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ABSTRACT
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The presence of electric vehicles (EVs) in households has paved the way to consider the ve-
hicle’s battery as a backup source through bidirectional charging. This technique, termed
Vehicle to Home (V2H) in conjunction with household photovoltaic (PV) installations, has
proven to relieve grid pressure during peak load, increase energy autonomy, and reduce car-
bon footprint. This study aims to perform a simulation of V2H systems using granular load
profiles to quantify the aforementioned potential benefits and estimate the payback period to
justify additional cost investment. Given that prior literature focuses on cars as the primary
electric vehicle, the feasibility of extending this model to small-scale electric vehicles such
as e-rollers is evaluated and confirmed through an experiment. Based on the experiment’s
findings, a survey is undertaken to assess the willingness of students and young professionals
to opt into such a model using a combination of plug-in PV installation and e-rollers enabled
with bidirectional charging. The survey shows a high degree of willingness from participants,
with requests to extend to e-bikes, which fit the ownership model better than e-rollers, which
are primarily rented.
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SYMBOLS AND ABBREVIATIONS

Units
kW kilowatt
kWh kilowatt hour
g gram
kg kilogram
W watt
kWp kilowatt peak
Vv volt
Hz hertz
km kilometre
Ah ampere hour
kWh/km kilowatt hour per kilometre
km/h kilometre per hour
gCO,-eg/kWh gram carbon dioxide equiva-
lent per kilowatt-hour
kgCO,-eg/kWh kilogram  carbon  dioxide
equivalent per kilowatt-hour
Symbol
a euro
Abbreviations

AC Alternating Current



AFIR Alternative Fuels Infrastructure Regulation
BEV Battery Electric Vehicle

CCS Combined Charging System

CHAdeMO CHArge de MOve

CO, Carbon Dioxide

COP Conference of Parties

DC Direct Current

e-PMV Electric Personal Mobility Vehicle

EU European Union

EV Electric Vehicle

FERSI Forum of European Road Safety Research Institutes
G2V Grid to Vehicle

GHG Greenhouse Gas

HEV Hybrid Electric Vehicle

HiSim House Infrastructure Simulator

HP Heat Pump

MPPT Maximum Power Point Tracking

PHEV Plug-in Hybrid Electric Vehicle

PV Photovoltaic

RED II Renewable Energy Directive

RQ Research Question

SOC State of Charge

UK United Kingdom

UNFCCC United Nations Framework Convention on Climate Change

USB Universal Serial Bus
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V2B Vehicle to Building
V2G Vehicle to Grid
V2H Vehicle to Home
V2L Vehicle to Load

V2X Vehicle to Everything
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DECLARATION OF Al USAGE

Ilmoitus tekoilyn kiytosta

The use of Al in this research was carried out with careful consideration and within ethical
guidelines. Tools namely ChatGPT and Grammarly were used only as a supplementary aid.

The responsibility for the final content presented in this thesis lies solely with the researcher.
Table 1 outlines the Al tools used and their respective purposes:

Table 1: Al tools and their usage

Tool Usage

ChatGPT and Grammarly | For supporting the writing phase, ChatGPT and Grammarly
were utilised in proofreading, reviewing and improving
grammar, text, and style of certain sections of the text to
ensure a more formal and academic tone. But researcher
decided the final review to maintain academic integrity.

I declare that all Al tools used in the development of this thesis are in line with the university’s
standards and guidelines. The information provided accurately reflects the extent and nature

of Al usage in this work.
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1 INTRODUCTION

The rapid adoption of EVs is already underway in Europe, with projected sales expected to
reach 4.83 million units by 2028 (Statista 2023). Burns et al. (2012) found that private vehi-
cles are parked around 95% of the time. This gives significant potential to leverage the idle
periods for alternative uses. In 2022, it was found that the households contributed to 26.9%
of final energy consumption in the EU, emphasising the energy demand within households in
the EU (Eurostat 2024b). With more and more households installing solar panels to leverage
renewable energy, there is potential to fully utilise the energy produced from solar panels in
the household itself rather than sending it to the grid for lower compensation. Thus, by using
the bidirectional charging capabilities of EVs (considering EVs as battery sources), house-
holds can reduce grid consumption by optimising the use of locally generated solar energy
in the household. This not only reduces grid demand but also reduces household electricity
costs and CO, emissions. Sustainable energy consumption is of interest here, as it enables a

sustainable future with the additional advantage of cost-effectiveness for end-users.

Goal: This study aims to perform a simulation of Vehicle to Home (V2H) systems using
granular load profiles to quantify the reduction in total electricity cost, CO, emissions and
estimate the payback period to justify additional cost investment. Through experimentation,
the feasibility of extending this model to small-scale electric vehicles such as e-rollers is as-
sessed. Furthermore, the study evaluates through a survey, the willingness of target segment
end users to opt into a model using a combination of plug-in PV installation and e-rollers
enabled with bidirectional charging.
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WKH RWKHU KDWQBQD\ IXHOHG ZL%/(l0 RIVEROH R KHU KDQG |
EDWWHU\WKDW LV FKDUJHG E\HOHFWULFLW\DQG KDV DQ F

)LIXU® 6DOHVDQG SBURMHFWHG 6DOHV IRU (XURSH

7KH QXPEHU RI HOHFWULF YHKLFOHV LQ (XURSRRBWBEMWHE
VKRZV WKH SURMHFAWMDO HYAUHOMIRBH ,W LV SURMHFWHG



PLOGRERVROG LQ ZKLFK LV D a LQFUHDVH(BWR/RGBWH PL
FXUUHQWO\DW PLOOLRQIRUWKH\HDU 6WDWLVWD

$FFRUGLQJ WR WKH )HGHUDO ORWRU 7UDQVSRUW $XWKRU
WKHUH ZDV DQ L Q F @H OW)R UQMKIHOD B | LW ZDV UHSRUW

% (9ZHUH UHJLVWHUHG UHSUHVHQWLQJDQ PDUN
L@ (9V,Q FRQIWYBDFAFRXQWHG IRU QXPEHU RIUHJLVWU
DFFRXQWLQJIRUD SHUFHQW PDUNHW VKBIUHG HMR @ VKU
WKDW WKH(@XBSDHWRT KORDOEHHQ UDSLGO\LQFUHDVLQJL
ZLWK SUHGLFWLR(@®@V7IRIWWHH IMQIMIOUHRQO\ VHH DQ8X8ZDUC
PDQGDWHRQQHZYHKLFOHVWREHFDUERQ JHURIURP )
1DWXUH &RQVHUYDWLRQ 1XFOHDU6DIHW\DQG &RQVXPHU

2Q WKH RWKHU KDQG DFFRUGLQYKWRHBPDVEHB® WDMOHUH V'
ELOLW\YHKLFOHV WKDW DUHHOHFWULFLW\ SRZHUHG LQ W
DUH FPDOKWABULF 3HUVRQDO ORELDQW \DUHHK VROGVWR 8 B19\W H
IRUWUDQVSRUWDWLRQ IRUVKRUWDQGPHGLXP GLVWDQFF
WLYLW\ 7KH\DUH RI YDULRXV NLQGYV OLNH HOHFWULF VFR
RUHOHFWULF UROOHUV VHJZD\V KRYHUERDUGV HWF 7
DPRQJ WKH SXEOLF DQG DUH FRQVLGHUHG D VXVWDLQDEO
HOHFWULFLW\ XVDJH

$ UHSRUWEUMWKRI (XURSHDQ 5RDG 6DIHW\ 5HVHBR B W HIBVW
DGRSWLRQDQG XVDIJHRIH VFRRWHYMEQ PD QKRR KQ WK IHH!
ZHUHQMYW DQ\ RIILFLDO VWDWLVWLF§RQ MKRHIWHG \D\WQ HHDM

H VFRRWHUV LQ '"HQPDUN LQ 1RUZD\ DQG LQ 6.
QXPEHULVHVWLPDWHG WR EHDURXQG SULYDWH RQH\
LQJWKDW *HUPDQ\ KDV WKH ODUJHVW HVWLPDWHG PDUNH'
WKDW WKHUHDVRQV IRU XVLQJ LW GLIIHU GHSHQGLQJRQ V
RZQHG RUVKDUHG 7RXULVWYV SULPDULO\XVHVKDUHGH VI
RZQHGH VFRRWHUV DUH PDLQO\ XVHG IRU FRPPXWLQJ WR
UHSRUW DOEHLW HVWLPDWHG VKRZ WKH 809KQ M(EBEQW D
SDUWLFXODUO\LQ *HUPDQ\

(9 &KDUJLQJ

(9VFDQ XVXDOO\EH FKDUJHG DW KRPH ZRUN SDUNLQJDUF
WKH SUHVHQFHRIFKDUJLQJLQIUDVWUXFWXUH )XUWKHUF
FKDUJLQJLQIUDVWUXFWXUH LQ (X$®RSE H GXBIWLR B NHH Q Q . @



5HIXODWLR&RIXQSFLO RI WKAKBY UHIJXODWLRQDLPVWRHQV
FKDUJHUV DUHDYDLODEOHDW OHDVW HYHU\ NLORPHWHI

&RQGXFWLYH &KDUJLQJ LV WKH SRSXODU W\SH RI FKDUJLC
SHUIRUPHG HLWE&RIUEWKFRBDIUKILQJ LV XVXDOO\ SHUIRUPHG
GLIIHUHQW W\SHV RI SOXJV )RULQVWDQFH WKH - 7\S|
VWD Q3RFK®UJILQJ FRQQHFWRU IRU WKH 86$ DQG -DSDQ 2
OHQQHNHV SOXJ ZLWK SLQV LV WK H $EHFIKODXDIW & 0BLDQOVE B G

'& FKDUJLQJ LV XVXDOO\IDVW FKDUJLQJ DQG LW LV SHUIR!
VLIQLILEDQWO\UHGXFHV WKH FK® B KIDQJ IWMQ P FR REFEFNKRIU
ELQHG &KDUJLQJ 61RW HR USKES P&8Ja. FOUDNBIGA KLFK LV DQ DG (¢
WLRQ W& VEKIH FRQQHFWRU ,Q WKH FD V&R QD $IIRG KRWELH/V W |
GH 02YH &+$GHBBRFLILFDOO\ 7HVOD KDV LWV RZQ FKDUJLC
XVHG E\RWKHU YHKLFOHV EXWLWDOVR SURYLGHV DGDSW
VWDWLRQV ZLWK RWKHU FRQQHFWRUV +RZHYHU GXH WR
DGRSW&&GEWEH SOXJIRUVRPHRILWY (XURSHDQ PRGHOV

J)LIXUH &DWHIRU\DQ&D Q& DL OK/RUIMKIY (XURSHDQ $OWH
2EVHUYDWR U\

7KXV &DWHJIRU\ $F&RKDWMWUYI RDQ FKDUJHEHWZHHQ N
RWKHU KDQG '& FWBUBRHUYV ZKLFK DUH XVXDOO\IRXQG LQ S
SDUNLQJ FDQ FKDUJH EHWZHHQ '& RKD MJHERPFHDXDIAMR IC
EHWZHHQ N: GLVFKDUJLQJ SRZHU 7KHUH DUH GLIIHU
EDVHG RQWKH JHRJUD SE SHRG® RWDRQRPY B HW 8D$/) V6K H P R ¢
GLUHFWLYHV IRU LQWSHW\R B WWDEK DWW\QQ WHH FKDUJLQJ S
FRQQHFWRUVYV FDOGEBKIHQQBN PBERUSWKH FOFKIRUILQJ

JLIXUHQG OOXVWUDWH WKH GLITHUHQW FDWHJRULHV RI FK

7ZR W\SHV Rl FKDUJLQJ WHFKQRORJLHV IRUHOHFWULF FD
ELGLUHFWLRQDO FKDUJLQJ ,Q XQLGLUHFWLRQDO FKDUJL



JLIXUH &KDUJHU 7\SHV (XURSHDQ $OWHUQDWLYH )XH

UHFWLRQ IURP WKH HOHFWULF $WFK KD UG H.Q UWARXNVHHD YWIK IHF
IURP WKH JULG L V& REY AK WH® KHRQ (\OVE R WHAGHIUQ MRKJIHW K H F D
2Q WKH RWKHONDIQEK ERIGLUHFWLRQDO FKDUJLQJ FDSDEL
XQLGLUHFWLRQDO FDSDELOLW\ WKHUHLVDQDGGLWLRQLE
HOHFWULFLW\EDFNLQWR WKH JU9H & [RFUDQNRRV(RK HHW HIBHHLFQ\VIU
PHDQVWKDWWKHHQHUJ\VWRUHGLQWKHYHKLFOHYV EDW!
WR WKH YHKLFOHDQG IURP WKH YHKLFOH WR WKH JULG RU |
DGYDQFHG LQYHUW H U\& W KBIW J\ D/QVARRIGNGHLUDMWNKHKIHY $1& L F O H
ZKLFK LV VXLWDEOHIRUIHHGLQJLQWR WKH JULG RU SRZH|

%LGLUHFWLRQDO FKDUJLQJ WHFKQRORJ\ LV D UH@®DWLYH
HFRV\WWHP DQG LWV DGRSWLRQ LV VWLOO LQ WKH QDVFH
XQLYHUVDO E'1& GKDHEWUR GRP & BHAHGRIUZKLRKH XVH DUH :D(
4XDVDU +LJKEXU\DQG )HUPDWD )( %818 & R Q IQFW WRRQD/O FH
DUH FRPPRQO\ XVHG LQ (XURSH DUH DOVR DYDLODEOH 2¢
ZKLFK VX&&EFBRWQHFWRU DQG LV DSSOLFDEOH IRU WKH (X
6WDWLRQ 3URLVDQRWKHU EL GLUHFWLRQDO FKDUJHU WK
) 6RPHRWKHUEL GLUHFWLRQDO FKDUJHUV XSFRPLQJD
YHUPDWD (QHUJ\)( 'HOWD 9 + $XWHO OD[L&KDUJHU 9 ; (
5HYLHZV +RZHYHU RQO\DIHZRIWKHP DUHDSSOLFDEOH
VWDQGDUGVDQG UHJXODWLRQV DV ZHOO DV VSHFLILF FHU
DQG XVHG LQ WKH (XURSHDQ PDUNHW



5(/$7("' :25.

7KLV VHFWLRQ H[SORUHV H[LVWLQJ UHVHDUFK RQ WKH SR
HQHUJ\ VIVWHPV WKH XVDJH DQG IHDVLELOLW\ RI EL GLU
ZLWKUHVHDUFKJDSYV

6HOI &RQVXPSWLRQLQ5HVLGHQWLDO (QHUJ\ 6\VW

5HVHDUFK RQ WKH VHOI FRQVXPSWLRQ RIHQHUJ\LQ UHVLC
RB9V\VWHPV WR VDWLVI\HOHFWULFLW\ GHPDQG LQ DSDUMW
HUJ\VRXUFHV IRUHYHU\GD\ KRXVHKRO GQRWHK HILb 8 R B D\G DI
GLVEXVV KRZ 3KRWRYROWDLFV DUH JRUIH QKR X X 8 SDYW*W
HPLVVLRQV E\(8 BE\Q WKRHWK D FRPSRXQG DQ @RPDSNRIAWHK Q
WKBDQG S\ HMWHG .LQJERPWR IURP WR 7KLV VLJQL
SRWHQWLDO WR W HGKEIHVRR ROWK RRGVLGHULQJ WKH IDEW V
LV WKH VHFRQG O®2 BIlRY WWLARQUFBIRIHU WKH PDQ@&IDFWXUL ¢

7TRDLG WKLV &DQRH[EFAOWWHOWZR VFHQDULRV LQ ,WDO\IRUV
IDPLOLDO UHVLGHQWLDO EXLOBIWQ YW HRMHWENFIBEIORWRM
GHPDQGV RIDSDUWPHQWY 7KHRWKHU LGHROWIDEFPWK H+B &
WR GHFDUERQLVHVSDFHKHDWLQJWRHYDOXR2WRMWKRH RRV
UHGXFWLRQ GXH WR VHOI FRQVXPSWLRQ 7KHLUILQGLQJ
EHFDXVHRIWKHLQFHQWLYHVFKHPHVIRUVKDUHG HQHUJ\
LQVWDODIDWERQWRWHPY 7KH UHVXOWVY RIWKHLUUHVHDUF
RI ERBWHKQ3LQ DSDUWPHQW EXLOGLQJV LY SURMHFWHG WR
DQGHPLVVLRQUHGXFWLRQV RI XS WR 3B LWWHMPAG \
HVSHFLDOO\ZLWKLQFHQWLYH VFKHPHV LQ ,WDO\ ZRXOG F
HPLVVLRQVLQDSDUWPHQWEXLOGLQJV

7TRDQDO\WH WKLV IXUWKHBEU®%BWWGS PKVHW>XOD@WDWLRQ PRGHO
VXIILFLHQF\ VHOI FRQVXPSWIRQDOYW  RSWIRIHWDVEW B EBW LRI
,UHODQG )RU WKLV WKHDXWKRUV FROQYVWHB 5@ RROWX R
OLPLWDWLRQIURPWKHHOHFWULFLW\JULG EDWWBQ&GVWR
HFRQRPLFDVSHFWV VXFKDV LQIODWLRQ 7KHILQGLQJV IU
WKH KRXVHKROG LV SURILWDEOHLQ *HUPDQ\HYHQ LQ WKH
UHGXFWLRQ LQJULG HOHFWULFLW\ GHPDQG DQG D VHO
WKHWLPHRIWKHUHVHDUFK 7KHRXWFRPHIURP WKH UHVH



KLIJKO\ SURILWDEOHLQ WKHFRPLQJ\HDUVDV LWLV KHDYL
JULG 7KLV VWXG\VXSSRUWYV WKHWKHVLV E\GHPRQVWUD\
VXFKDVVXEVLGLHVDQGWD[FUHGEWVWAKRBKE RBWHHR®Y KB F
UHPDLQV EHQHILFLDOIRULQGLYLGXDOVLQWHUPV RIFRV)

&ROOHFWLYHO\ WKHVH VWXGLHVY HVWDEOLVK WKH IRXQG
IRULQFRURVDWHRBRY LQWR KRXVHKROG HQHUJ\ORRSV ZLW
SULRULWNEHIRUHIHHGLQJH[FHVV HQHUJ\EDFNLQWR WKH

(OHFWULF 9HKLFOHV DQG %L 'LUHFWLRQDO &KDUJL

7KHO FDQ WUDQVIHUHQHUJ\WR WKHKRPH JULG RUEXLOGL
WUDQVSRUWDWLRQ 7KLV SKHQRPH@RY R DBDLO &GEWHE WLR Q
FDWHJRULHV VXFK DVO9H OHKQF OHRWR P BHIGLPO'H WR /RDG ¢
DQIHKLFOH WR %XLOGLQJ 9 %

,QLWLDOO\ 6KLIQ[IBIV@GEHG WKB FRIRFIIRIW BQ RITOLQH PLFUF
DEOH WKH SRROLQJDQGDJIJUHIJDWHFRQVXPSWLRQ RIVWR
JULG RXWDJHV GXULQJ HI WUHPH ZHDWKHU HYHQWYV *LYH(
RIWKHSDSHULV WRPD[LPLVHEDFNXS GXUDWLRQ ZKLFK W
JXDUDQWHH SRZHU EDFNXS GXULQJRII SHDNVHDVRQV E\V
GHPRQVWUDWHY WKDW DJJUHJDWLQJDQG VKDULQJ HQHU.
EDFNXS GXUDWLRQ HVSHFLDOO\LQ FDVHV RI EODFENRXWYV
VXSSO\GXULQJRII SHDN VHDVRQVDQG HQKDQFH JULG UH\
WHQWLBU\RWHPVY WR VXSSO\ HOHFWULFLW\ WR KRXVHKRC
6LPLODUO\ 6KHPDPDL@GDMDMH WKH GUKYY @ K SRR DUWOHYRRNY H Q
FRQVLGHUHG EDFNXSSRYHWXBXH¥ENREIKDDO\LQ FRXQWUL
ELOLW\ 7KHGULYLQJSURILOH3®HHNHQG +ROLGD\" ZKLFK
RIWKRKHQ WKHKRXVHKROG LVFRQVLGHUHG PRVW VXLWDEO
DWHG WXOUMRXAIKSURYLGHLWIRUFRQVXPSWLRQ GXULQJHPH
ZKLFK RIWHQ KDSSHQ LQ FRXQWULHV ZLWK SRRU JULG VW
VWUDWH WKH DGYDWW EDHWRBEXSWRAHU VRXUFHV LQ DUHDYV Z
I[UHTXHQW EODFNRXWYV SURYLGLQJKRXVHKROGV ZLWK HO

'‘DWWD HW PABPSDBDUHIG* WKURXIKDQHFRQRPLFDQDO\VLV
GD\ 7TKHDXWKRUVY¥ISRSFUWIWEDRQHWR PV RI lOH[LELOLW\ |
UHGXFH SHDN ORDG SUHVVXUHRQ WKHJULG SULPDULO\ G’
UHJXODWLRQVDQG ORZ SULFH SHU R:KRRRGONMBPWUV FILAWA W |
HQHUJ\ GHPDQG DQG DOORZV IRU IOH[LE O H6FRRBWIHI R U &K\CLWY
62&UHTXLUHG IRU GULYLQJ RUFRPPXWH SXUSRVHV 7KLV



HWDO RQWKHVHOI FRQVXP SWV RWDLDVFRIHHSUIRQIRVDEOH I
WR XVH WKH HQHUJ\DV PXFK DV SRVVLEOH IRUVHOI FRQVX
VHQGLQJLWEDENWR WKHJULGIRUORZHU FRPSHQVDWLRC

.HLQHU HW D@QDO\¥VMRGHOV IURP WKH SRLQW RIYLHZRIILQI
KRXVHKROGOHYHOWRHQVXUH WKDW WHFKQLFDOO\HIILFL
RI'YLHZ 7KH SULPDU\NILQGLQJV VXJIJHVW D WUDGH RII EHW
$&7( DQG 6HOI &RQVXPSWLRQ 5DWLR 6&5 VXJJHVWLQJ\
WKH FRVW IDFWRUDOVR QHHGV WR LQFUHDVH DFFRUGLQJ
WKH XVDJH SDWWHUQ D®Q G WWVYDh\SGBRMHQWLROWKBHSODFH D
VLQJOH IDPLO\KRXVHKROGV $GYDQFL@LWRKLYWWKHDQ KK
RIVPDUWKRPHHQHUJ\PDQDIJHPHQW VWUDWHILHYV ZKLFKI
EDWWHU\ VWRUDBIHWHWWEHRPVTKHCGIRDO RI WKH SDSHU LV WF
WRGHULYHWKHHQHUJ\VFKHGXOH WKDW PLQLPLVHV FRVW
LQFUHDVHG XVDJH ZKLOH PD[LPLVLQJ XVHU FRPIRUW 7KH I
WKH HITHFWLYHQHVYV RI WKH DSSURDFK FRQFOXGLQJ WKD
HOHFWULFLW\FRVWYV E\ XS WR

$VDQLQWHUHVWLQJ H[SHULPHGWH%RQWHG B]QRY BO DSS
PRGHO E\ FRQVLGHULQJ WKH IHDVLELOLW\ Rl XVLQJ FRPS
RYHUQLJKW DW UHVLGHQWLDO KRXVHKROGYV EHLQJ XVHG [
FLDO EXLOGLQJV GXULQJWKH ZRUNGD\ 7KLV UHVHDUFK W
ORDGV DQG VXFFHVVIXOO\ GHPRQVWUDWHG SRVLWLYH HI
WKH LQF UHDERISRVLRQ WKURXJK FRPSDQLHV RITHULQJ WKL\
UHVHDUFK SURYHG XVHIXO LQ XWLOLVLQJY WL\PNVOIHP ARQF K
ORFDO HQHUJ\ORRS RI UHVBGH@WEKDOYWRMNVHKROGV ZLWK

6DPL HW DCH[SORUH WK H(S RWHHWHWDIA RWRUDJH VAVVWHPV \
FDSDELOLWLHV )RU WK BV* BMK® IDX W R R H K IFRIAHR &/E9\G IDR Q P R
IRUWKH YHKLFOHYVWZRRSHUDWLQJPRGHV 7KURXJK WKL
IHDVLELOLW\RIDPLFURJULG FRQY2N\DWPQD RLQ G LBV P OMKI
KRXVHKROGV DIMGRUXID SHHIGRG RI  KRXUV 7KHLU VLPXODYV
WKDW LW LV IHDVLEDETWVR BKHIFIRARXOG UHVXOW LQ ORDG
WULPPLQJRIWKHJULGDQGD UHGXFWLRQLQDQQXDO HQH
WKHFDVHVWXG\ 6LPLODUO\SDRISRNE DPH IGWIDDR X 8 RZ H D Q
EDFNXS VROXMWLRRMOMXQFWLRQ ZLWK UHQHZDEOHHQHUJ\L
7KH VWXG\ ZDV SHUIRUPHG LQ WZR FLWLHV LQ JUDQFH %U
SURILOHV DW WKH FLW\ OHYHO ,QFUHDVHG HQHUJ\ DXWR
WKURXJK WKH L QWD R ®XZDN MRROFFIISWXUH DQG UHOHDVH VX



JHQHUDWHG DW WKH PLFURJULG OHYHO $OWKRXJK ERWK

ZLWK WKRXVDQG KR XaBDKREOG\W IXX@IEQHHAVWBRO ZR FLW
2WKHUHVHDUFKGRHV QRWDGGUHVV WKHJUDQXODULW\RI
RIHDFK KRXVHKROG RQ WKH JULGDQG UHGXFHG HQHUJ\ XV

1 310XJUDGW HMWQBOL 310XJUDGVS BIMWBIQW DQ DIHQW EDVHI
IUDPHZRUN IRUJHQHUDWLQJ ORDG SURILOHV ZLWK KLJK J
HUDWHG XVLQJ GLIITIHUHQW WUDLWV WKDW FDQ EH DVVL.
TKHIUDPHZRUN SUHVHQWYV SUHGHILQHG KRXVHKROGV'Y
SURILOHVDUHJIJHQHUDWHG ZLWK KLJKJUDQXODULW\ PLC
DYHUDJHG SURILOHVRYHUODUJHUJURXSV RIKRXVHKROG'
SURILOHV GXHWR SULYDF\FRQVWUDLQWY WKHJUDQXODL
EULGJH D FULWLFDOJDS LQ WHUPV RI WKHDFFXUDF\RI HQ
PRUH 1 ' 310XJUDGSWHHWIBDQWHG WKHLU UHVXOWV IURP OR
WKLV IUDPHZRUN ZKLFK ZDV XWLOLVHG(WDOE@OKRE WHKR
39LQVWDOODWLRQ 7KHDXWKRUV FRQFOXGHG WKDW VPDL
FKDUJLQJ DFWLYLW\ RYHU WKH GXUDWLRQ RI WKH GD\ DQ((
SDFWLQJ XVHU FRPIRUW ,Q WKH DEVHQFH RI VPDUW FKDU
SUHIHUDEOH WR FKDUJH DW SXEOLF RUZRUNSODFH FKDUJ

SHVHDUFK *DSV

([LVWLQJ UHVHDUFK KDV IRFXVVHG RQ WKH PLFURJULG FC
KRXVHKROGV IRUD IHZGBWRRDPRERYYWRRU WKH RUJDQL\
JRLQJLQWR ZKDW HOHFWULF FDUV FRXOG GR ZLWK EL GLU
JDSLQ XQGHUVWDQGLQJWKH JUDQXOR P KR XWHKRDGUH-GYX-
SRWHQWLDO JLYHQ JUDQXODU KRXVHKROG SURILOHV VXF
DQG 1 3I10XJUDGWHWWBWXG\ WKXV DLPV WR EULGJH WKL
KRXVHKROG ILQGLQJV WKURXJKJUDQXODU SURILOHV WR L
HQYLURQPHQWDO IULHQGOLQHVV IRUDQLQGLYLGXDO KR X

) XUWKHUPRUH E\GHIDXOW H[LVWLQJOLWHUDWXUH KDV I
FDUVDVEBUMWASY ZKHQ(GWYRUHFHQJRWKHU FDWHJRULH)
FOHV VXFKDV VFRRWHUY ELNHV UROOHUV HWF DOVR HJ
YHUVLRQ RID FDUVLQFH WKHLU EDWWHU\FDSDFLW\LV HY|
FDOO\HTXLSSHG ZLWK WKHELGLUHFWLRQDO FKDUJLQJFD
FDUV

+VX HW DOH[SORUHG WKLV DUHD DQG DWWHPSWHG WR GH
HQDEOH ELGLUHFWLRQDO FKDUJLQJ FDSDELOLWLHV IRU D



FKDUJH WKH YHKLFOH GLURBBWODM WKQORBWHL RRXNOUWHXROGR X
9 + 9 +] XVHFDVHV HJ HOHFWURQL& DXS/SFORMOH\H W 0
FKDUJLQJHOHFWURQLFGHYLFHY DVDQHPHUJHQF\VRXUF
WKHIHDVLELOLW\RIRWKHU FDWHJRULHV RIVPDOO VFDOH

6LPLODUO\ OLWHUDWXUHKDV OHDQHG WRZDUGV HYDOXD\
ZLWK UBRLWNR®DOODWLRQV +RZHYHU VWXGHQWV DQG Z
VWD\LQ VKDUHG DFFRPPRGDWLRQV RUVWXGLR DSDUWPHC
SHUPDI®MOQMVHPV 5HSRUWYV KDYH VKRBZIQQW KWIDW SO WL RQ ¥ R
UDSLG ULVHLQ SRSXODULW\GXHWRWKHLUDIIRUGDEOH QI
JRU *HUPDQ\ WKH UHSRUW IURP %XQGHVQHW]DJHQWXU VI
VRODUPRGXOHV ZHUH UHJLVWHUHG LQ WKUHH WLPHV I
PRGXOHVDFFRXQWHG IRU *LJD:DWW RIWKHWRWDO
%XQGHVQHW]DJHQWXU

&RPELQLQJWKHVH GLPHQVLRQV D VWXGHQW RU D \RXQJ Z
DFFRPPRGDWLRQ RUVWXGLR3RPRGIODENFBQG \RR GLOXIDLY
HOHFWULF YHKLFOH IRUP DQ XQGHUVWXGLHG SURILOH ,W
LV ZLOOLQJQHVV DPRQJ VOKLVRIORWS RAQRVARQ\DIFKH B YLQJ V
REWDLQLQJSRWHQWLDO ILQDQFLDO EHQHILWV
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7KH WKHVLV DLPVWRH[SORUHDQG GHWHUPLQH WKH SRWF
YHKLFOHVTEDWWHULHYV WR3SRQ@WW WVAXG DKW XK @ KRKOHE) WIKW KY
LQVWHDG RIUHO\LQJRQ WKHJULG LWKWKLVUHVSHFW W
WKURXJK D SUDFWLFDO VWXG\DQGDQDO\VH WKHHQHUJ\F
FDOFXODWH WKH &2\HPEWWL.RRHU MEKXFWLRQ RI VXFK D VHW
DPRQJLQGLYLGXDO XVHUV WR DGRSW VXFK D V\VWHP 7KH
TXHVWLRQV WKDW WKHVWXG\DGGUHVVHV

SHVHDUFK 4XHVWLRQV

TKHWKHVLVDLPV WR DQ®NYHDWKHDMROMNRAQY 54V

ODL®4 'HVSLWH WKH JURZLQJDGRSWLRQ RI VRODU HQHUJ\
WZHHQ WKH SHDN KRXUV RIVRODUHQHUJ\SURGXFWLRQ DC
RIKRXVHKROGY OHDGLQJWR XQGHUXWLOLVDWLRQDQG IF
SHQVDWLRQ &RXOG WKH XVH R(I%9KHQ.9 HBWE R W& IFK DD S |
HIFHVV VRODUHQHUJ\LQLWGXULQJSHDN SURGXFWLRQ KR
GXULQJSHDN  FRQVXPSWLRQ KRXUV WKXV EHWWHU XWLOL

154 :KDWLV WKH SRVVLEOHEUHDN HYHQ RU SD\EDFN W
(9VZLWK WKHLU VRODU HQHUJ\ VIVWHPV FRQVLGHULQ.
VDYLQJV"

154 &RXOG WKH L Q®W DUNDRVRXQVRHIKROG HQHUJ\ VAVWH P\
L&2 HPLVVLRQV OLQNHG WR WKH KRXVHKROG HQHUJ\ F|

154 KDWLVWKHIHDVLELOLW\DQG WKHZLOOLQJQHVVF
VRODU SDQHOVDQG ELGLUHFWLRQDO FKDUJLQJIRUH |

*RDOVDQG OHWULFV

TKHIRDORIWKHWKHVLVLVWRWHVW WKURXJKDSUDFWLF
(OWRUH SRZHU WKH KRS VY RRWXKXKIHBLRWIGHVKH HQHUJ\ ITUR
7TR HYDOXDWH WKH IHDY2IEQQOWWORDMWERRIZLYWK D EL GLUH
UROOHU DQ H[SHULPHQW ZLWK D SUDFWLFDO VHWXS ZDV
DQG LPSOHPHQWDWLRQ ZHUH SHUIRUPHG W&2TXID@X\HW\L\W K



SRWHQWLDO RIGLITHUHQW KR XV HK RD\GHSARS DAHEWZ D &/ DK
DQRG WKHUHVXOWY ZHUH DQDO\VHG )LQDOO\ WR XQGHUV!
VXFK D VIVWHP LQ WKHLU KRXVHKROG D TXDOLWDWLYH D
JURXSV ZDV FRQGXFWHG 7R DFKLHYH WKLV WKHVWXG\HF

f7KHHOHFWULFLW\ SURGXFWLRQDQG FRQVXPSWLRQ LV
+t7KH SD\EDFN SHULRG LV FDOFXODWHG IURP WKHFRVW

+7KHFDUERQ HPLVVLRQ LV PHD2VXKEH G LQNMKRUHBRZ\W L
VHQWHG LQ SHUFHQWDJH

$F7KH XVHU ZLOOLQJQHVV REWDLQHG IURP WKH VXUYH\ L
ZLOOLQJDQG LV YHU\NZLOOLQJ

6WXG\OHWKRGRORJ\

7KH WKHVLVY HPSOR\HG D PL[HG PHWKRG DSSURDFK IRU W}
FRPELQHV ERWK TXDQWLWDWLYH DQG TXDOLWDWLYH UHV
WKHVWUHQJWKYV RI ERWK W\SHR/IRQ & DAMMDWEWH VI WOV ZR U H
DVHULHV RI VLPXODWLRQV ZHUH SHUIRUPHG XVLQJ WKH R
,QIUDVWUXFWXUH BKPXQQWROYHG VHOHFWLQJFRPPRQ KR
PDQ\WR EHVLPXODWHG 7KHUHVXOWV REWDLQHG IURP WK
DQDO\WLQJDQG TXDQWLI\LQJWKH FR2W FDYV QR BHDG KB ™
LQGLYLGXDO KRXVHKROGYV

7TRDQVZHU WKHWKLUG UHVHDUFK TXHVWLRQ RQIHDVLELO
DQG D VXUYH\ZDV FRQGXFWHG 7KH IHDVLELOLW\H[SHULF
EL GLUHFWLRQDO FKDUJLQJ BQ DRKREBHKRN® & KHWK G O KQ J(
HIWHQVLYHVXUYH\ZDV FDUULHG RXW ZLWK SRWHQWLDO H
DWWLWXGH WRZDUGV DGRSWLQJ WKLV WHFKQRORJ\ &RPE
PHQWYV ZLWK TXDOLWDWLYH VXUYH\VKHOSHGLQ HIWHQVL'
SXWIRUWKIRU WKH VWXG\



J)LIXUH 6WXG\'HVLJQ 'LDJUDP



6WXG\3URFHVYV

JLIXUHOOXVWUDWHY WKH VWHSY LQYROYHG LQ FRQGXFWL
SKDVHV 3UREOHP GHILQLWLRQDQG OLWHUDWXUHUHYLH?Z
WKHILQDODQDO\WLVWRUHSRUWWKHILQGLQJVDQGDQVZ
RI WKH SUDFWLFDO VWXG\ DUH VLPXODWLRQ RI KRXVHKR
H[SHULPHQWDO VHWXS WR WHVW WKHIHDVLELOLW\RIELGL
VXUYH\WR GHWHUPLQHHQG XVHU ZLOOLQJQHVV DQG XVDI

6WXG\ 5HSHDWMHELIOAXMODWLRQ SHUIRUPHG LQ WKH VWXG\ F
UHSRVEWRIBYF;Bi?2m#X+QKf TQQ p MTfJ bi2-@aBKmH iBQMb

SUREOHP '"HILQLWLRQ

3UREOHP 'HILQLWLRQ SKDVHLQYROYHG UHYLHZLQJDUWLF
YHKLFOHV LQ (XURSHRYHU WKH SDVW IHZ\HDUV(BSRGUKHL |
FLHVRQFDUERQ QHXWUDOLW\DQG SROLFLHV WKDW VXSSR
WKH SUREOHP DQG WKHPDLQ UHVHDUFK TXHVWLRQ $GGLV
WR XQGHUVWDQG WKH FX U UHDW R/SM IQREQ/ LD GHIH.NBHABUNFLKDF
DQG EL GLUHFWLRQDO FX\D UKHQRNVDL S RWNVAIDWQRIG I[URP WK
DUWLFXODWH WKH SUREOHP DQG GHYHORS WKH UHVHDUFK

SUDFWLFDO 6WXG\

7TKHSUDFWLFDO VWXG\FRQGXFWHGDV SDUW RI WKLV UHVH
WRDGGUHVVWKHUHVHDUFKTXHVWLRQVIRUPXODWHG GXL
RIWKHSUDFWLFDO VWXG\DUHDVIROORZV

$([SHULPHQWR WHR® WKH IHDVLELOLW\ RI XVLQJH UROC
LQ D KRXVHKR O G ZILWK\SIOOG DVQL R Q

+ PSOHPHQWDWLRQ RQGISILANERWLKRXVHKROG SURILOF
EDFN SHUEREPIQB/LRQ UHGXFWLRQ SRWHQWLDO WR Lt
WKHELGLUHFWLRQDO REZUDW® 8 ED\SKEQ O H\® LIHYIRR Q W
QHHGYV

FEXUYWR ILQG RXW WKH ZLOOLQJQHVV RILQGLYLGXDOV
FKDUJLQJRIH UROGHUYWDWGBAMOPLMWIRIOQLQ WKHLU KRXV|

$ GHWDLOHGH[SODQDWLRQRIHDFKVWHS RIWKHSUDFWLF
WHUV RI WKH WKHVLV



$QDO\VLV RIGHVXOWV DQG $QVZHULQJ5HVHDUFK 4XH)\

7KHUHVXOWY RI WKH SUDFWLFDO VWXG\DUH VIQWKHVLVH
DQVZHULQJ WKHPDLQ UHVHDUFK TXHVWLRQV IRUPXODWH(
&2 UHGXFWLRQ SRWHQWLDO WKHSD\EDFNSHULRGIRUGLI
UROOHUVIRUEL GLUHFWLRQDO FKDUJLQJLQ KRXVHKROGYV
WKLVWHFKQRORJ\ $GGLWLRQDOO\ WKHVWXG\RXWOLQH\
RQWKHS SUHOLPLQDUV\UHVXOWYVY RI WKLY WKHVLV SURYLGI
UHVLGHQWLDO EXLOGLQJVLQ WKHFRPLQJ\HDUYV
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2QH FRPSRQHQW RI WKH SUDFWLFDO VWXG\LQYROYHG DQ
ELOLW\RIEL GLUHFWLRQDO FKDUJLQJIRUH UROOHUV 7K
LQWKHLULQWHJUDWLRQDQG SURYLGHVDQLQ GHSWK H[S

([SHULPHQWDO 6HWXS

TKHIROORZLQJVXEVHFWLRQ GLVFXVVHVWKHGHVLIQDQG
LQYROYHG LQ WKH H[SHULPHQWDWLRQ RI EL GLURBBWLRQ|
LQVWDOOHGLQWKHKRXVHKROG 7KHSULPDU\DLP RIWKLYV
DFRPSDFWDQG HIILFLHQW HOHFWULFLW\JHQHUDS®ALRQ V\
VIVWHP DQG XWLOLVHWKHH UROOHU DV D VW ROIDIDHVIN U IV ¥
WKHRYHUDOO VA\VWHP VHWXS XVHG LQ WKHH[SHULPHQW

JLIXUH ([SHULPHQWDO 6HWXS

7KH KRXVHKROG GUDZY HOHFWULFLW\IURP WKHJULG DV Q
PHWHU WR PHDVXUH WKH DPRXQW RI HOHFWULFLW\9FRQV X
VA\VWHP LVILWWHG LQ WKHIURQW RI WKH KRXVHKROG 7K&t
LQWRHOHFWULFDOHQHUJ\EDVHG RQWKHVXQVKLQHDQG



DUHVWUDWHJILFDOO\ SODFHG WR JHW H[SRV X VK RVA/ WXKHD |
VRODU SDQHO VHWXS LQ WKH KRXVHKROG

J)LIXUH 3O HWIXS LQ WKH KRXVH

JLIXUH 6RODUMBD V&W& W\UIRM@® H U

7KH HQHUJ\ FDSWXUHG E\ WKH VRODU SDQHOV LV VWRUHG
HQHUJ\FDSWXUHG E\ WKH VRODU SDQHOV D N:KEDWWH!
VWRUDJHRIHQHUJ\SURGXFHG IURP WKH VRODU SDQHOV W
LV QRW DYDLODEOH )XUWKHUPRUH WGR3B TVIRQ BIQ WIOD & KHD!
HPSOR\HG33%0RQWURROKBWFROWUROOHU WKDW FRQYHUWYV
SDQHOWRDPRUHDSSURSULDWHOHYHOIRUFKDUJLQJWKH



WKH SRZHU RXWSXW IURP WKH VRODU SDQHOV DQG HQVXL
WUDQVIHUULQJ WKH YROWDJH IURP VRO DU $IBRAOEKRMWK WK
EDWWHUDBRBRIXWUROOHU XVHG LQ WKH VHWXS

JLIXUH ( UROOHU 6HWXS

7KHHQHUJ\JHQHUDWHG IURP WKH VRODU S& QIHDG/ LW QWR C
WR EH FRQS&IRWHKEWR\DSSOLDQFHV DW KRPH 7R GR WKLYV
FRQY H'EGWUNRKHN KH E D WHBHIK MFK LMW KH VWDQGDUG YROWD.
DSSOLDQFHV 7KLVLQYHUWHUKHOSVLQFRQYHUVLRQDQG
UHTXLUB&SBZHU 7KHH UROOHU XVHG LQ WKH H[SHULPHQ\
JRUFKDUJLQJWKHH UROOHU SDUWLFXODUO\ DSRZHUDGI
7KLVLVY GRQHWRHQVXUH WKDW WKHH UROOHU UHFHLYHV

'LWKDOO WKHFRPSRQHQWKRZAY S\OKHFH[ S HIXPHQWDO IORZ
IROORZLQJVXEVHFWLRQV ZLOO H[SODLQ WKH FKDUJLQJ D(



JLIXUH ([SHULPHQWDO )ORZ

&KDUJLQJWKH ( UROOHU

7KH VRODU SDQHOV FDSWXUH VXQOLJKWDQG FRQYHUW LW
HQHUJ\ LV VBIZBWARR MKAKDUJHU ZKLFK RSWLPLVHV WKH Y
SDQHOV WR FKDUJH WKH N:K VRODU EDWWHU\ )XUWKHU
EDWWHU\ FRQY HUSWRZWK H Y WRHHE® \$& AKEEORZAHU BDQ WK
EH XVHG WR RSHUDWH KRXVHKROG DSSOLDQFHV RU FKDUJ
$ SRZHUDGDSWHU LV XVHGMWRRFRY KH WW Y\FIRHV R & KWIRU IS W |
H UROOHU 7KHH UROOHU FDQ WKXV EH FKDUJHG XVLQJ Wk

8VLQJWKH( UROOHU WR &KDUJH WKH %DWWHU\DQ

JRU GLVFKDUJLQJ WKHH UROOHU EDWWHU\ ZKHQ WKH H Ul
GLITHUHQW IURP WKH XVXDO FKDU& L Y WRIBSGRKE HRWRGIW
FRQYHUWVEGWHKRP W KHH UROOH& WBWWERG\LWRED¥FN WR WKH
7TRIHHG WKH YROWDJH WR WKH EDWWHU\ DFRQQHFWRU L\
EL GLUHFWLRQDO FKDUJLQJ ZKHUH WKHHQHUJ\ VWRUHG |
FKDUJHWKHVRODUEDWWHU\DQG LQWXUQ SRZHUVPDOO
WKHH UROOHU LV IBYMWHUXIDWKoWHKERIBIVWOXWRBEQWDEOH GLU
RB6WHYLFHYVY OLNHPRELOHSKRQHY ODSWRSV HWF [URTI
HQHUJ\ ORVV WKDW PLJKW RFFXU GXH WR FRQYHUWLQJ WK
YROWDJHOHYHOV HQVXULQJWKHRYHUDOO HIILFLHQF\RI



7KURXJK WKLY VHWXS LW ZDV VXFFHVVIXOO\GHPRQVWUD
ZLWK H UROOHB¥VIHA\GXS QA XQIDLIQR X VHKROZOVANM HB SQWHLQ
ZLWK ELGLUHFWLRQDO FKDUJLQJIRU WKHH UROOHU RIIHL
DJHV VHOI FRQVXPSWLRQRIHQHUJ\LQ WKHKRXVHKROG Ul
FRPSHQVDWLRQ /HYHUDJLQJWKHH UROOHUYV LQWHUQD
QHFWRUV DOORZHG IRUHIILFLHQW HQHUJ\WUDQVIHU EHW
HYHU QHFHVVDU\ )XUW K H8J6P8B &M WW KLHD DAGIGH. W LRRO®IH U S D
OHVVHUHQHUJ\ ORVV GXHWR WKH FRQYHUVLRQ EHWZHHQ
GHPRQVWUDWHY WKH IHDVLELOLW\RILQWHJUDWLQJUHQF
SURPRWLQJVXVWDLQDEOHKRXVHKROG SUDFWLFHYV
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7KH VLPXODWLRQ DVSHFW RI WKH SUDFWLFDO VWXG\ GHV
SURMHFW QDPHG 3+RXVH ,QIUDVWUXFWXUHG6LPXODWRU +
QHFHVVDU\WR DGGUHVV WKH UHVHDUFK TXHVWLRQV 7KL
VRXUFHSURMHFW WKHLPSOHPHQWDWLRQH[WHQVLRQ Wt

6LPXODWLRQ 6HWXS DQG ([HFXWLRQ

+L6ULAW DQRSHQ VRXUFH3\WKRQ SDFNDJH WKDW VLPXODWF
WHPV +RXVHKROG ,QlUDVWUX\FWXQHLERARPEADWWRODFK WLPH
YLGHVY DQ HIWHQVLEOH IUDPHZRUNLWIRRMIHPHIER DNKRRV N K FE
WHJIJUDWLQJ FRPSRQHQWYV ZKLFK DUH EXLOW W RBRHWLKLHOW \
VRPHRI WKH FRPBRUPXFW BRBWNKMWHP HOHFWULFLW\JULG K
VWRUDJHHWF 7KHDYDLODELOLW\RIPDQ\LQEXLOW FRPS
PDGH6UIPUHDVRQDEOH FKRLFH IRUVLPXODWLQJ KRXVHKR:
WKH SD\EDFN&HHRPRGVILR® UHGXFWLRQ SRWHQWLDO

TKHL6LBPOUHDG\ RITHUV KRXVHKROG LQIUDVWUXFWXUH FR|
V\VWHP EDWWHU\ DQG FDUIRUVLPXODWLRQ 7KHVHFRPS
ILOHV ZHUHLQWHJUDWHG DQG XVHG WR VLPXODWH VSHFL
DQH[LVWLQJ FRPSRQHQW RI WKH VLPXODWRU WKH GLVFK
FKDUJLQJ ZDV QRW DYDLODEOH 7KXV WKLV IHDWXUH ZD\
HILVWLQJHOHFWULF FDUIXQFWLRQDOLW\DV SDUW RI WKH
ULWKP DUH SURYLGHG ODWHU LQ WKLV VHFWLRQ )XUWKH!I
WR VWHS GRZQ WKH FDU FRPSRQHQW WR WKHH UROOHU FR

JLIXUHL6LGFKHPH +RXVHKROG ,QIUDVWUXFWXUH 6L



7TRVLPXODWHDKRXVHKROG D3\WKRQ SURMHFWFDOOHG /F
WRIJHQHUDWHDQ HOHFWULFLW\ORDG SURILOHKIHRR B\W3KH KF
SDFNDJHDOVRDOORZVIRUFXVWRPLVDWLRQWRGHILQH XC
WKHVLY SUHGHILQHG ORDG SURILOHV ZHUH XVHG 7KH SUF
EDVHG RQ D VXUYH\DQG VWDWLVWLFDO GDWD IURP *HUPD
ORDG SURILOHEDVHG RQWKHVLPXODWLRQ RIWKHEHKDY I
GHSHQGLQIJRQWKHDFWLYLW\SHUIRUPHGDQG WKHGHYLFI
RIWLPHGXULQJWKHGD\ WDOVRWDNHVLQWRDFFRXQW W
RILQGLYLGXDOV ORUHLQIRUPDWLRQRQ WKHORDG SURIL!
SURILOH *HQHUDWRU

$FFRUGLQJ WR (XURVWDW UHSRUW RQ KRXVHKROG FRP
XODU W\SHV RI KRXVHKROGV LQ WKH (8 DUH 3&RXSOH ZLW}
DQG6LQJOH SHUVRQ KRXVHKROG" 7KLV WUHQG KROGV W
PLOOLRQ KRXVHKROGVLQFOXGHGDV SDUW RIWKHVWDWL\
KROGVDUH SUHVHQXWRGWRWDEOH

7TDEOH +RXVHKROG 7\SH6WDWLVWLFV *HUP

+RXVHKROG 7\SH IXPEHU RI KRXVHKROGYV [LQ WKF

6LQJOHDGXOW ZLWKRXW D NLG

&RXSOH ZLWKRXW FKLOGUHQ

&RXSOH ZLWK FKLOGUHAQ

7TKHUHIRUH IRU WKH SXUSRVH RI WKH WKHVLY WKHVH WK
SURILOHVRILQWHUHVW GXH WR WKHLU FRPPRQDOLW\ LQ
SURILOHV DUHDVVXPHG WR EHORFDWHGLQ +DPEXUJ 7KH

7TDEOH +RXVHKROG 3URILOH6HOHFWHG IURP /RDG 3URIL

+RXVHKROG 3URILOH1DPHHVFULSWLRQ

$ FRXSOH ERWKDW ZRUN &RQVLVWY RI D FRXSOH |D PDO
DIHDQGDIHPDOH \HDUV RI1 D.

$FRXSOHZLWKDNLG RQHSRIQVRWOQNDVWRABPUFRXSPH DPDOH

DW KRPH DW ZRUN D IHPDOH \HDUV RI L
DQG D NLG

$VLQJOH SHUVRQ VWXGH@WRQVLVWV RID VWXGHQW D PLC
DJH

7KH VWDWLVWLFV IXUWKHU UHYHDO WKDW LQ *HUPDQ\ PR
DGXOWYV ZRUNLQJ 7KLV PDNHV WKH FDQGLGDWH KRXVHK
XQGHUVWDQGLQJ FRQVXPSWLRQ SDWWHUQV WR EH JHQH!
DQDO\WLQJWKHVHSURILOHVFDQ SURYLGHYDOXDEOHLQVI



FKRLFHV Rl KRXVHKROGY ZKHUH ERWK SDUWQHUV DUH HP
FKLOGUHQ RUDVLQJOHSHUVRQOLYHVLQGHSHQGHQWO\
HOHFWULF YHKLFOH IRUWUDYHOOLQJ :KLOHWKHILUVW W
SHUVRQ SURILOHRZQHG DQ HOHFWULF UROOHU IRUWUDQ\
WR SURYLGH D FRPSUHKHQVLYH XQGHUVWDQGLQJ RI WKH
DQG V&RHPRLVVLRQ UHGXFWLRQ SRWHQWLDO

JLIXUNKRZV WKHDFWLYLW\JUDSK ZLWK ORDG SURILOH IR
VSOLWE\ZHHNGD\VDQG ZHHNHQGV IRUWKH33$ FRXSOH ER

J)LIXUH SFWLYLW\*UDSKIRU3®$FRXSOH ERWKDW ZRUN"’
*HQHUDWRU

JLIXUNKRZV WKH ORDG SURILOH RI HOHFWULFLW\IRU WKH
ZRUN RQHDWKRPH GXULQJGLIITHUHQW VHDVRQV VSOLW E

)LQDOO\ ) NVXRIHY WKH ORDG SURILOHRI3$VLQJOH SHUVRQ



J)LIXUH $FWLYLWN\ *UDSKIRU3$ FRXSOH ZLWK D NLG RQF
"'LITHUHQW 6HDVRQV /RDG 3URILOH *HQHUDWRU

J)LIXUH $FWLYLW\*UDSKIRU3*$VLQJOH SHUVRQ VWXGHQ
*HQHUDWRU



7R SHUIRUP WKH VLPXODWLRQ YV &X\6LEU RMKHHF QVRDBEV SRV HQA
WKH QHFHVVDU\ FRPSRQHQWY 7KUHH GLITHUHQW W\SHYV |
KRXVHKROG SURILOH WR XQGHUVWDQG WKH FRQVXPSWLR!
HDFK FDVH WLV LPSRUWDQW WR QRWH WKDW WKH VLPXO
JULG IRUDSSOLDOQVHQYG®HYKMHWI LQ WKH KRXVHKROG DQ
FRQVXPSWLRQ RIHOHFWULFLW\ E\KHDW SXPSV

JLIXUH 'LITHUHQW 6 FHQDULRV IRU (DFK +RXVHE

J)LIXUHOOXVWUDWHY WKH GLITHUHQW VFHQDULRV VLPXOD
QDULR LV H[SODLQHG EHORZLQ GHWDLO

F7KH FRQVXPSWLRQ IURP JULG QR SURGXFWLRQ LV WD
ZKLFK RWKHU VLPXODWLRQV DUH FRPSDUHG ZLWK WR D

F7KH FRQVXPSWLRQ IURP JWBOYF LPERGMWHWORLY/ IWRHA ILUV
I[URP WKH EDVHOLQH32K B UHKW KHRKW HK DO G WKDW SURC
HLWKHU XVHG LQ WKH KRXVHKROG RUWR EH VHQW WR
SDWWHUQV DW WKDW WLPH

F7KH FRQVXPSWLRQ IURP WKHBIVJLW KSURHK KE WILROQ FWRR
RI(9 LVWKHQH[WOHYHO DIWHU WK 8 V) VKK RKXNBA B B D
EL GLUHFWLRQDO FDSDELOLWLHYV ZKLFK FR OO WXV |
WKHKRXVH DQG WKHKRXVHUHTXLUHY HQHUJ\



JLIXUHL6LPWHQVLRQ 'RQHDV 3DUW RI WKH 7KHYV

7TDEOH

+RXVHKROG 3UR

IBOBIDUDPHWHUYV

(9 3DUDPHWHUYV

$ FRXSOH ERWK

DWZRSHDN ZLWK
EDWWHU\

N:K EDWWHU\ F

+RXVHKROGDQG (93URILOH 3DUDPH\V

DSDFL!

N:K NP FRQVXPSWLF

NP KRQFLW\ U
N: FKDUJHU

$ FRXSOH ZLWK

D NLGHPRPQHZLWK

SHUVRQDW ZRUNE®ROQMHMHVU K RP H

N:K EDWWHU\ F

RDGV

DSDFL!

N:K NP FRQVXPSWLE

NP KRQFLW\U
N: FKDUJHU

$ VLQJOH SHUVR

Q VVEH®MQW

"K EDWWHU\
N:K NP FRQ
WLRQ
$URXQG
PHWUHV PLQXW
N: FKDUJHU

RDGV

VXPS



7KHLPSOHPHQWDW L RQ RIZHRP\B\R Q BIHIQW WAIRBLFORGLGKIB FRP
SRQHQBWOVIIRRP SMKALIEEUDU\ LQ 3\WKRQ DQG VRODB\EDWVEW H
OLEUDU\LQ 3\WKRQ DQG WKH\ZHUHLQWHJUDWHG IRU VLP:
DOVR DQ DYDLODE O H [ERPE RQGIRDWRLD BXW W B HRAWLKIE&DWH E
WLRQDO FKDUJLQJ ZDV LPSOHPHQWHG DV SDUW RI WKH VW.
FRPSRQHQW ZHUH PDGH WR VLP X0 B®DB LVORHAK H R 6 /KIS R LW
ZLWK WKH JUHHQ PDUNLQJ WR VKRZ WKH EL GLUHFWLRQDC
PHQWHG DV SDUW RI WRKXWBY BB VKK H VEEFRD QLG BANREBQV R
HDFK RI WKH KRXVHKROG SURILOHVWR XQGHUVWDQG WKH |
SHUIRUPLQJEL GLUHFWBR®BQ EKWDLWID QIKRIPHKIHY SURYLGH

$OJRULWKPUJILQIJDQG 'LVFKDUJLQJ

IXQFVEDROFXODWHBSRZHU
LFDUBFRQWOPBKMH® Q
UHWKD@QBFRQVXRSWILRM)RXW FKDUJH IURP WKH FDU \
HQG LI
LFDUBO BPDIOLURAK D UJLWKBI@RFDWLRQ
UHWXUQ . 1R FKDUJLQJRU GLVFKDU.
HQG LI
LMVRFFRQILJ EDWWHQ\BVHW
UHWXHQI SRZHU . &KDUJH WKH FDU ZLWK PD[L
HQG LI
LNV RFO:7 DQIBOHFWULEDWABKM®P UJHW
UHWXMQI SRZIHWVFKDUJH WKH FDU ZLWK PD[LPXP SF
KRXVHKROG
HQG LI
UHWXUQ . '"HIDXOW FDVH QR FKDUJLQJF
HQG IXQFWLRQ

$OJRULM/KEPHVLIQHG WR PDQDJH WKH FKEYYLEDVD\W BB L VFIK
LW FKHFENV LI WKH FDULV FRQVXPLQJHQHUJ\ HJ ZKLOHG!
YDOXH RI WKH FRQVXPSWLRQ LQGLFDWLQJHQHUJ\EHLQJ
DWWKHGHVLJQDWHG FKDUJLQJ ORFDWLRQ LW UHWXUQV
‘KHQ WKHSPRIMEHORZ D VSHFLILF WKUHVKROG VHW E\ WKH
VWDWH RI FKPUYHBRRPQWR ZKHUH UHSUHVHQWV QR FKD
PD[LPXP VWDWH RI FKDUJH WKHIXQFWLRQ UHWXUQV WKH
FDU &RQYHUVH®RALMADKERFBIU VD QG WKHUH LV D QHJDWL)
GLVFKDUJHVWKHEDWWHU\DW PD[LPXP SRZHUWR SURYLGHF
FRQGLWLRQVDUHPHW WKHIXQFWLRQ GHIDXOWY WR UHW)>
DFWLYLW\ 7KLV IXQFWLRQ HIIHFWLYHO\EDODQFHV WKH F
KRXVHKROGYIV HQHUJ\UHTXLUHPHQWY WKURXJK FRQGLWL
FKDUJLQURI WKH






	ABSTRACT
	ACKNOWLEDGMENTS
	SYMBOLS AND ABBREVIATIONS
	DECLARATION OF AI USAGE
	TABLE OF CONTENTS
	INTRODUCTION
	BACKGROUND
	Policies, Household Energy & Grid Prices
	PV System in Households
	Electric Vehicles

	RELATED WORK
	Self-Consumption in Residential Energy Systems
	Electric Vehicles and Bi-Directional Charging
	Research Gaps

	STUDY DESIGN
	Research Questions
	Goals and Metrics
	Study Methodology
	Study Process
	Problem Definition
	Practical Study
	Analysis of Results and Answering Research Questions


	EXPERIMENTATION
	Experimental Setup
	Charging the E-roller
	Using the E-roller to Charge the Battery and Other Devices

	SIMULATION
	Simulation Setup and Execution
	Results and Analysis
	Simulation Results for ``A couple, both at work"
	Simulation Results for ``A couple with a kid, one person at work, one at home"
	Simulation results for ``A single person/student"


	SURVEY
	Participant Demographics
	Survey Results
	Public Transportation Usage
	Concerns Related to Sustainability
	Energy Consumption and Solar Panel Installation Information
	E-roller Usage


	DISCUSSIONS AND FUTURE WORK
	Discussions on research questions
	Reflections and future work
	On the Choice of Simulation Libraries
	On the Choice of Household Profiles
	Survey
	On the Calculation of Payback Period
	On the Potential Rebound Effects
	Potential Extensions to Bidirectional Charging Enablement
	On Assessing User Behavior and Convenience of Bidirectional Charging of E-rollers
	Potential User Interface Improvements


	CONCLUSION
	REFERENCES
	APPENDIX: SURVEY QUESTIONNAIRE AND RESULTS
	APPENDIX: INSTRUCTIONS TO RUN THE SIMULATION AND RESULTS

