size distribution and effective density data to
estimate the relative fraction as well as the total mass deposition of these fine particles in head
airways (HB), trachea-bronchial (TB) and alveolar (ALV) regions, which were then used to
approximate the exposure levels.

             

Particles of photochemically aged vehicular emissions were significantly smaller (geometric mean
diameter 38-62 nm) than that of wood combustion aerosol (geometric mean diameter 69-250 nm).
Particle size distribution differed from idle and driving stages but the extent of OH exposure did
not seem to have any major effect on size and effective density. For wood combustion, ageing
conditions and combustion phases had significant effect on particle size, shape and effective
density (Figure 1a). The modelled lung deposition estimates indicate that relative mass deposition
and exposure of photochemically aged car emission particles are highest in the alveolar (ALV)
region of the lungs, whereas fresh wood combustion particles dominate depositions in the head
airways (HA) region (Figure 1b). This work shows that photochemical aging substantially changes
the effective densities and morphologies of combustion-derived particles with implications to lung
deposition estimates and ultimately to human health.

1. Mika Ihalainen, Petri Tiitta, Hendryk Czech,….. Olli Sippula, Aerosol Sci. Technol., 2019, 53 (3),
276-294.
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Health Impact of inhaled log wood stove emissions by means of
advanced in-vitro Exposure Systems based on the Air-Liquid Interface Technique - a
tool for assessing the performance of emission mitigation measures at the biological

effect level

M. Garcia-Käufer1, L. Feikus2, D. Wohter2, M. Möller3

1AG Umwelt- und Nanotoxikologie, Institut für Infektionsprävention und Krankenhaushygiene,
Universitätsklinikum Freiburg, 2TEER Lehr- und Forschungsgebiet Technologie der

Energierohstoffe, RWTH Aachen University, 3Institut für Arbeits-, Sozial- und Umweltmedizin,
Universitätsklinikum Aachen

Background: During the wintertime, residential wood smoke is a main contributor to fine particle
pollution (PM) and is co-responsible for poor air quality. However, the assessment of adverse
effects after inhalation of wood smoke has so far mostly focused on the impact attributed to the
solid particulate fraction, whereas volatile compounds have been frequently neglected or at least
underestimated. Some of these chemicals that are released into the air are however toxic, some
irritate the respiratory tract, affecting the immune system, and some may cause cancer when
inhaled. Wood smoke is a higly complex and variable mixture of compounds and particulates
difficult to be approached in a comprehensive way, especially when it comes to health risk
assessment. This is probably due to the expense involved in toxicological characterisation because
it demands an interdisciplinary approach, including combustion process technologies, physical-
chemical analyses, and finally, biological hazard assessment. State-of-the-art in-vitro toxicological
evaluation strategies have currently reached an acceptable scope of application but still a poor
regulatory consideration. Meanwhile, advanced in-vitro exposure systems are able to close the
gap, linking aerosol formation and exposure events both temporally and spatially and can be used
to point out to what extent practical technical emission reduction measures (i.e. catalyst,
electrostatic precipitator) can be made visible by cell-based bioassays.
Methods: Sensitive human cell cultures, representing the lower respiratory tract epithelia (A549
alveolar cell line), were grown and exposed to wood smoke at the air-liquid-interface (ALI) aiming
to approach a realistic scenario. Whole wood combustion aerosol (quasi-native) as well as aqueous
aerosol condensates (impinger sampling) were examined for their relative toxicity potential using
online and offline exposure settings respectively, and followed by molecular bioassays. Lung cells
were exposed against whole wood smoke by means of an Automated ALI-Exposure-System
(Vitrocell®), being this data complemented by traditional submerged exposure settings in order to
increase significance and relevance. Appropriate toxicological endpoints were adressed and
parameters for cytotoxicity, inflammation, and genotoxicity were analysed in dependence to
different firing operation conditions: untreated raw aerosol, catalyst and electrostatic precipitator.
Results: A tiered assessment strategy ending with a bioassay battery is able to reveal the health
impact of inhaled whole wood smoke. Moreover, emission-reducing technical measures could be
quantified considering acute exposure scenarios. The data illustrate the effectiveness of technical
measures by reducing PM load and organic compounds. While raw combustion aerosol shows the
highest cell-damaging potential, the implementation of a catalyst, also in combination with an
electrostatic precipitator, results in a significant reduction in toxicity.
Conclusions: Being part of a interdisciplinary study, comprehensive monitoring of combustion
processes and characterisation of emissions using toxicological approaches can expand the
knowledge regarding the potential effects that wood combustion aerosol exert on human health.
Advanced in-vitro exposure systems have been proven to enable for a better prediction of acute
toxicity, aiming to provide a valuable tool to estimate safety of log wood stoves and biomass
combustion processes in general. The work moreover illustrates and reinforces the increasing
performance of alternative methods to animal testing in toxicology (3Rs).
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The efficiency of mobile air purifiers in private homes

K. Press-Kristensen1, T. Willumsen1, S. Koust2, C. S. Kirkeby3, P. E. Pedersen2, N. Villadsen2

1Green Transition Denmark, 2Danish Technological Institute, 3Danish Consumer Council

Candles, cooking, wood burning, and smoking as well as degassing from furniture and other
consumer products are important pollution sources of ultrafine particles (UFP), fine particles
(PM2.5), and volatile organic compounds (VOCs) in indoor environments. Likewise, outdoor air
pollution may cause unhealthy indoor environments. The long-term solution is to avoid air
pollution. In the short-term, mechanical ventilation and frequent airing might reduce indoor air
pollution if the outdoor air is clean. However, this is not always the case. Consequently, an
increasing number of citizens and institutions buy mobile air purifiers. Different products using
different purifying technologies are available. However, purifiers are approved on a laboratory
base and only a few detailed test studies have been performed in private homes and compared
with the efficiency of extractor hood, manual airing, and mechanical ventilation. Purpose: To test
air purifiers (found efficient in laboratory tests) in private homes and to compare the results to the
laboratory results, the purifier product information (promised efficiency), and the efficiency of an
extractor hood, manual airing, and mechanical ventilation. Methods: Eight mobile air purifiers
using different technologies were found efficient in laboratory tests (other ETH submission). These
purifiers were tested in a private home in A) A large living room openly connected to a kitchen-
dining area with vaulted ceiling having a total volume of 192.5 m3, and B) Three connected rooms
without vaulted ceiling (bedroom, walk-in closet, and bathroom) having a total volume of 67,5 m3.
The air purifiers were individually tested for their ability to remove UFP, PM2.5 and VOCs generated
from frying bacon in the kitchen and using scented candles in the bedroom, respectively. UFPs
were measured with newly calibrated P-Traks from TSI, PM2.5 was measured with newly calibrated
DustTrak DRX from TSI Inc, and VOCs were measured with a newly calibrated Tiger TVOC Detector
from ION Science. The efficiency of the purifiers was compared with manual airing (opening just
one window and opening several windows creating a draft through the rooms), using extractor
hood in the kitchen (on highest and second-highest level), and mechanical ventilation on low,
medium, and high level. Results/Discussion: Tests will be performed in the first week of May.
Hence, the results/poster will be ready well ahead of the ETH-conference on Combustion
Generated Nanoparticles. The results of the mobile air purifiers will be compared with the results
attained in the laboratory tests, purifier product information (promised efficiency), and the
efficiency of manual airing, extractor hood, and mechanical
ventilation. Acknowledgement: These experiments have only been possible due to the financial
support of Realdania Foundation and The Danish Landowners' Investment Foundation (Danish:
Grundejernes Investeringsfond). Main author: Kaare Press-Kristensen holds a master's and a
Ph.D. in environmental engineering from the Technical University of Denmark. He has been
teaching air pollution for 20 years at the university (recent years as external). He works as senior
air quality advisor in Green Transition Denmark. His work is focused on indoor pollution sources
and wood burning, road traffic, shipping, non-road machinery, and aircrafts. He works with
emissions, ambient air quality, and the connected risk to public and occupational health. He
mainly works on an international level. Contact info: kaare@rgo.dk / (+45) 22 81 10 27.
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Distribution, size segregation, sources of indoor particulate matter during burning
ofmosquito coils and incense sticks emissions and their health impacts

D. Ramteke1

1Scientist C

Indoor combustion source, like incenses, are commonly used for aesthetic and religious purposes
in various indoor as well as outdoor environments. The combustion leads to the production of a
large amount of smoke, which can pose a health risk due to inhalation exposure of particulate
matter (PM). Burning of mosquito coil and Incense sticks, is currently used in numerous households
in Asia, Africa, and South America. However, thesmoke may contain pollutants of health concern.
The indoor air pollution during household’s combustion of solid fuels in developing countries
causes several health problems. The health problems related to indoor aerosol increases the risk
of tuberculosis, asthma, cataracts, low birth weight, peri-natal mortality, etc. Hence, in this work,
segregation of particulate matter in 8modes i.e. PM10.0-9.0, PM9.0-5.8, PM5.8-4.7, PM4.7-3.3, PM3.3-2.1,
PM2.1-1.1, PM1.1-0.7 and PM0.7-0.4.The mean concentration of black carbon (BC), organic carbon(OC),
total carbon (TC) and PAHs in the mosquito coils and incense sticks emission with the range of
16255±229, 142052±1684, 158307±1734, 22839±390 and 6602±262, 63902±1478,
70504±1674, 15196±105 respectively. The concentration of ions i.e. F-, Cl-, SO4

2-, NO3
-, NH4

+, Na+,
K+, Mg2+, Ca2+was ranged from 75–190, 125–375, 210–475, 75–202, 25–90, 80–175 and
440–905,375–595, 975–1226 mg kg-1 with mean value of 954±25, 1680±59, 2778±59, 1019±25,
421±14,1034±22 and 5830±111, 3764±53, 8805±70 mgkg-1, respectively. The source
apportionment for mosquito coil and incense sticks burning contributes from different sources. The
findings from the present study suggest that exposure to the smoke of mosquito coils and incense
sticks similar to the tested ones can pose significant acute and chronic health risks.
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Influence of the combustion phase on the physico-chemical properties of particulate
matter

K. Köbölová1, J. Pospíšil1*, T. Sitek1, S. Valovič1

1Brno University of Technology

Introduction & Background: The World Health Organization (WHO) has classified air pollution as
the biggest health risk of the 21st century [1]. One of the major sources of air pollution with both
local and global dimensions is biomass combustion. In urban environments, emissions from small
combustion plants often make a major contribution to fine particulate air pollution. The potential
hazard of inhaled particulate matter (PM) depends on its chemical composition, shape and size.
These characteristics influence their deposition in the respiratory system and their subsequent
potential toxicity. The main objective of this work was to verify the influence of the combustion
phases of wood in a small stove on the particle composition, and also to verify a possible
correlation between particle size and particle composition

Methodology: The combustion tests were carried out on a manual log feed stove from the Czech
manufacturer ABX, model Grönland, specially adapted for experimental purposes. In this device,
beechwood without bark with a moisture content of about 6,1 % was burnt. The weight of wood
added per cycle was 2 kg. Sampling was carried out isokinetic using a 14-stages low-pressure
impactor Dekati® HT-DLPI+. The deposited polycarbonate filters with a diameter of 25 mm and
without pores were analysed on an electron microscope (LYRA 3, Tescan) with EDX.

Results & Conclusion: The combustion process was divided into two phases, the first phase is
the combustion of volatile matter and the second phase is char burning. The first combustion
phase is characterised by the solid deposit of PM being made up of primary spherical to oval
particles of about 45-80 nm in size, which are further agglomerated into spatial secondary
particles. In terms of topography, the samples are very similar. In the second phase, there is a
visible difference between the samples correlating with increasing fraction size. The primary
particles are spherical, regular, mostly with a narrow size distribution curve within a given sample
and a tendency to form agglomerates. In the case of larger fractions (size range from 2 μm to 10
μm), these agglomerates are irregular. The smaller fractions show a clear tendency to form regular
larger spherical agglomerates, usually up to 1 μm in size. This topographical change of the PM
during combustion is not yet clarified. Furthermore, the dependence of particle composition and
size was investigated. In both cases, the particles are mainly composed of carbon and oxygen
atoms. In the case of particles from the first combustion phase, in addition to carbon and oxygen,
potassium, chlorine, and a small amount of sulphur. Size does not affect the composition in any
way; all particles show similar trends. In the case of samples from the second phase of
combustion, the relationship between size fractions and composition is visible. In the case of
oxygen and carbon content, the opposite trend is visible - while the carbon content increases with
increasing size (increasing from 40 % by weight to 88 %), the oxygen content decreases. For the
smaller fractions, an increase in potassium and sulphur content is visible and zinc also appears.
Interestingly, there is a significant change in the potassium content, with the 0.05-0.09 μm size
fraction having a concentration 16× higher than the 0.9-1.6 μm size fraction.

Acknowledgement: This paper has been supported by the project of BUT FSI-S-20-6280.

[1] Health Organization, W., 2016. Ambient air pollution: a global assessment of exposure and
burden of disease. Clean Air J. 2016. 26.
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Controlling the Sampling Parameters to quench Collision Growth of Soot Particles
extracted from Laminar Premixed Flames

F. Khosravi1, F. Carbone1,2

1Department of Mechanical Engineering, University of Connecticut, 191 Auditorium Road, Storrs,
CT, 06269 USA, 2Center for Clean Energy Engineering, University of Connecticut, 44 Weaver Road,

Storrs, CT 06269-5233, USA

The purpose of this study is to investigate the effect of the sampling parameters on the size
distribution function (SDF) of naturally and collision-charged particles extracted from a laminar
premixed flame. The ability to quench the sampling-induced modifications of the results would
contribute to a deeper understanding of gas to particle conversion. Sampling was performed by
applying a constant suction pressure into a set of tubular probes each equipped with a small
orifice drilled through its wall to extract the soot particles from the flame. The soot particle nuclei
are diluted with nitrogen and conveyed to a Half-Mini High-Resolution Differential Mobility Analyzer
(DMA) after getting charged by colliding either only with the ions from the flame or also with the
ions seeded by radioactive decays in the dilution nitrogen. The transport and charging residence
time, Δt, from the sampling orifice to the DMA inlet is controlled by modifying the flow pattern
toward the DMA so that its effect on the measurements is isolated by keeping constant other
sampling parameters. Similarly, the effect of the orifice diameter size (i.e., the dilution ratio, DR) is
isolated as well. For both the naturally and collision-charged nanoparticles, the results indicate
that the shape of the measured SDFs can be made independent of Δt only when it is smaller than
40ms and for sufficiently large dilutions. Nonetheless, the achievement of sampling independent
results for the smallest particle nuclei becomes progressively more challenging as the total
particle load increases at progressively further downstream sampling positions in the flame.
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A critical evaluation of failures in current air pollution control policies in India and
proposal of innovative future policy perspectives.

Y. AHLAWAT1, A. BHARDAWAJ4,1*, R. BHARDWAJ3,2

1The NorthCap University Gurugram, India, 2Juno Terra Technology Private Limited Delhi, India, 3
Swami Keshvanand Institute of Technology, Management & Gramothan (SKIT), Jaipur, India, 4Juno

Terra Technology Private Limited Delhi India

India in general and Delhi in particular have become the air pollution hotspot and capital of the
world after being consistently ranked among the top air polluted countries and cities globally [1].
Air pollution is a big cause of morbidity and mortality world over [2, 3, 4]. The current and recently
introduced schemes and policies to arrest air pollution in India and specifically Delhi and adjoining
areas have been futile. These include failure and subsequent dissolution of Environment Pollution
(Prevention & Control) Authority (EPCA), ineffectiveness of Green Tribunal formed in 2010,
intermittent odd-even schemes (since 2016) of managing vehicles on roads, non-utilization of
Graded Response Action Plan (GRAP) for arresting pollution since 2017, negligible output in
pollution remediation since installation of multiple smog towers, non-implementation of fines on
stubble burning, ground level non-functionality of Commission on Air Quality Management (CAQM)
in the National Capital Region (NCR) and adjoining areas (2020), failures of 1st and 2nd Industrial
Policies (1982 and 2010-2021) for Delhi, etc. The methodology in this paper includes an extensive
literature review to critically evaluate the current air pollution control policies in India and propose
innovative future policy perspectives to better manage the air pollution scenario. Comparison of
policies of various countries and cities especially with similar demographic and geographic
backgrounds as India and Delhi has been done. It is expected that this research will aid the policy
makers to fine tune the gaps and issues in current policies and adopt some of the
recommendations offered in this research to evolve a robust and scientifically sound policy for air
pollution remediation in India.

 

 

[1] Bhardawaj A, Habib G, Padhi A, Anand A, Mahala N, Singh BK. Deteriorating air quality and
increased health risks in Delhi: The decisions being delayed. IIOAB Journal. 2016;7:10-5.

[2] Franklin, B. A., Brook, R., & Pope III, C. A. (2015). Air pollution and cardiovascular disease. Current
problems in cardiology, 40(5), 207-238.

[3] Pope 3rd, C. A., Bates, D. V., & Raizenne, M. E. (1995). Health effects of particulate air pollution: time
for reassessment?. Environmental health perspectives, 103(5), 472-480.

[4] Bhardawaj A, Habib G, Singh S. Ambient aerosol induced cardiovascular disease among subjects in
monsoon and winter season. In AAAS Annual Meeting, Boston 2017 Feb 16.
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On the toxicological effects of primary vs secondary aerosols: implication for human
health

M. Gualtieri1,4, F. Costabile2, G. Melzi3, M. Stracquadanio4, T. La Torretta4, E. Petralia4, M. Rinaldi2,
R. Vecchi5, S. Decesari2, E. Corsini3,3, G. Zanini4*

1Dept of Earth and Environmental Sciences, University of Milano Bicocca (IT), 2CNR-ISAC, Bologna,
Italy, 3Dept. of Pharmacological and Biomolecular Sciences University of Milano, Milan Italy, 4ENEA,

SSPT-MET-INAT Bologna Italy, 5Dept. of Physics, Università degli Studi di Milano & INFN-Milano,
Milano Italy

Air pollution is the first cause of death among the environmental related issues and despite the
efforts in reducing the concentration of airborne particulate matter (PM) pollution, epidemiological
evidences still show significant association between exposure to fine PM (PM2.5) and
mortality/morbidity. Notably, significant association is now reported for mass concentrations
previously considered as safe [2]. Toxicologists have now pointed out the relevance of sub-
micrometric particles well below the 2.5 and 1 µm thresholds that are considered in current
international legislations. Despite the accumulating evidences [1, 2], the actual metrics used for
air quality evaluation and health protection are based on the mass concentration metric while, for
example, standards for vehicle emission classification (such as EURO-6) consider the particle
number concentration of ultrafine particles (particles with diameter< 100 nm, UFP) as metric. The
RHAPS project [3]. had among major objectives to identify specific properties of the fine PM from
combustion sources that are responsible for toxicological effects and can be used as new metrics
for health-related outdoor pollution. Toxicological tests were performed by exposing at the air
liquid interface (ALI) directly at the site of air pollution monitoring the bronchial epithelial BEAS-2B
cells for 24 hours consecutively. The following genes were analyzed by real time PCR in exposed
and control cells: HO-1 and NQO1 for oxidative stress responses, ATM and GADD45a for DNA
damage and IL-8 for inflammation. IL-8 protein release was also analyzed. Doses of exposure were
defined according to [4]. Significant increases of oxidative stress (HO1 and NQO1) and
inflammatory (IL-8) signals were observed mainly in winter days while DNA damage signals
increased both in summer and in winter. The oxidative responses were selected as proxy of overall
damage and correlated to the mass concentration metric of PM1 and UFP showing a low
significance (R² below 0,05 ). We explored the possibility to correlate the biological outcomes with
other metrics. Interestingly, the higher correlation was found between oxidative response and
number deposition of particles for both PM1 and UFP although the overall correlation remained low
(R² = 0.24). The correlation improved when considering particles with diameter below 50 nm (R² =
0,271) and this correlation increased when cutting the upper diameter at 45 nm (R² = 0,276).
Interestingly, the correlation further increased when considering the fractional numbers over the
total UFP fraction (R² equal to 0,299 and 0,349 for 50 and 45 nm particles, respectively), therefore
accounting for the relevance of primary emitted particles. Preliminary observation also showed
that the fractional content of black carbon (fBC) may explain part of the response variability,
additional analyses are ongoing in this sense. The results obtained clearly show that the mass
concentration and mass dose of exposure are metrics that are not able to catch the toxicological
potency of urban air pollution. The correlation obtained between UFP and oxidative response point
out the importance of primary combustion nanoparticles in driving the biological outcomes, this
sustained by the association of BC with the size of UFP. In conclusion the results sustain i) the
relative lower importance of secondary particles in generating oxidative responses in exposed
cells and ii) the urgent need of revising the air quality metrics in force at national and international
level, taking into account the importance of UFP (or fraction of) particles and the content of BC.

[1] Cassee F.R., Héroux ME., Gerlofs-Nijland M. E., Kelly F.J, Inhalation Toxicology, 2013, 25:14,
802-812
[2] WHO global air quality guidelines. 2021 Geneva: World Health Organization; 2021. Licence: CC
BY-NC-SA 3.0 IGO 
[3] Costabile, F et al  Preprints 2022, 2022040107 (doi: 10.20944/preprints202204.0107.v1)
[4] Gualtieri M.,et al Chemosphere, 2018, 207 , 552 – 564.
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Effects of Traffic-Related Nanoparticles in the animal model C. elegans:
Neurodegeneration and Neurodegenerative Diseases

I. Scharpf1, A. Limke1, F. Blesing1, L. Schröpfer1, T. Schikowski1, A. von Mikecz1*

1IUF – Leibniz Research Institute of Environmental Medicine, Duesseldorf, Germany

style="text-align: justify;">How the environment contributes to neurodegenerative diseases such
as Alzheimer’s is not well understood. In recent years, science has found augmenting evidence
that nano-sized particles generated by transport (e.g., fuel combustion, tire wear and brake wear)
may promote Alzheimer’s disease (AD) and Parkinson’s disease (PD). Individuals residing close to
busy roads are at higher risk of developing AD, and nanomaterials that are specifically generated
by traffic-related processes have been detected in human brains. The invertebrate nematode
Caenorhabditis elegans (C. elegans) was chosen as a model organism to investigate
neurodegenerative bio-interactions of silica nanoparticles (NPs). C. elegans shares 60-80 % gene
homology with human genes, including disease genes. Thus, we are elucidating the effects of
traffic-related NPs on AD and PD models, and thereby their possible effects on human health.
Additionally, we include the non-chemical factor temperature into our analyses as little is known
about the interactions between the biological response to traffic-related NPs, climate change and
an aging population.
Age-synchronized C. elegans are treated and kept in liquid culture on 96 well plates where each
well represents a specific microenvironment. Observations of the worm behavior after treatment
provided us with information about the balance of the organism’s protein set and the status of the
neuronal network. Single neurons and their function were observed via reporter worms to
visualize, quantify and correlate neurodegeneration to previously discovered NP-related behavioral
phenotypes. Furthermore, mass spectrometry-based studies of the proteome provided insight into
gene expression and affected cellular pathways. We also developed age-resolved locomotion tests
to assess age-specific vulnerabilities and behavioral phenotypes under different environmental
conditions. As non-chemical environmental factor we include cultivation temperatures between 15
and 25° Celsius to interrogate the contribution of climate to the biological responses against traffic-
related particles.
Silica NPs caused widespread protein aggregation correlated with premature aging phenotypes.
Age-associated phenotypes included reduction of pharyngeal pumping, disorganization of gut
morphology, and reduced locomotion fitness. Accelerated aging additionally manifested in
premature neurodegeneration (i.e. impaired serotonergic neurosignaling), specifically in the
hermaphrodite specific motor neuron (HSN) which caused reproductive defects. Large-scale
studies of the proteome identified the gene ontology group “protein folding, proteolysis and stress
response” as major target of silica NPs. Neuromuscular defects such as reduction of locomotion
and paralysis were observed. The conclusion is that silica NPs cause premature aging in C. elegans
driven by an imbalance of protein homeostasis. In order to bridge the results to human health, we
currently are investigating the effects of silica NPs in C. elegans models of AD and PD, which
include human copies of tau protein or amyloid-β peptides (i.e. AD models) as well as α-synuclein
(i.e. PD model).

 

Von Mikecz A, Schikowski T. - Effects of Airborne Nanoparticles on the Nervous System: Amyloid
Protein Aggregation, Neurodegeneration and Neurodegenerative Diseases. Nanomaterials (Basel).
(2020);10(7):1349.

Piechulek A, von Mikecz A. Life span-resolved nanotoxicology enables identification of age-associated
neuromuscular vulnerabilities in the nematode Caenorhabditis elegans. Environ
Pollut. (2018);233:1095-1103.
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Gaseous and particulate inorganic reactive nitrogen (Nr) species at an agriculturally
intensive rural site of Delhi – NCR

M. Naseem1, U. C. Kulshrestha1

1School of Environmental Sciences, Jawaharlal Nehru University, New Delhi-110067, India

The world's acute reactive nitrogen (Nr) pollution is chronically eroding the biospheric integrity and
undermining the earth system's resilience to be in an accommodatable state. Owing to this
precariousness of Nr pollution, it becomes imperative to study the abundance and distribution of
Nr species, especially in the hotspots of Nr pollution. Therefore, the present study reports
simultaneous measurements of inorganic Nr trace gases (NH3, NO2, HNO3) and the corresponding
particulates (pNH4

+, pNO3
-) at an agriculturally intensive rural site in Delhi-NCR. The samples were

(n=60) collected from October 2017 to September 2018. The annual mean (± standard error)
concentrations of NH3, NO2, pNH4

+, and pNO3
- were observed to be 99.20 ± 7.55, 26.26 ± 1.55,

9.99 ± 2.78 and 14.48 ± 1.55, respectively. HNO3, on the other hand, was observed to be below
the analytical detection limit during the entire study period, which could be attributed to the
alkaline-dust-rich atmosphere of the study domain. The seasonal gradients in the mean
concentrations of NH3, pNH4

+, NO2 and pNO3
- were observed as post-monsoon > winter > pre-

monsoon > monsoon. To depict the transformational extent of NH3 and NO2 (to NH4
+ and NO3

-,
respectively). The conversion ratio of ammonium (NHR) and nitrate oxidation ratio (NOR) were
calculated separately for all seasons. Results showed lower magnitudes of NHR and NOR which are
attributable to the lower transformation of NH3 and NO2 to NH4

+ and NO3
-, respectively. Backward

wind trajectories computed with the help of HYSPLIT transport and dispersion model revealed that
arriving air masses at the sampling site during the sampling period were originated from both
regional and transboundary source regions.

Keywords: Seasonal variability, Reactive nitrogen, Long-range transport, Gas-to-particle
conversion
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Assessment of personal exposure to black carbon pollution level in an urban area

A. Minderyte1, A. Khan1, S. Šemčuk1, L. Davulienė1, M. Davtalab1, K. Kandrotaitė1, J. Pauraite1, V.
Dudoitis1, K. Plauškaitė1, S. Byčenkienė1*

1Department of Environmental Research, Center for Physical Sciences and Technology, Vilnius
University

Nowadays, cities cover 2% of the world's land area and account for 60% of total greenhouse gas
and other emissions [1]. Enhancing air quality should lead to an improvement in public health due
to the reduction in the health effects associated with particulate matter pollution.

Black Carbon (BC) particles are formed during the combustion of fossil fuels and solid biofuels and
are around 200 nm in diameter [2]. Due to the small radius BC particles can reach the alveolar
region, penetrate the circulatory system, and reach further internal organs [3]. Lately, due to the
rapidly growing transportation sector, transport-related pollution is the prevailing BC source in
developed cities and is a major problem for ambient air quality there. Air quality monitoring
stations represent the general pollutant levels prevailing in the selected area but cannot reflect
the personal exposure while travelling in the city. In this study, we examined changes in the urban
air quality, i.e., fluctuations in the black carbon mass concentration experienced during walking,
cycling and travelling by car in Vilnius and the contribution of pollution sources.

In the present study, a modern micro-Aethalometer (AethLabs, MA200) was used to measure the
BC mass concentration and to determine the level of pollution in mobile mode on the road while
travelling by car and on foot in different urban environments. In order to determine personal
exposure for a passenger in a car, the BC mass concentration measurements were conducted
inside and outside the vehicle. Results of mobile measurements were compared with urban
background level evaluated by stationary continuous measurements of aerosol BC performed
using a 7-wavelength Aethalometer (Magee Scientific, EA31) in the urban background
environment.

Assessment of the spatial distribution of BC pollution revealed that the impact on cyclists and
pedestrians is up to 16.6 times higher than in the background urban environment. Meanwhile,
when travelling by car, the BC exposure inside the car is 2 times higher than in the urban
background environment. Although the BC mass concentration is reduced by 70% inside the car
compared to the on-the-street level. BC mass concentration results were visualized using GIS
software to represent the spatial distribution of BC pollution. The results of the study raise major
concerns and present important evidence for sustainable urban planning and alternative route
selection.

This research was funded by a grant (No. S-MIP-20-28) from the Research Council of Lithuania.

[1] S. Harris, J. Weinzettel, A. Bigano, .A. Källmén, Journal of Cleaner Production, 2020, 248, 1–13.
[2] C. L. Reddington, G. McMeeking, G. W. Mann, H. Coe, M. G. Frontoso, D. Liu, M. Flynn, D. V.
Spracklen, and K. S. Carslaw, Atmospheric Chemistry and Physics, 2013, 13(9), 4917-4939.
[3] H. Bové, E. Bongaerts, E. Slenders, E. M. Bijnens, N. D. Saenen, W. Gyselaers, P. Van Eyken, M.
Plusquin, M. B.J. Roeffaers, M. Ameloot and T. S. Nawrot, Nature Communications, 2019, 10(1), 1-7.
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Brown-black carbon aerosol ambient sources, absorption properties and optical
interactions

V. Moschos1,2

1Paul Scherrer Institute, 2Now at: University of North Carolina System

Understanding the sources of light-absorbing organic (brown) carbon (BrC) and its interaction with
black carbon (BC) and other non-refractory particulate matter (NR-PM) fractions is important for
reducing uncertainties in the aerosol direct radiative forcing [1]. Here, multiple filter-based
techniques are combined to achieve long-term, spectrally resolved, source- and species-specific
atmospheric absorption closure.

Specifically, the mass absorption efficiency in dilute bulk solutions [2] at 370 nm is found to be
equal to 1.4 m2 g-1 for fresh biomass smoke, 0.7 m2 g-1 for winter-oxygenated organic aerosol (OA),
and 0.13 m2 g-1 for other less absorbing OA. Mie calculations are utilized to estimate the
contributions of these fractions to total aerosol absorption. While enhanced absorption in the near-
UV is often attributed to primary biomass smoke, here we show that anthropogenic oxygenated
OA may be equally important for BrC absorption during winter, especially at an urban background
site (Zurich).

Further, the mass absorption cross-section (MAC) of BC is assessed to be largely independent of its
source, while evidence is provided for a filter-based absorption enhancement (lensing) effect
associated with NR-PM components. The analysis results reveal that bare BC has a long-term MAC
of 6.3 m2 g-1 at 660 nm and an absorption Ångström exponent of 0.93 ± 0.16, while in the
presence of coatings its absorption is enhanced by a factor of 1.4. An indication for suppression of
the filter-based lensing effect in the presence of BrC is provided, based on Mie calculations of
closure between observed and predicted total light absorption. The total absorption reduction
remains modest, 10–20 % at 370 nm where BrC absorption is significant.

Overall, the presented results [3] allow an assessment of the relative importance of the different
aerosol fractions to the total absorption for aerosols from a wide range of sources and atmospheric
ages. When integrated with the solar spectrum at 300–900 nm, bare BC is found to contribute
around two-thirds of the solar radiation absorption by total carbonaceous aerosols, amplified by
the filter-based lensing effect (with an interquartile range, IQR, of 8–27 %), while the IQR of the
contributions by particulate BrC is 6–13 % (13–20 % in Magadino, a rural Swiss site, during winter).

Future studies that will directly benefit from these results include (a) optical modelling aiming at
understanding the absorption profiles of a complex aerosol composed of BrC, BC and lensing-
inducing coatings; (b) source apportionment aiming at understanding the sources of BC and BrC
from the aerosol absorption profiles; (c) global modelling aiming at quantifying the most important
aerosol absorbers.

[1] Alexander Laskin, Julia Laskin, Sergey A. Nizkorodov, Chemical Reviews, 2015, 115,
4335-4382.

[2] Vaios Moschos, Nivedita K. Kumar, Kaspar R. Daellenbach, Urs Baltensperger, André S. H. Prévôt, Imad
El Haddad, Environmental Science & Technology Letters, 2018, 5, 302-308.

[3] Vaios Moschos, Martin Gysel-Beer, Robin L. Modini, Joel C. Corbin, Dario Massabò, Camilla Costa, Silvia
G. Danelli, Athanasia Vlachou, Kaspar R. Daellenbach, Sönke Szidat, Paolo Prati, André S. H. Prévôt, Urs
Baltensperger, Imad El Haddad, Atmospheric Chemistry and Physics, 2021, 21, 12809-12833.
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Alteration of single scattering albedo during high pollution event in Vilnius, Lithuania

J. Pauraite1, A. Minderytė1, V. Dudoitis1, K. Plauškaitė1, S. Byčenkienė1

1SRI Center for Physical Sciences and Technology

Aerosols play a crucial role in atmospheric radiative budget because of their ability to scatter and
absorb light. Ability to warm or cool the atmosphere depends on various parameters such as
optical properties, chemical composition, particle size, aging and other atmospheric processes.
Complex field observational studies of aerosol properties under real and various conditions are
crucial for reducing uncertainties in estimation of aerosol radiative forcing. In this study, an event
of high air pollution levels was investigated with an aim to understand drivers of single scattering
albedo (SSA) alterations. Complex measurements and investigation of aerosol chemical
composition, microphysical and optical characteristics were conducted in urban environment in
Lithuania during residential heating season (from 10th October to 1st November 2014). Brown
carbon analysis revealed that residential biomass burning and primary traffic-related OA (BBOA
and POA, respectively) exhibited higher mass absorption cross-section values (1.14 m2 g−1 and
1.68 m2 g−1, respectively). During the measurement campaign, an extreme pollution event
appeared which was investigated by dividing it into two parts. During the first part of the event
PM10 (HC1) mass concentration reached up to 156.7 µg m‑3. SSA did not show any significant
changes and the value of 0.95 remained. Meantime, at the second part of event (HC2), another
peak of PM10 was registered (90.3 µg m‑3) which resulted in lower SSA value (0.86). A
strong correlation between SSA and PM1/BC was found for all the event (r=0.82). 

Fig 1. bscat dependence on babs together with PM1/BC (as data points size) and SSA (as colour
scale). Two squares are showing data points which occurred during HC1 and HC2 episodes.

This project has received funding from European Social Fund (project No 09.3.3-LMT-
K-712-23-0176) under grant agreement with the Research Council of Lithuania (LMTLT)
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Performance of the new PN-PEMS instrument MPEC+ and comparison of real driving
emission between cold and warm engine for a fleet of EURO 5 and Euro 6 vehicles

M. Nikka1, E. Laakkonen1, A. Arffman1, S. Mikkonen2, M. Olin3, P. Karjalainen3, A. Järvinen4

1Dekati Ltd., Kangasala, Finland, 2Department of Applied Physics, University of Eastern Finland,
Kuopio, Finland, 3Aerosol Physics Laboratory, Tampere University, Tampere, Finland, 4VTT

Technical Research Centre of Finland, Espoo, Finland

Object of this study was to study the performance of the new PN-PEMS instrument called MPEC+
(Dekati Ltd.) and then use the MPEC+ to study how engine conditioning affects the real driving
particulate emissions. The core of the MPEC+ is the Dekati’s recently introduced ePNC sensor [1]
which is based on diffusion charging technology and has already demonstrated its performance on
engine idle and auxiliary heater measurements [2]. MPEC+ fulfills the counting efficiency
requirements defined by EU regulation 2017/1154 [3] with d50% at 23 nm.

To test MPEC+ performance, a diesel vehicle was driven according to Worldwide Harmonized Light
Vehicles Test Cycle (WLTC) on a chassis dynamometer. Reference instrument was a CPC
(Airmodus A23) that was placed after a constant volume sampler and an additional dilution
combined with an evaporation chamber. The MPEC+ was found to be in good agreement with the
reference PMP-system. 

A fleet of gasoline and diesel passenger cars solid particle number (SPN) emissions were measured
using the MPEC+. Vehicle ages ranged from 2009 to 2022 and hence all vehicles fulfilled EURO 5
or EURO 6 standards. Focus of the measurement campaign was to evaluate the effect of engine
condition to real drive SPN in cold northern conditions. Measurements were carried out in Finland
in Tampere region. Length of the route was approximately 23 km and contained diversely different
road types from urban to highway. All vehicles drove the same route twice, first with cold engine
and then under normal engine running temperature. Temperature conditions during the campaign
where close to zero degrees and vehicles were left to cool down at least for 4 hours, before the
cold driving cycle.

It was observed that, as diesel engines with fully operational DPF doesn’t emit particles, gasoline
engines produce significant particle number emissions especially after cold start. Also, hybrid
vehicles were tested. Hybrids change the source of power between electricity and combustion
frequently depending on the driving condition. These multiple starts lead to different emissions
during the drive cycle, compared to normal internal combustion engine using vehicles.

[1] Arffman et al., Characterization of the ePNC number counter for annual PTI and testing
applications, ETH-Conference, 2021
[2] Karjalainen P. et al., Fuel-Operated Auxiliary Heaters Are a Major Additional Source of Vehicular
Particulate Emissions in Cold Regions, Atmosphere, 2021, 12, 1105
[3] Commission Regulation (EU) 2017/1154, O.J., 2015, L 175, 60

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


Nanoparticle Metrology, 3min Video Presentation P-06

A suitable aerosol generator for infield-calibration of particle number devices for PTI
and low-cost black carbon absorption photometers

A. Del1, A. Nowak1*, J. L. Saturno1, V. Ebert1*

1Physikalisch-Technische Bundesanstalt (PTB), Braunschweig, Germany

Introduction & Background: Particulate number emissions from road vehicles are in the focus of
the current PTI legislation in Germany. Therefore, the PTI PN device must be approved and
calibrated, specifically three technical procedures have to be fulfilled [1,2,3]. In parallel, absorption
photometers are commonly used to measure the atmospheric mass concentration of light
absorbing particles, like black carbon (BC), which is the most important radiative forcer among
aerosol particles given its infrared to visible spectral absorption. Most of such devices are used in
European air quality monitoring networks as well as low-cost sensor on board of multicopter
system. However, there is growing need for a portable and reliable source for in situ calibration of
both measuring methods.

Methodology: A good candidate source is a generator based on spark discharge ionization. The
spark discharge generator (SDG) produces graphitic aerosol particles and consists of a chamber
filled with an inert gas (usually nitrogen or argon), which houses two graphite electrodes and
connected them to a high voltage supply. In this study, a PALAS DNP 3000 (PALAS GmbH,
Germany) has been used for generating graphitic particles and measured their particle number
size distribution with SMPS, a total particle number concentration with an UCPC (TSI 3776) and the
black carbon mass with a PAX 870 (DMT). The SDG was operated by only using the inert gas N2
and avoiding the use of dilution air, in order to facilitate the transportability and in-field operation
of the generator. The N2 flow rate was fixed to 1.8 l/min. The frequency of the spark discharge
spanned from 60 to 200 Hz and the voltage was set to 2500 V. Aftertreatment of the graphitic
aerosol is done by rotations disk diluter (TESTO, MD 19) to adjust different levels for particle
number concentration and particle mass respectively. To avoid and minimize larger graphitic
particles by agglomeration a cyclone (Mesa Labs, SCC 0.695) was implemented.

Results & Conclusions: The mobility count mean diameter (CMD) of the particles produced by
the SDG was varied from 48 to 71 nm, using the different setting points described above. The
number concentration varied stepwise between 15.000 up to 250.000 particle/cm³ and particle
mass between 2 up to 80 µg/m³ (see figure 1). Each concentration levels were measured about 11
minutes. A good linear correlation between total particle number concentration and particle mass
was observed for all operation points between 48 to 71 nm (see figure 2). The SDG provides a
stable source and could potentially be used for PTI counter as infield calibration unit as well as for
BC monitors in air quality networks. Additionally, the system can be operated as stand-alone unit
equipped with a battery pack and N2 bottle.

This work has been funded by the Modernity Fund (mFUND) of the Federal Ministry 812 of
Transport and Digital Infrastructure (BMVI) under grant agreement 19F2097A (MesSBAR -
Automatisierte luftgestützte Messung der Schadstoff-Belastung in der erdnahen Atmosphäre in
urbanen Räumen)

 

[1] AU-Richtlinie, Verkehrsblatt Nr. 8 of 30 April 2021,
[2] PN counter specification PTB-A 12.16,
[3] Calibration Guideline Verkehrsblatt Nr. 11 of 15 June 2021
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Exposure to PM2.5 on the severity of respiratory infections

C. Chivé 1,4, I. Garcia-Verdugo2, V. Michoud 3, A. Baeza-Squiban 1*

1Université Paris Cité, Functional and Adaptative Biology unit, UMR8251-CNRS, PARIS, 2Université
Paris Cité, Inflamex Excellence Laboratory, UMR U1152-INSERM, PARIS, 3Université Paris Est-

Créteil, Inter-University laboratory of atmospheric systems, CRETEIL, 4French Environment and
Energy Management Agency 20, avenue du Grésillé – BP 90406 49004 ANGERS

For several years, epidemiological studies have shown a positive association between exposure to
fine particles (PM2.5), and the severity of respiratory infections such as bronchiolitis, influenza and
even more recently COVID-19 [1-2 ;4-5]. PM2.5 and respiratory infections are major public health
issues. They both target the bronchial epithelium suggesting that chronic exposure to ambient
particles could weaken the epithelium and make it more susceptible to viral infections which
deserves to determine the underlying mechanisms. The objective of this project is to study the
impact of repeated exposure to PM2.5 on the severity of viral infections, taking here the example
of the influenza virus. For this purpose, an in vitro model of human bronchial epithelium developed
from the Calu-3 cell line is used and grown at the air-liquid interface (ALI). This differentiated
model allows to mimic the human bronchial epithelium in a relatively realistic way [3] and the
conditions have been optimized to perform repeated exposures, since people are chronically
exposed to pollutants, in particular PM2.5. PM2.5 were collected in winter on a site close to Paris
being influenced by traffic and urban heating and their chemical composition characterization is in
progress. Our hypothesis being that repeated exposures of the airway epithelium to PM2.5 would
favour viral infection, we aim to decipher how particles can interfere with the process of viral
replication and anti-viral defence. For this purpose, the cytotoxicity and viral replication will be
investigated as well as the different actors of the defence such as viral receptors, pro-
inflammatory cytokines, the interferon (IFN) pathway and antimicrobial peptides.

We first characterised the responses of the Calu-3 bronchial epithelium model to a single 24h
exposure to PM2.5 as well as to reference diesel particles (DEP1650b) at ALI at 5, 10 or 20 µg/cm².
The CYP1A1 expression was increased showing that the polyaromatic hydrocarbons present on
particles became available and can therefore induce effects. Particle exposure induced the
expression of the pro-inflammatory cytokines IL-6 and IL-8. They also seem to impact the antiviral
signalling pathway involving IFN as they appear to increase the expression of IFN-β and the MxA
genes. An increase in the expression of the antimicrobial peptide β-defensin 1, which also plays a
role in the defence of the epithelium during a viral infection, was observed. We also characterised
the response of the epithelium during a viral infection and during a single 24h exposure to an
agonist of the antiviral defence pathways, Poly(I:C) to mimic the virus confirming the functionality
of the anti-viral pathways in this model. We are currently performing single PM2.5 exposures on
the bronchial epithelium followed by viral infection before moving to repeated exposures.

This work is support by the Foundation for Medical Research (ENV202003011541), the French
Environment and Energy Management Agency (ADEME) and DIM Qi².
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Indoor Air Pollution and COVID-19 load in Lucknow - Capital of Most Populate Indian
state

T. Khan1, A. J. Lawrence2

1Department of Chemistry, Integral University, Lucknow, India., 2Department of Chemistry, Isabella
Thoburn College, Lucknow, India.

The second wave of the SARS-CoV-2 (COVID-19) infection has hit India with full force and affected
the whole country. Uttar Pradesh stands at second position with a high viral load. Air pollution has
emerged as a potent factor related to the transmission of the virus helping in the facilitated spread
of the virus. Although the focus lies on ambient air pollution, indoor air quality is largely neglected.
A case study was done in Lucknow, the capital city for a period of three years from 2011-2014 in
selected houses from 1) well-planned, 2) densely populated and 3) roadside microenvironments to
quantify PM10, PM2.5, SO2 and NO2 in indoor and outdoor environment. Heavy metals Fe, Cu, Pb, Zn,
Ni, Mn and Cr associated with PM2.5 were also analyzed in indoor samples. The findings showed
high concentrations of indoor pollutants varying from well-planned to densely populated areas.
Houses situated in densely populated (Chowk area) and roadside (Alambagh) areas had very high
particulate contamination. In roadside houses, PM10, PM2.5, SO2 and NO2 reached upto100 μg/m3,
66.4 μg/m3, 0.018 ppm and 0.021 ppm respectively. The occupants of the houses exposed to a
mean concentration of 299 µg/m3 of PM10 and 269 µg/m3 of PM2.5 suffered from asthma and
respiratory problems. The mean concentration of metals at all the sites were found to be, for Fe =
669.08, Zn = 31.93, Cu = 113.16, Pb = 65.9, Mn =14.4, Ni = 26.83 and Cr = 3.3 µg/m3. A
questionnaire survey was conducted in two prominent city hospitals with 1000 respiratory patients
and it was found that 46% of urban people were suffering from acute respiratory infections,
majority of them belonging to roadside and densely populated areas. During the second wave of
COVID-19 which hit the city in March 2021, Alambagh, Aliganj, Chinhat, Indiranagar, Chowk and
Aishbagh were identified as the most affected areas, reporting the highest cases. The findings of
the case study may be suggestive of the fact that those already exposed to a high level of air
pollution indoors are susceptible to the COVID infection. The results of the study correlated with
the number of cases reported from roadside and densely populated areas.

Keywords: Indoor air, Lucknow, COVID-19, particulate matter
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Controlling the indoor air pollutants utilising the solid industrial waste: a case study on
coal fly ash
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Abstract :

Industrial waste is considered problematic due to increase in industries world wide. It can be in any
form solid, liquid or gas. In spite of several waste management programs a huge amount of waste
disposal takes place. Theses waste disposal poses certain environmental threat due to its
hazardous and toxic constituents all over the world. The coal fly ash utilisation has received a
great deal of attention over the past two decades in providing more sustainable solutions to waste
management. It has been reported that there is a significant potential for the increased utilization
of coal fly ash both in its raw and refined state. It is suggested that, by processing the coal fly ash,
the scope of creating new industrial synergies can be enhanced. Although, certain work has
already been done in the field of utilization of fly ash, yet, some other areas such as volatile
organic compounds [VOCs] removal and removal of other indoor pollutants still remains an
undiscovered area. Air pollution has become one of the major threat to human being in this
century. Specifically, indoor air pollution is often under looked or confused with ambience air
pollution. In 2021, revised guidelines for indoor as well as outdoor air pollutants such as PM2.5,
PM10, NO2, SO2 and CO has been released. People spend almost 90% of their time indoors which
has been further increased due to COVID-19, making monitoring and abatement of indoor air
pollutants further more essential. This paper brings out the potential applications for coal fly ash
as a raw material, as a soil amelioration agent in agriculture, in the synthesis of geopolymers, for
use as catalysts and catalyst supports, as an adsorbent for gases and waste water processes, and
for the extraction of metals. Along with that the article also discusses the prominent indoor air
pollutants such as VOCs, PMs, NO2, SO2, O3 etc., and their effect on humans as well as
environment. The paper concludes with a status report on emerging technologies using industrial
waste for the mitigation of the indoor air pollutants. This article is intended to help professional of
all the disciplines to regulate and consider industrial waste usage as an emerging pollution control
technique.

Key words: Fly ash, volatile organic compounds,Industrial solid waste, Indoor air
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Assessment of Indoor air quality in three different hospitals in Lucknow city-Most
populous city in India
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Abstract

Indoor air environment comprises of a combination of biological contaminants viz. bacteria, fungi,
viruses, algae along with their by-products namely endotoxins, mycotoxins, volatile organic
compounds, etc. Biological contaminants have been characterized based on whether they are
allergenic, infectious, competent of inducing toxic or inflammatory symptoms in human beings.
Their major sources include pets (dogs, cats, birds, etc.), plants (pollen, odors, allergens), and
building materials. However, their consequences may be intensified through certain factors such
as temperature, humidity, ventilation, carpets, tissues (mites), moisture content, etc. Presently,
there is an absence of awareness regarding biological contaminants, specifically in an indoor
environment. These can be a potential source for various human diseases. This study was
commenced to assess the indoor air quality concentration including PM2.5, SO2, NOx, and heavy
metals along with microbial contaminants, their isolation, and identification in three different
hospitals in Lucknow. PM2.5 was measured by APM 550 medium volume sampler (Envirotech) at a
flow rate of 17.571/m with a PTFE filter paper diameter of 47mm. A total of six sampling sites were
taken for the assessment of indoor air quality of different pollutants including bacteria and fungi
from three different hospitals by using the passive method also known as the gravitational settling
method from February to April 2022. Microbial samples were collected from a different ward and
OT using exposed Petri plates with (MacConkey agar, Sabouraud dextrose agar, nutrient agar)
media for the growth of microbial contaminants. Followed by the identification of bacteria media
plates which were incubated for 24-48 hours at 37˚C and for fungi at 30˚C for three weeks. The
presence of bacteria was identified by the gram staining process and fungi from the lactophenol
cotton blue staining process. Out of six samples, gram-negative and gram-positive bacteria were
isolated. It was observed that a high bacterial and fungi load was there in the general ward of the
hospitals. Therefore, the present study inspects the interconnection between biological
contaminants and human health. Also, it has been aimed to provide comprehensive information
about the biological contaminants present in different places in hospitals which will further help in
monitoring and regulating the same.

 

Keywords: Indoor air quality, nosocomial infection, exposure, mold, bacteria, indoor pollution.
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Sintering rate of nickel nanoparticles by molecular dynamics
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Nickel nanoparticles (Ni NPs) are widely used in batteries, catalysts, and filters. Properties of Ni
NPs strongly depend on their crystal structure and morphology quantified by the state (i.e., solid,
transient, or liquid phase) of primary particles (PPs), and size of hard-agglomerate (aggregate) and
PPs [1]. The growth rate of PPs during gas-phase synthesis is determined by their sintering rate,
which is sensitive to the state of PPs. At low temperatures and for large PPs, solid state diffusion of
atoms in PPs controls the sintering. However, with increasing temperature or decreasing PP size,
viscous flow sintering becomes dominant and the state of particles changes as they approach their
melting point [2]. Using molecular dynamics (MD), the crystallinity and sintering of Ni NP dimers
are investigated. Accuracy of the employed force field is validated by obtaining X-ray diffraction
patterns of sintering nanoparticles and their melting temperature. For dp ≥ 6 nm at T< 1380 K, MD-
derived characteristic sintering times (τs) based on the evolution of dimer specific surface area are
in excellent agreement with literature for solid state sintering [1,3]. With decreasing PP diameter
or increasing temperature, the state of PPs quantified by their disorder (or Steinhardt) parameter
changes due to progressive melting starting from their surface that results in significantly lower τs
compared to those predicted by solid state diffusion [2]. These values are in excellent agreement
with predictions by viscos flow sintering for fully melted particles [4]. A general formula for the
characteristic sintering time of Ni NPs has been derived valid for all particle states, and its
performance in predicting the evolution of Ni agglomerate morphology quantified by its mobility
and primary particle diameters during gas phase sintering in a flow reactor is demonstrated [3].
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[1] M. Reza Kholghy, Alexander Schumann, Energy and Fuels, 2021, 35,
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Design and development of a model policy document for controlling air pollution in
Delhi and NCR of India.
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Air pollution has emerged as one the biggest global health threats. In the year 2021 Delhi was
ranked as the world’s topmost polluted capital city and 4th most polluted city with India ranking 5th

among 117 countries surveyed and 35 of the world's 50 cities having worst air quality were found
to be located in India with 6 of them being in the top 10 of the rankings [1]. Air pollution was the
second leading risk factor for disability-adjusted life year (DALYs) in India as a whole with outdoor
air pollution causing 6.4% of India’s total DALYs in the year 2020 and indoor air pollution causing
4.8% [2]. The health issues related with air pollution on heart, lungs, cancers, mortality, morbidity,
etc. have been well studied world over including India [3, 4]. Urbanization, transportation,
industrialization, power generation, and agricultural activities are the key drivers air pollution in
India; a country with diverse geographical, demographic, cultural and political backgrounds,
making it a very complex challenge to develop air pollution control policies for it. There is always
an economic lobby crying for more industrialization to create newer jobs to fuel the economy
which consequently has a negative impact on environment in general and air quality in particular.
The present air pollution policies in India and specifically in Delhi and its surrounding National
Capital Region (NCR) like Emission tax, Carbon tax or Polluter’s Pay Principle have failed to find
any feet and hence future policy has to be designed, deliberated and developed for optimal and
efficient distribution of incomes and resources to stabilize and then reduce the air pollution levels.
This research paper tries to put forward an outline to evolve such a policy specific to Delhi and
NCR. The methodology adopted is critical review of existing literature on the subject and
recommendation of new policy measures with respect to topography, meteorology, vehicular and
industrial emissions, construction, thermal power plants, fire cracker usage, stubble burning, dust
storms from neighbouring countries, open burning of waste, smoking, migrant issues, re-
suspended road and ground dust and lack of co-ordination among multiple authorities. It is
expected that the proposed research will provide a holistic and long-term policy solution in curbing
the problem of air pollution in Delhi and NCR. It will serve as a reference document for
governments and other stakeholders while formulating policies related to air pollution for bridging
the gap between the politics, economics and science of air pollution.

 

 

[1] https://www.iqair.com/in-en/world-air-quality-report Retrieved on 15 April 2022.

[2] Bhardawaj A, Habib G, Kumar A, Singh S, Nema AK. A review of ultrafine particle-related pollution
during vehicular motion, health effects and control. J. Environ. Sci. Public Health. 2017;1(04):268-88.

[3] Bhardawaj A, Habib G, Padhi A, Anand A, Mahala N, Singh BK. Deteriorating air quality and increased
health risks in Delhi: The decisions being delayed. IIOAB Journal. 2016;7:10-5.

[4] Bhardawaj A, Habib G, Singh S. Ambient aerosol induced cardiovascular disease among subjects in
monsoon and winter season. In AAAS Annual Meeting, Boston 2017 Feb 16.

Powered by TCPDF (www.tcpdf.org)

https://www.iqair.com/in-en/world-air-quality-report
http://www.tcpdf.org


Health effects, 3min Video Presentation P-13

Nanoparticles – Neurodegeneration in nematode C. elegans, a causative relationship

D. Le1, A. Limke1, A. von Mikecz1
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The rapid speed of industrialization in the current world has increased the severity of the global
problem of environmental pollution. Interactions between environmental habitats, pollution and
living organisms have recently attracted pleotropic investigations in both environmental science
and toxicological research. Scientific evidence emerged that transportation-induced nanoparticles
(e.g., fuel combustion, tire wear and brake wear) may promote the prevalence of
neurodegeneration and neurodegenerative diseases. We are investigating the effects of silica
nanoparticles on single neurons such as serotonergic, dopaminergic and GABAergic neurons in
which nano-silica perturbs neural signaling and correlates with neuromuscular behavior defects in
the nematode Caenorhabditis elegans. The results corroborate the idea that neurodegeneration in
single ADF and HSN serotonergic neurons contributes to behavior obstructions after exposition of
C. elegans to nanoparticles. Interestingly, in the dopaminergic neurons, axonal transport of the
PDE neuron is impeded, whereas CEP and ADE neurons are preserved. Loss of GABAergic neurons
is also enhanced in nano-silica treated worms. Age-groups vulnerable to silica nanoparticles will be
further studied with respect to protein homeostasis with by proteomics analysis. The imbalance of
protein homeostasis is interrogated as target of nanoparticle-effects and molecular weak point
that plays an important role in neurotoxicity of C. elegans at a certain age.
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Dekati® ePNC™ - A Novel Technology for Regulatory PTI Particle Number Measurements
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Dekati Ltd. is a world leader in designing and manufacturing innovative fine particle measurement
solutions. We have over 25 years of experience in providing measurement instruments and
complete measurement solutions to a wide variety of environments and sample conditions. We
take pride in the quality and robustness of our products and are committed to finding the best
possible solution for your aerosol measurement needs. Our experience and expertise in aerosol
measurement applications is at your disposal throughout the lifecycle of your investment via our
global partner network. All Dekati® Products are developed and manufactured in Finland and are
available with up to five-year warranty.

Over 25 years of experience in aerosol instrumentation and measurements
Instrumentation for particle measurements <10 µm from practically any source
Comprehensive selection of sample conditioning and dilution devices even for demanding
environments
Complete particle measurement solutions for wide range of particle measurement applications
All units original Dekati® Design
All units manufactured and calibrated in Finland
All units individually calibrated
All units provided with standard two-year warranty

www.dekati.com
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Airborne Particle Measurement Used in Brake Wear Emission Research, Occupational
Exposure Assessments and Numerous Other Applications
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Our Mission, Vision, and Guiding Principles

The world has changed a lot since TSI started building instruments in 1961, but some things
remain the same. TSI’s commitment to our customers’ success, our dedication to research, and
our drive to make the world a better place have always been part of our history. 

Recently, TSI refined our Mission and Vision Statements, as well as articulated our Guiding
Principles. A company’s Mission establishes a foundation for the organization. A Mission is the
reason the company exists. Why are we here? What problems do we solve for our customers? A
Vision describes what the future looks like if we are successful in delivering our Mission.

TSI provides trusted measurement, application guidance, and data analytics solutions that enable
our customers to make informed decisions. Creating a better world by helping protect people,
products, and the environment is our vision.
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