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This thesis aims to design an optimal charging infrastructure network for heavy-duty battery electric
vehicles in the Netherlands. This involves determining the distribution of demand between private
and public charging and identifying the best locations for public charging facilities based on scenarios
evolving over the years to come.

The Current State of HD BEVs and charging infrastructure shows limited market penetration of HD
BEVs, with around 1,000 registered in the Netherlands but is expected to increase over the coming
years. Existing charging infrastructure includes approximately 125 public locations with around 350
charging points. Private charging is the most cost-effective but faces challenges like high installation
costs and limited space.

Analysing the logistics sector reveals that trucks typically cover around 70,000 km annually, with newer
trucks averaging 100,000 km. The sector includes city logistics, regional logistics, and long-haul lo-
gistics, each with distinct driving patterns and refuelling needs. Most trucks currently refuel at public
stations, with some using private refuelling at their facilities.

After interviewing and having a survey send out to fleet owners tot test their preferences. Fleet owners
prefer private charging due to lower operational costs and greater control. High initial investment costs,
limited space, and grid capacity issues are significant barriers for private charging. Public charging
offers flexibility but comes with higher per-kWh costs and potential reliability and availability issues.

A demand distribution estimation model has been developed and allocates charging demand between
private and public facilities based on cost efficiency, operational constraints, and fleet owners{ prefer-
ences. As battery capacity increases, the demand shifts from public to private charging. With a 350
kwWh battery, 63% of the demand is met by private charging, 4% by semi-public, and 33% by public
charging. This shifts to 82% private, 5% semi-public, and 14% public with a 650 kWh battery.

The developed location model maximizes the captured flow of electric trucks while minimizing installa-
tion costs. Constraints include budget limitations, and the range of HD BEVs. Scenarios were devel-
oped to test the model under different future conditions, ensuring a robust and cost-effective charging
infrastructure which can be found in Figure 7.6.

This research provides a comprehensive framework for developing an optimal charging infrastructure
network for HD BEVs in the Netherlands. By understanding the distribution of demand between pri-
vate and public charging and incorporating relevant constraints into a mathematical model, the study
offers valuable insights for energy providers. The findings highlight the importance of strategic plan-
ning in charging infrastructure to support the transition to electric transport and reduce greenhouse gas
emissions.
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This Chapter will give an introduction to the problem, provide a brief technical and economic perspec-
tive on Heavy Duty Battery Electric Vehicles (HD BEVis), and the challenges in designing a charging
facility network for HD BEV(s, thereafter the research problem and objective will be described an the
outline of the this thesis will be given.

The effects of climate change that scientists predicted can already be seen, such as melting glaciers,
rising sea level, the loss of sea ice and intense heat waves [1]. Scientists predict that global tempera-
tures will continue to rise due to increases from human emitted green house gases [1]. To address and
reduce the impacts of climate change, governments are implementing new regulations. The European
Union introduced the European Green Deal which aims to become the first climate neutral continent in
the world by 2050 [2]. Emissions from road transport account for 6% of total European green house
gas emissions [2]. From all green house gas emissions by road transport around a quarter is emitted
by heavy duty trucking (HDT) [3], HDT for example make use of tractor trailer combinations, dump
trucks and tanker trucks to transport all sorts of goods over different distances, including city, regional,
and long-haul logistics. For this research vehicles of class N3 with a weight over 12 ton will be seen
as heavy duty [4]. For city logistics, vehicles are typically involved in short-distance deliveries within ur-
ban areas. Regional logistics covers medium-distance transportation between cities or within a specific
region. Long-haul logistics, on the other hand, involves transporting goods over long distances, often
across national borders. Part of the European Green Deal is reducing the green house gas emissions
by HDT, a 45% reduction from 2030, a 65% reduction from 2035 and a 90% reduction from 2040 [3].
These reduction targets bring new challenges and opportunities to all stakeholders involved with HDT
such as, truck manufacturers, logistics companies and energy providers. One of the solutions these
stakeholders are pursuing to be able to reduce emissions from HDT is transitioning from conventional
trucks with internal combustion engines to the use of HD BEVis.

0000 0Oo000D 0hoot bUn tUboodooo

This section will provide a brief technical and economic perspective on HD BEVSs, the role of Shell in
the eMobility sector as an energy provider, and the challenges in providing a charging facility network
for HD BEVis.

(i0iil dd oo

According to Liimatainen, Vliet, and Aplyn [5], the recent developments of battery technology make HD
BEVis technically viable and several manufacturers have introduced their first HD BEVis. Research by
Nykvist and Olsson [6] shows that, new developments in charging technology makes it possible to use
smaller batteries. The ability to utilise smaller batteries is advantageous because it reduces vehicle
weight, improves energy efficiency, and lowers production costs. Which makes HD BEVis possibly
more competitive in HDT [6]. In the Netherlands there are currently around 1000 registered HD BEV(s
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on the road, this is 0.6 % of the total registered trucks according to the CBS [4]. There are many different
HD BEVis manufacturers with different specification for electric trucks. In Table 1.1 an overview is given
of the specifications for a HD BEVis used today and build by Mercedes [7].

Table 1.1: Specifications Mercedes eActros 400[7]

Description Value [unit]
Max. power output 400 [kKW]
Battery capacity 336 [kWh]
Range 300 [km]
Costs 350.000 [Euro]

With the adaptation of HD BEVts, logistics companies and energy providers are still facing challenges.
Currently HD BEVis are limited in their range compared to conventional trucks, which can have a range
of over 1000km.

0i0i00 00 0000 bo0ioiod toooitt booooo

Logistics companies are in need of a good network to charge their trucks and continue their operations
smoothly. This is where energy providers come in to play, they want to establish a good network
of charging facilities to provide in the supply of energy that matches the demand coming from HD
BEVis.Because of the fast pace of developments around charging and the energy supply market energy
providers are implementing a learning by doing strategy [8]. This strategy is a combination of research
and development, and during the research already deploying in the market. This means that while the
charging infrastructure is already being deployed there is still research that needs to be done. Some of
the research that still needs to be done regarding charging infrastructure and need a scientific approach
for example is:

A Understanding the fleet owners attitude towards the use of HD BEVis and their implications
(choosing between depot charging or on-the-go charging, public charging network design, etc.).

A Deploying and testing chargers with capacities of over 1 MW for very fast charging of HD BEVis.

Doing more scientific research on one of these topics can possibly help with the roll-out strategy of
energy providers. The design of an optimal network of charging facilities is mentioned in the first
research topic that needs a scientific approach. The design of this optimal network depends on the
distribution between private and public charging demand in the future and the fleet owners attitude
towards the use of HD BEV(s and there expected charging behaviour.

0000 Doo0oooD boobod

As mentioned in the previous section there is the need for better scientific research for the design of
the optimal charging network for HD BEVis in the Netherlands. The main problem is that it is not yet
known what demand for charging at public facilities will be as it is expected that most of HD BEV(s
will charge at private locations. The choices fleet owners will make on charging private or publicly will
influence this demand. The first part of the problem is to estimate this demand distribution, as it will
serve as a basis for determining the optimal locations, which is the second part of the problem. For the
second part in determining the optimal locations from the viewpoint of an energy provider, on the one
hand you want to minimise the cost for realising the charging infrastructure, but want to maximise the
number of trucks being able to recharge at your facilities. Some constraints in determining the locations
could be for example a given budget for installation or the range of HD BEVis. For a problem like this
an optimisation model could be developed taking into account these objectives and constraints. In the
next chapter a literature review will be conducted to understand the current body of knowledge and be
able to develop a scientific approach in solving this problem.

(000 Doooouoo ooioonod

It has been discussed that there is a problem which requires the development of a charging infrastruc-
ture network by energy providers in the Netherlands to support the adoption of HD BEVis by logistics
companies, in order to reduce green house gas emissions. However, as mentioned the current strat-
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egy for developing a charging facility network needs to be backed by scientific research. The research
objective is to determine the demand distribution between private/public charging by considering the
charging behaviour of fleet owners. Furthermore, an optimisation model will be developed that deter-
mines the optimal locations for public charging facilities, while balancing the objectives of minimising
the cost of infrastructure installation and maximising the number of trucks that can recharge at the fa-
cilities. The model will need to take into account constraints such as budget limitations and the range
of HD BEVi(s.

0000 00000000 0ooooiooo

The research problem from section 1.2 serves as a basis for the development of the research question.
The question should also attempt to fill the identified research gaps in in chapter 2. The main research
guestion that aims to do both will be:

How can the the distribution of demand between private and public charging be determined and
be used to determine the optimal locations in the Netherlands for a heavy duty battery electric
vehicle public charging facility network?

To come to an answer of this main research question the following sub-questions have been developed,
these will help indicating research activities and a constructive research setup:

1. What is the current state of charging facilities and HD BEVés in the Netherlands?
The purpose of this question is to develop a general understanding of the current state of charging
infrastructure and battery electric trucks. It will provide general insight on a technical, economic
and geographical perspectives.

2. What is the current state of the logistics sector, what distances do they drive, where do
they drive where do they refuel?
The answer to this question will give general understanding of the current state of the logistics
sector in the Netherlands, and insights on a technical, economical and geographic perspective

3. What are the reasons, constraints and needs from fleet owners to install private charging
facilities or make use of public charging facilities?
This question will provide insights into the technical, economic and subjective choices fleet owners
will need to make for their regarding the use of HD BEVis. The insights serve as a basis for the
constraints and decisions for the demand distribution model.

4. How can the reasons, constraints and needs to install private charging facilities or use
public charging facilities be translated into the demand distribution between private and
public charging facilities for battery electric trucks?

The result from this model will determine the distribution between the private and public charging
demand. The answer to this question will also be the answer to the first part of the main research
guestion.

5. What are relevant technical and economic constraints for the location of on-the-go charg-
ing facilities for battery electric trucks?
The outcomes of this question will provide the constraints to the location model in question 6.

6. How can these constraints be translated into a mathematical model or scenarios?
A mathematical model will need to be developed to give an answer to the second part of this
research in determining the locations for on-the-go charging.

7. How can the modelling results be related to determining the optimal locations for on-the-
go charging facilities for battery electric trucks?
The results from the developed model should be analysed to gain an understanding in what the
optimal locations will be and give a final answer to the main research question.
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This thesis has the following structure: Chapter 2 presents a comprehensive literature review, focusing
on charging infrastructure and strategies, charging demand estimation, and location modelling. Chapter
3 outlines the research methodology, presenting the research framework and different methodologies
used for this thesis. Chapter 4 is a case study on the current state of the logistics sector and HD BEVs in
the Netherlands, providing insights into truck operations, distances driven, and refuelling patterns and
the evolving market. Chapter 5 develops the demand distribution model, integrating theoretical and
expert knowledge to estimate the distribution of charging demand between private and public facilities.
Chapter 6 optimizes the location of charging facilities, incorporating flow data, grid congestion, and
existing infrastructure into a mathematical model. Chapter 7 conducts numerical experiments to test
the model under different scenarios, to be able to develop a charging infrastructure network over the
coming years. Finally, Chapter 8 concludes the thesis, summarizing the key findings, discussing the
implications, and providing recommendations for future research.
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The methodology for this literature review is based on the guidelines provided by Snyder [9] . This
literature review aims to conduct a comprehensive review of articles focusing on HD BEV(s, charging
infrastructure and strategies, charging distribution between private and public facilities, charging de-
mand estimation and location modelling. It will encompass an exploration of recent literature to identify
what are gaps on this topics. The keywords used for the literature search are shown in Table 2.1, with
Google Scholar and Scopus selected as the search engines. To enhance the search backward and
forward snowballing techniques were employed to find additional relevant literature.

Table 2.1: Keywords used

Section Keywords

Charging infrastructure and strategies truck AND charging AND strategies

Distribution private/public demand charging AND private AND public AND demand
Charging demand estimation charging AND demand AND estimation
Location Modelling location AND Modelling

00l dOootiod fhoidtoiboboo LD Oooooodood

Providing charging infrastructure for HD BEVis brings complex challenges with many stakeholders in-
volved [10]. These stakeholders range from energy supply markets to those who facilitate the provision
of energy to end-users [11]. Challenges that have to be dealt with are for example issues with: suffi-
cient capacity in the local grid, ensuring a stable grid and matching supply-demand [12]. The charging
service providers that provide semi-public access chargers, with different kind of services such as fast
or smart charging and dynamic pricing, will need to make sure that their placement of chargers corre-
spondents with the needs and preferences of the users [13], it is crucial to understand the behaviour
of users to design the charging infrastructure. The reasons for the use of public charging infrastruc-
ture underlie in insufficient range, availability and opportunity, and the lack of the ability to charge at
the next destination [14]. The charging strategy is what is underlying of the choices and behaviour of
users [13]. According to Teoh [15] charging strategies are described very differently in the literature,
they may emphasise on technology (fast charging or battery swapping), the location of charging (depot
charging, destination charging or on-the-go) and ownership of the charging service (public, semi-public
or private). For this literature review the charging strategies based on the location and ownership are of
relevance. According to Kin, Hopman, and Quak [16] a distinction can be made between low capacity
and high capacity charging and four types of charging stations: home (private), depot (private), road
(public), at premises (semi-public). This together has an effect on the type of charging station, the
charging moment, costs for electricity and investments. The profile of the mission, vehicle type, battery
size and charging infrastructure together relate to the charging strategy [16]. It has been demonstrated
that overnight charging at home or at a depot is the most cost-effective strategy, as long as the daily
operations will fit within the battery range. It hardly affects the way of operating based on conventional
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VORZ DQG RQ VKLIW IDVW DQG WKUHH RSHQIPKDGYVHHEBHRWD/O ORBDO |
PLOHV WR PLOHV DQG ORQJ KDXO UDQJH ! PLOHV 7KH\IRXQG WKDW
% (9TV WKH FKDUJLQJ VKDUH RI PLG VKLIW FKDUJLQJ GHFUHDVHV DQG RII
ORFDO RSHUDWLQJWUXFNV WKH VKDUH RIl VKLIW FKDUJLBWZ.@O EH DUR
UHFRPPHQGV IXUWKHU UHVHDUFK RQ WKH WUDGH RIIV EHWZHHQ GLIIHUH
SDULQJD QHWZRUN FRPSULVHG RI KLJKO\ GLVWULEXWHG ORZ SRZHU IRU
QHWZRUN ZLWK KLJK SRZHU IRUPLG VKLIW FKDUJLQJ 7KLV UHFRPPHQGD
RIIVDQG QHWZRUN GHVLJQ IRU +' %(91VDOLJQV ZLWK WKH UHVHDUFK SURI
JDSVLQ WKLV WRSLFRIUHVHDUFK $QRWKHU VWXG\RQ WKH GLVWULEXWL
WKH 86%$ E\ .DPSVKRII .XP DHW BHRRINWQRPDWHY WKDW DURXQG RI FKDUJ
SXEOLF VLWHV %XW WKLV VWXG\ KDV VRPH VKRUWFRPLQJV LQ QRW H[SOI
RQDQG GLG QRW IRFXV VSHFLILFDOO\RQ +' %(9V 7KH UHYLHZHG OLWHU
WKHUH LV D VLJQLILFDQW JDSLQ UHVHDUFK VSHFLILFDOO\ZLWK D IRFXV F
QLRW ®%WUBNI® GLG D UHVHDUFK RQ +' % (9fV EXW LV IRFXVHG RQ WKH 86% W
1IHWKHUODQGYV KDYH GLITHUHQW RSHUDWLRQ F KB W EFO® HUHR/RAPLPAV/Q GAR U O
IXUWKHU UHVHDUFK LQ WKLV DUHD $00 WKLV WRJHWKHU PDNH LW VFLHQ"
GLVWULEXWLRQ EHWZHHQ SULYDWH DQG SXEOLF FKDUJLQJ GHPDQG RI +'

'LEVKMRK (IQERH)WXMQEXMSR
3UHYLRXV UHVHDUFK RQ HVWLPDWLQJ (9 FKDUJLQJ GHPDQG RIWHQ UHOL
UHVLGH@WY HKLFOH RZQHDQIGLW ¥H GLVWULEXWLRQ RRRBB W WW 6 WH\R R I YoH
FRQVLGHUHG GHVWLQDWLRQV QRWLQJWKDW (9V XQOLNHFRQYHQWLRQI
HQG RI D WULS GXH WR ORQJ®U FRD BJDO S WH. P&K/HQ .RFNHO®@ XY HBBQ G . KD
KRXVHKROG WUDYHO GDWD WR HVWLPDWH SDUNLQJ DQG FKDUJLQJ GHPD
DQG DFWLYAWUHRXVHKROG@VXUYH\V >

+RZHYHU PRVW RI WKLV UHVHDUFK IRFXVHVY RQ SHUVRQDO (9V ZKLFK W\
DUH FKDUJHG RYHUQLJKW DW KRPH RU RFFDVLRQDOO\DW SXEOLF VWDWL
EDWWHULHVDQG KLJK SRZHU '& IDVW FKDUJLQJWRPLQLPLIJHGRZQWLPHD
GLIITIHUHQFHLQ RSHUDWLRQDO FKDUDFWHULVWLFY PHDQV WKDW H[LVWLC(
EHGLUHFWO\DSSOLHG WR +' %(9V KLJKOLJKWLQJWKHQHHG IRUVSHFLIL



'LEVKMRK*EGMPMX]0SGEXMSR 1SHIPPMRK

'LEVKMRK *EGMPMX]O0SGEXMSR 1SHIPPMRK

$FFRUGLQIJWRG6SHWKVEO®@ WKHINHDUHWZR PDLQ PRGHOOLQJDSSURDFKE
ORFDWLRQVRIFKDUJLQJLQIUDVWUXFWXUH 7KHILUVWRQHLVDFRYHUDJ
FKDUJLQJ LQIUDVWUXFWXUH DV HYHQO\DV SRVVLEOH ZKLFK JXDUDQWH|
VHFRQG RQH LV D GHPDQG RULHQWHG DSSURDFK EDVHG RQ WKH FKDUJLQ
XWLOLVDWLRQ RI FKDUJLQJ IDFLOLWLHYVY )RU WKLV UHVHDUFK D GHPDQG
DVWKHREMHFWLYH LV WR PD[LPLVH WKH QXPEHU RI WUXFNV FRPLQJ WR'
SURYLGHUYVY SHUVSHFWLYH ,Q WKH OLWHUDWXUH SUHYLRXV VWXGLHV R
IDFLOLWLHY ZLWK WKH REMHFWLYH RI FDSWXULQJ PD[LPDO IORZ 7KLV D
ORFDWLRQ PRGH@ )8H IXQGDPHQWDOV RI WKLY PRGHO DUH WKH LQGLYL
QHWZRUN 7KLV PRGHO KDV EHHQ HIWH@ GR®W EWXE\IDRGZ MRIXHOOLQJ OR
)5/0 WDNLQJLQWR DFFRXQW PXOWLSOH VWRSV ZKLFK LV QHFHVVDU\ IR
7KH )5/0 KDV WKHQ EHHQ IXUWKHU GHYHORSHG LQWR WKH QRGH FDSDFLW
1& )5/0 EV1& )5/0 FRQVLGHULQJ VWDWLRQ ORFOWLRK)SDEBRDB VW HBIDV W L
XVHG E\5RVHDQG 1HXWR@HYHORS D K\GURJHQ UHIXHOOLQJVWDWLRQ QH
QRW\HWEHHQ XVHGWRGHYHORSD QHWZRUNRIFKDUJLQJIDFLOLWLHV 71
HIWHQG WKH )5/0 E\LQFRUSRUDWLQJREMHFWLYHVDQG FRQVWUDLQWYV Ul
LQIUDVWUXFWXUH DV KLIJIKOLIJIKWHG LQ WKH SUREOHP VWDWHPHQW DQC(
+' % (9 VLQ WKHFRQWH[W RI WKH1HWKHUODQGV

'SRGPYWMSR ERH(MWGYWWMSR SR XLI OMXIVEX"

7KH OLWHUDWXUH UHYLHZ UHYHDOV VXEVWDQWLDO SURJUHVYV LQ WKH V\
WHQVLYH UHVHDUFK RQ FKDUJLQJ GHPDQG HVWLPDWLRQ DQG LQIUDVWU
QRWDEOHJDS LQ WKH OLWHUDWXUH UHJDUGLQJ +' %(9V 'XH WR WKHLU G
FKDUJLQJGHPDQGPRGHOVGHYHORSHGIRU (9VFDQQRWEHGLUHFWO\DSES
QHHGIRUIXUWKHU UHVHDUFKVSHFLILFDOO\VIRFXVHGRQ +'%(9V SDUWLF:
RI'SULYDWH YHUVXYV SXEOLF FKDUJLQJGHPDQGDQG LWV LPSDFWRQLQIU

.H\IJDSV LGHQWLILHG LQFOXGH WKH ODFN RI VWXGLHV RQ +' % (9 FKDUJLQ
QHHG IRUGHYHORSLQJ QHZ PHWKRGVY RUDGDSWLQJ H[LVWLQJRQHV WR D
GHPDQG FRQVLGHULQJIOHHWRZQHUVY SUHIHUHQFHV IRU SULYDWH RU S

$GGLWLRQDOO\ H[LVWLQJPRGHOV IRU ORFDWLQJFKDUJLQJLQIUDVWUXE
WREHWWHU VHUYHHQHUJ\SURYLGHUVE\LQFRUSRUDWLQJREMHFWLYHV
$SSO\LQJ WKHVH PRGHOV WR WKH JHRJUDSKLFDO FRQWH[W RI WKH 1HWKH

$GGUHVVLQI WKHVHJIDSVY WKURXJK WDUJHWHG UHVHDUFK ZLOO HQKDQFH
FKDUJLQJLQIUDVWUXFWXUHDQG VXSSRUW WKH GHYHORSPHQW RIHIILFL
7KLVLVSDUWLFXODUO\FUXFLDOIRUUHJLRQVOLNHWKHI1IHWKHUODQGYV Z
WXUH FRXOG VLIJQLILFDQWO\LQIOXHQFH WKHVXFFHVVIXODGRSWLRQ RI +
WKDW FRQVLGHUYVY XVHU QHHGY WR GHWHUPLQH GHPDQG GLVWULEXWLRQ
SODFHPHQW LV HVVHQWLDO IRUDGYDQFLQJ WKLV ILHOG



1IXLSHSPSK]JERHVIWIEVGL J\

7KLVVHFWLRQ ZLOO RXWOLQH WKHUHVHDUFK  PHWKRGRORJLHYVY WKDW ZL(
TXHVWLRIOQMALIORYRU WKLY UHVHDUFK ERWK TXDOLWDWLYHDQG TXDQWLWD
7TDEOHILYHVDQRYHUYLHZ RIZKLFKPHWKRGRORJLHVY ZLOO EH XVHG WR DC
WLRQV 7KHFRPLQJVXEVHFWLRQV ZLOO GHVFULEHLQ GHWDLO LQ ZKLFK Z
ZLOO EH FDUWHFGMRRWO MEH H[SODLQHG KRZDOO WKHGLITHUHQW PHWKRG
LQRQHUHVHDUFK IUDPHZRUN 7KH SURYLGHG UHVHDUFK IUDPHZRUN DQ
FDVHVWXG\DW 6KHOO

7TDEOH 2YHUYLHZ RIPHWKRGRORJLHYV

4XHVWLRQ OHWKRGRORJLHYV

"KDW LV WKH FXUUHQW VWDWH RI FKDUJLQW HIUD WX WH B Y DIOHEZ+ 0B JINWW G QD O\V LV
WKH IHWKHUODQGV"

KDW LV WKH FXUUHQW VWDWH RI WKH QR ILMWHWLLFW VHHF WRYLARD WM SHYW D QWHMW Y L H
GR WKH\ GULYH ZKHUH GR WKH\ GULYH ZKI8D H NGHRWHHD QWIXHO "

:KDWDUHWKHUHDVRQV FRQVWUDLQW)V/DW & QBN %V HURPYIOHH W [BHYMU YOWHUYLH
WRLQVWDOO SULYDWH FKDUJLQJIDFLOLWDHWMRUY PDNH XVH RISXEOLFFKDUJLQJ
IDFLOLWLHV"

+RZ FDQ WKH UHDVRQV FRQVWUDLQWV DHFDQIGH 8 W MPFD MWQ\RVY DGI®/ B B GY DW H
FKDUJLQJ IDFLOLWLHY RU XVH SXEOLF FKDUJLQJ IDFLOLWLHY EH WUDQVODWHG
LQWR WKH GHPDQG GLVWULEXWLRQ EHWZHHQ SULYDWHDQG SXEOLF FKDUJLQJ
IDFLOLWLHV IRUEDWWHU\HOHFWULF WUXFNV"

:KDW DUH UHOHYDQW WHFKQLFDO DQG  HEW® R PMWXRRQBWHWNYUEBEZQWY IRU WKH
ORFDWLRQRIRQ WKH JRFKDUJLQJIDFLOLWLHVIRUEDWWHU\HOHFWULF WUXFNV"

+RZ FDQ WKHVH FRQVWUDLQWY EH WU D QIVRLDOA WG /IRFW R/ DRRD WRGHO® WLFD O
PRGHO RUVFHQDULRV"

+RZ FDQ WKH PRGHOOLQJ UHVXOWYV EH YMHRIODOW WG /W RDAHVRIQURIGH @ J6WKEDULR $Q

RSWLPDO ORFDWLRQV IRURQ WKH JR FKDWILWQJ IDFLOLWLHV IRUEDWWHU\HOHF
WULF WUXFENV"

6IWIEVGL *VEQI[SVO

$FRPSUHKHQVLYHUHVHDUFKIUDPHZRUN KDVEHHQ HVWDEOLVKHG WR JXL
VKRZQLIXUH 7KHLQLWLDO SKDVHLQYROYHV GHYHORSLQJDQ XQGHUVWD
WKURXJK H[SHUW LQWHUYLHZY PDUNHW DQDO\VLYVY DQG D FRPSUHKHQV
IRXQGDWLRQ ZLOO DGGUHVYV VXE TXHVWLRQV DQG SURYLGLQJFULWL
EDVHDQG HVWLPDWLRQ PHWKRG ,Q WKHHVWLPDWLRQ PHWKRG WKH GH
SXEOLF FKDUJLQJ ZLOO EH GHWHUPLQHG DGGUHVVLQJ VXE TXHVWLRQ



NTTPMGEXMSR SJ XLIQIXLSHSPSK]

REMHFWLYHV GHFLVLRQV DQG FRQVWUDLQWY DQVZHULQJ VXE TXHVWL
PDWKHPDWLFDO PRGHO DQVZHULQJ VXE TXHVWLRQ 7KH ORFDWLRQ PRC
YDOLGDWLRQ )LQDOO\ WKHRSWLPLVDWLRQ PRGHO ZLOO EH XVHG RQ GL
UHVXOWY ZLOO EH DQDO\WHG WR DQVZHU VXE TXHVWLRQV XOWLPDWH(
PDLQ UHVHDUFK TXHVWLRQ

JLIXUH 5HVHDUFK IUDPHZRUN

WTTPMGEXMSR SJ XLI QIXLSHSPSK]

7KLVPHWKRGRORJ\DQGUHVHDUFKIUDPHZRUN ZLOO EH XVHG IRU D UHD O z
HULQJ3URJUHVVVWUDWHI\DLPVWREHFRPHD QHW JHURHPLVVLRQV HQH!
JRDO SDUWRIWKHVWUDWHJI\LVYVWR GHFDUERQLVHFRPPHUFLDO URDG WU
+' %(9fvV® 6KHOOV HORELOLW\WHDP LQ WKH1HWKHUODQGV LV UHVHDUF
IOHHWRZQHUV LQ WUDQVLWLRQLQJIURP WKH XVHRIIRVVLO IXHO WUXFN\
WR HOHFWULF WUXFNLQJ WKH ORFDWLRQV ZLWK GHPDQG IRU HQHUJ\ ZLO
WASHV RI FKDUJLQJ RSWLRQV IRUIOHHW RZQHUV WKHH'HSRW DW WKHLU
DORQJWKHURDG SXEOLF DQG WKHDELOLW\WR FKDUJHDW WKHORFDWL|
JRRGV H'HSRW VHP@SXERIHOKBMFWULFLW\ SULFHV DW DOO WKHVH ORFDW
IOHHW RZQHUV RZQ IDFLOLW\ WKH HOHFWULFLW\ SULFHVY ZLOO PRVW OLNI
RZQHU LWLV PRVWLQWHUHVWLQJWR FKDUJH WKHLU WUXFNV DW WKHLU R
SRVVLEOH &RQVWUDLQWYV VXFKDV OLPLWHG VSDFHIRULQVWDOOLQJ FK
FRQJHVWLRQRQWKHHOHFWULFLWA\JULG RUWKHLQVXIILFLHQWUDQJH R
IOHHW RZQHUV WR VHHN FKDUJLQJ RSWLRQV DW SXEOLF RU VHPL SXEOLF

SLISVIXMGEP FEWI

JRUWKH WKHRUHWLFDO EDVH GLITHUHQW PHWKRGRORJLHYV ZLOO EH XVH
OLWHUDWXUH UHYLHZ FDQ EH DQ H[FHOOHQW UHVHDUFK PHWKRGRORJ\ |
HILVWLQJ UHVHDUFK XQGHUVWDQGLQJWKHRULHV DQG FRQFHSWV DQG H
7KHVH DUHDOO UHDVRQV ZK\ D OLWHUDWXUH KDV EHHQ FKRVHQ DV RQH F
VRPH RI WKH VXE TXHVWLRQ HVSHFLDOO\ WKH PRUH TXDOLWDWLYH RQH
UHVHDUFK WKHPHWKRGRORJ\ XVHG LW@WD V IGHHWKWHWFREHENVE\FOD EBV E ZLO O |
VRPH LQVLIKWYV IURP H[SHUWYV IRU ZKLFK WKWXENWWMRERRER Q@ PD UNHIWSOD L (
DQDO\VLY ZLOO DOVR EH FRQGXFWHG WR SURYLGH YDOXDEOH LQVLJKWYV
ORJLVWLFV PDUNHWDQG WKHVWDWXV RI+"%(9MVLQ WKH1IHWKHUODQGYV
DUHSUHVHEWHEHWHBERHVHILQGLQIJVZLOOIRUPWKHIRXQGDWLRQIRUWKH UF
IUDPHZRUN DQG PHWKRGRORJ\

(IQERH (MWXVMFYXMSR ) WXMQEXMSR

$V FRQFOXGHG IURP WKH OAR\DSWOHUX VW WHIYVLWZX GQHY KDYH H[SORUHG FKD
HVWLPDWLRQ IRU (9V +RZHYHU GXH WR WKH GLVWLQFW RSHUDWLRQDO F
GHPDQG PRGHOV GHVLJQHG IRU (9V DUH QRW GLUHFWO\ DSSOLFDEOH WH
REMHFWHHMLRMXKX RZY WKH PHWKRGRORJ\ VKRXOG LQFOXGH WKH EHKDYL



(IQERH (MWXVMFYXMSR )WXMQEXMSR

UHVHDUFK RQ EHKDYLRXU RI FKRLFHV D GLVFUHWH @K R IKHHGRZ&GH/Q G R RO G
DGLVFUHWH FKRLFH PRGHO LV LW RIWHQ UHTXLUHYV D ODUJHDQG GHWDL(
2EWDLQLQJVXFK GDWD FDQ EH FRVWO\DQG WLPH FRQVXPLQJ HVSHFLDO
ZLGHUDQJHRIIDFWRUV D@GTKOAW RPDQABW MWYKHW P HWKRGRORJ\QRW VXLWDI
FRQVLGHULQJWKHDYDLODEOH WLPH

$ WDLORUHG PHWKRGRORJ\LVGHYHORSHG WR WKLV VSHFLILF SUREOHP D
DPRUHTXDOLWDWLYHDSSURDFKLQ GHWHUPLQLQJWKHIOHHW RZQHUV S
4XDOLWDWLYH UHVHDUFK PHWKRGRORJLHY DUH SDUWLFXODUO\ZHOO VX
WKH VXEMHFWaPDRALWK ULV WKH FDVH LQ WKL % KIIHSMIFW RKVMDM YRHE G @ HWKR
DOORZVIRUDQLQ GHSWK H[SORUDWLRQ RI WKH SHUVSHFWLYHV RI VWDN
OHVV GRFXPHQWHG VHFWRUV VXFK DV WKHWUDQVLWLRQ WR WKH XVDJH
XVLQIJ D TXDOLWDWLYH DSSURDFK WKH DLP LV WR XQFRYHU LQVLIJKWYV L(
FXPVWDQFHVDQG ZK\ ZKLFK DUH FULWLFDOLQ®HYHORSLQJHIIHFWLYHV

7KH WDLORUHG PHWKRGRORJ\WR HVWLPDWH WKH GHPDQG GLVWULEXWLI
EDVHGRQ VWHSV DQG H)ISIOXH HYCGHEVMHDDRIZYV XDO UHSUHVHQWDWLRQ RI WKH
RORJ\ 7TKHRXWFRPHV RI WKLY PHWKRGJLYHVDQDQVZHU WR WKH ILUVW &

JLIXUH '"HPDQG GLVWULEXWLRQ HVWLPDWLRQ PHWKRG

BLISVIXMGEP FEWI
7JRGHYHORS D FRPSUHKHQVLYH XQGHUVWDQGLQJRIWKHH[SHFWHG FKDU.
UHWLFDO IRXQGDWLRQ ZLOO ILUVW EH HVYWDEOLVKHG WKURXJK OLWHUDW
LO@HFWLRQ@KLY IRXQGDWLRQ ZLOO LGHQWLI\ WKH FKDUDFWHULVWLFV LQ
RZQHUVY FKDUJLQJEHKDYLRXU $GGLWLRQDOO\ YDULRXVIOHHW RZQHU ¢
LQWR ZKDW WKHLU WKHRUHWLFDO FKDUJLQJ SDWWHUQV FRXOG EH 7KH U
LOHFWLRQ

J\TIVX ORS[PIHKI
,Q SDUDOOHO ZLWK WKH WKHRUHWLFDO EDVH D SUDFWLFDO IRXQGDWLR
SHUW LQWHUYLHZV DQG VXUYH\VZLOO EHFRQGXFWHG WR GHWHUPLQH W
RZQHUV DQG FRPSDUH WKHVH ZLWK WKHWKHRUHWLFDO HVWDEOLVKHG F}

NZTIVX -RXIVZMI[W

([SHUW LQWHUYLHZY DUH D YDOXDEOH UHVHDUFK PHWKRGRORJ\ IRU VHY}
> @ 7KH\SURYLGH GHWDLOHG DQG QXDQFHG LQVLJKWY WKDW DUH RIWH
RITHULQJ GHHS NQRZOHGJH DQG XQGHUVWDQGLQJRI FRPSOH[LVVXHV Zk
WRSLFV (QJDJLQJZLWK H[SHUWV DOORZV WR WHVW DQG UHILQH DVVXPS



(IQERH (MWXVMFYXMSR )WXMQEXMSR

DQ\JDSV LQ WKHLU XQGHUVWDQGLQJ $GGLWLRQDOO\ H[SHUWYV RIWHQ K
PDNLQJ SURFHVVHYVY SURYLGLQJYDOXDEOHLQVLIKWV LQWRKRZGHFLVLF
WKHP

7KHJRDO RI WKHVH LOQWHUYLHZV LV WR YHULI\ YDOLGDWH DQG HIWHQG
WHULVWLFV DQG FKDUJLQJ VFHQDULRVY HVWDEOLVKHG AMMFRWRB PHWKRC
7TRDFKLHYH WKLV DVHPL VWUXFWXUHG IRUPDW LV XVHG DOORZLQJIRUR
TXHVWLRQV JXLGH WKH GLUHFWLRQ RI WKHLQWHUYLHZ WKH\DUH IOHJ[LE
WLRQ $Q LQWHUYLHZ JXLGH ZDV GHYHORSHG IRUWKH H[SHUW LQWHUYLI
SUHYLRXVO\DFTXLUHG NQRZOHGJH R WKSWHYSHF WVIRKDP X0B WLROR D

GUDIWRIWKHLQWHUYLHZJXLGH SLORWWHVWLQJWK®& GUKHWQIWHE FRR 3 (
JXLGHFRYHUV WKHPDLQ WRSLFVRIWKHUHVHDUFKDQG SURYLGHV D VWU
GDWD LV FROOHFWHG LQ D FRQVLVWHQW@ DTKHLWLQW R P HIDHFK IO GW DALEG® Q
VHPL VWUXFWXUHG LOWHUY¥38HZ @ G QB H QRXHGYLEZY ZHUH DXWRPDWLFD
XVLQJOLFURVRIW 7HDPV :RUG WR VXSSRUW WKHDQDO\VLV RI WKHLQWHU

7R DVVHVV ZKHWKHU WKH QXPEHU RI LOQOWHUYLHZV FRQGXFWHG LV VXIILF
UDWH 7KH FRQFHSW RI VDWXUDWLRQ ZDV ILUVW LQWURGXFHG LQ TXDOL
E\*ODVHU DQG 6 @UWXWY GHILQHG LW DV WKH SRLQW DW ZKLFK 3QR DGGL\
ZKHUHE\ WKH UHVHDUFKHU FDQ GHYHORS SURSHUWLHV RI WKH FDWHJRU!
DWWKH SUDFWLFHRIEXLOGLQIJDQG WHVWLQJ WKHRUHWLFDO PRGHOV XV
ZKLFK WKH WKHRUHWLFDO PRGHO EHLQJ GHYHORSHG VWDELOL]JHV

*XHVW 1DPH\ DQGCa&&HQRULEHG D PHWKRG WR FDOFXODWH VDWXUDWLRQ
WKHEDVH VL]IH UXQ OHQJWK DQG QHZLQIRUPDWLRQ WKUHVKROG 7KHVFE
DVWKHUHVHDUFK LV TXDOLWDWLYH 7KHEDVH VL]HUHIHUV WR WKH QXP
LOWHUYLHZYV ZKLOH WKH UXQ OHQJWK LV WKH QXPEHU RI VXEVHTXHQW L
QHZLQIRUPDWLRQ HPHUJHY 7KHVH VXFFHVVLYHUXQV RYHUODS HDFK RW
HVWDEOLVKHG IRUWKLVUHVHDUFK LYV DVWKHUHLV QRWHQRXJKWLPH\
LVWKHGHQRPLQDWRU LQ WKHVDWXUDWLRQ FDOFXODWLRQ DQG WKH QH
7KH WKHPHY DUH WKH IDFWRUV DQG FKDOOHQJHV PHQWLRQHG WKDW FDQ
EDVHVL]HZLOO EHEDVHG RQ WKHWKHRUHWLFDO FKDUDFWHULVWLFV HV/

7YVZI]

7R FROOHFW GDWD IRUWKH PRGHO HVSHFLDOO\RQ D WRSLF WKDW KDV Q
H[LVWLQJ GDWDVHWVY FRQGXFWLQJD VXUYH\LV DQ HIIHFWLY®DSSURDF
TXHVWLRQQDLUHVY DUH FRPPRQO\ XWLOLVHG LQ PDUNHWLQJDQG VRFLDO
VHULHV RI TXHVWLRQV SRVHG WR LQGLYLGXDOV WR JDWKHU YDOXDEOH L
VLIQHGDQG DGPLQLVWHUHG FRUUHFWO\ TXHVWLRQQDLUHV EHFRPH HVV
SDUWLFXODU JURXSV RUHQWLUH SRSXODWLRQV 7KH VXFFHVV RID VXUY
RIWKHTXHVWLRQQDLUH &UDIWLQJDSSURSULDWH TXHVWLRQV RUGHULC
KDYLQJD ZHOO GHVLJQHG IRUPDW FDQ PDNH WKH VXUYH\ YDOXDEOH E\ DI
YLHZV DQG RSI@LRQV >

7KHVXUYH\ZKLFK ZLOOEH GHYHORSHG IRUWKLY UHVHDUFK ZLOO WU\ WR .
GHWHUPLQHG DQ GVHEWHFIVEIHREDQG KDYH VRPH TXHVWLRQV WR UHYHDO Wk
IOHHWRZQHUV WRZDUGV FHUWDLQ FKDUJLQJORFDWLRQV 7KHTXHVWLRQ
EHHQ EDVHG RQ WKDW RI D D VW D W3 G+RZ i INHHUH QFHHIVSOPHQHG EHIRUH WKH
DQ DFWXDO VWDWHG SUHIHUHQFH VXUYH\ ZLWK D FKRLFH PRGHO 7KH FR
TXHVWLRQ W\SHV IRU WKH VX$BSHHF®IJ B FRRQGHWH IRUPDW RI WKH TXH\
FDQ EH IRGSHQGLI["

$FFRUGLQJWR 7D ®H WEKRIRADP SOH VLIHLVY D VLIJQLILFDQW IHDWXUH RI DQ\ \
WR PDNHLQIHUHQFHV DERXW D SRSXODWLRQ IURP DVDPSOH ,Q RUGHU W
DQG DYRLG HUURUV RU ELDVHVY DQ DGHTXDWH VDP@®O H KH \HDPIB DG W WK E |
FDQEHGHWHUPLQHG XVLQJWKHIROORZLQJIRUPXOD

_ p(100 p)z?
n="Er



*EGMPMX]0SGEXMSR 1SHIPPMRK

"KHUHLY WKH UHTXLUH G VYLYPBIOH YHUHFHQWDJH RFFX UVY MQKAHSRH LDF W @ Y W BH
PD[LPXP HUURUVDWIKH YDOXH FRUUHVSRQGLQJ WR WKH OHYHO RI FRQILG
YDOXHAFDIQ EH HVWLPDWHG EHIRUH FR QA5 XAWILWY Y XWIKH VWB GHR\>% D UWOHWV
+LIJIJLQ@WKDW VKRXOG EH XVHG DV WKLV ZLOO UHVXOW LQ PD[LPLVDW
WKH PD[LPXP VDPSOH VL]H

)RUWKLV UHVHDUFK WKH SRSXODWLRQ FRQVLVWYV RI IOHHW RZQHUV
ZLWK D SRSXODWLRQ YDULDQFHRI DQGDPDUJLQRIHUURURI WKHUFL
WKH WLPH IUDPH RI WKLY UHVHDUFK LW PD\QRW EH IHDVLEOH WR REWDL(
ZLOO SURYLGHQHZLQVLIJKWVLQWRDWRSLFZKLFKKDV QRWEHHQUHVHDU
LEKDSWHU

(MWXVMFYXMSRIWXMQEXMSR
7KHLQVLIKWYV IURP WKH WKHRUHWLFDO EDVHDQG H[SHUW NQRZOHGJH Z
VLRQ PRGHO 7KLV PRGHO UHVHPEOLQJ VRUW RI D GHFLVLRQ WUHH IOR.
FKDUJLQJ EHKDYLRXU IRUHDFKIOHHW RZQHU 7KH VXUYH\ GHVLJQHG WR
ZLOO DOVR FROOHFW GDWD LQSXWV IRUWKH TXDOLWDWLYH GHFLVLRQ PF
HI[SHUW LQVLJKWY D UREXVW TXDOLWDWLYH PRGHO FDQ EH GHYHORSHG
LVIJURXQGHG LQ ERWK H[LVWLQJ OLWHUDWXUH DQG SUDFWLFDO H[SHUW
GHWDLBKGBSWVWOHAKHVH GLVWULEXWLRQ UHVRKDSWWHEROHY B XW 8 LWHKE RG W |
FKDUJLQJLQIUDVWUXFWXUH IRU +' %(91V

*EGMPMX]O0SGEXMSR 1SHIPPMRK

7TRDGGUHVVY WKH VHFRQG SDUW RI WKH PDLQ UHVHDUFK TXHVWLRQ D IDF
ZLWKWKHREMHFWLYHRIPD[LPL]ILQJWKHXWLOL]DWLRQRIWKHFKDUJLQJ
FRVWY %DVHG RQ WKH OLWHUDWXUH UHYLH@ DASKSHH P3J U EH OXE \WWVXQ W HIGP | §
SXUSRVH DV LWV SULPDU\ JRDO LV WR PD[LPL]H WKH IORZ FDSWXUHG IU
UHVHDUFK WKH PRGHO ZLOO EH HIWHQGHG WR LQFOXGH FRVW PLQLPL]D
H(WUD REMHFWLYHV KDYHEHHQ HVWDEOLVKHG ZLWKLQ WKH HDUOLHU VW
WKH IRUP RI WKH FRQWKDBWBVYH VWXG\

7KHORFDWLRQ PRGHO ZLOO UHTXLUH VHYHUDO GDWD LQSXWV LQFOXGLQ
JHVWLRQ 6KHOO WUXFN GLHVHO VLWHY DQG VPDOO VRBWNMNMWLAR/QWHYV ZK
WKHVH GLITHUHQW GDWD VRXUFHY KDYHEHHQ HVYWDEOLVKHG LQ WKH HDU

KHPRGHO ZLOO QHHG WR XQGHUJR YHULILFDWLRQ DQG YDOLGDWLRQ 9t
GHYHORSHUfV LQWHQW E\ LQFRUSRUDWLQJ DOO VSHFLILHG UHTXLUHPH(
RQO\ ZKDW LV VSHFLILHG ZKLOH YDOLGDWLRQ GHWHUPLQHV LI WKH PRGI
E\HYDOXDWLQJ WKH FRQFHSWXDO GHVLJQYV ILGHOLW\DQG FRPSDULQJ W
UHIHUHQ&H >

7TRSHUIRUPWKHYHULILFDWLRQDQGYDOLGDWLRQ WKHIROORZLQJVWHS\
WHVW FDVHV WR HQVXUH WKDW WKH PRGHO EHKDYHV DV H[SHFWHG XQGF
PHHWYV WKH GHYHORSHUYfVLQWHQW 7R HYDOXDWHDQG WHVW WKH PRGH
VROYHG XVLQJ D JUHHG\ DOJRULWKP DQG WKH UHVXOWYV ZLOO EH FRPSD
JRU YDOLGDWLRQ D VHQVLWLYLW\ DQDO\VLY ZLOO EH FRQGXFWHG WR W
LQSXW SDUDPHWHUV DQG VHH LI WKH\ DOL@Q ZR W X JODODBDWAHRJO@E W H W IV WY R |
SHUIRUPDQFH WKHSUREOHPZLOODOVREHVROYHG XVLQJDJUHHG\DOJR
WR WKRVH REWDLQHG I[IURP WKH PRGHO

(EXE
7KLV VHFWLRQ ZLOO GHVFULEHDOO WKH GDWD JDWKHULQJIRU WKH PRGH
FUHDWH WKH GDWDVHW ZKLFK KDV EHHQ XVHG DV DQLQSXWIRUWKH PRG

*PS[HEXE
2QH RI WKH GDWDVHWY XVHG IRU WKLY UHVHDUFK ZDNWW>B W@ ORSHG/ E\ 6S'
SXEOLFO\DYDLODEOH IRUUHVHDUFK SXUSRVHV 7KH GDWDVHW SURYLG!



*EGMPMX]0SGEXMSR 1SHIPPMRK

SHDQ URDG IUHLJKW WUDIILF LQFOXGLQJ WUXFN IORZV EHWZHHQ UH
IUHLJKW IORZVLQ WRQV DQG YHKLFOH FRXQWVY DV ZHOO DV WKH VKRUWH\
KLJKZD\ QHWZRUN ( URDGV (DFKHQWU\LQFOXGHV ILIWHHQ YDULDEOHV
WDQFHV DQG IUHLJKWDQG YHKLFOH IORZV IRU DQG D IRUHFDVW I
PRGHO RI WKH ( URDG QHWZRUN DQG UHJLRQDO LQIRUPDWLRQ ,QLWLDOC
SURMHFW ZKLFKDJJUHJDWHGDQGFDOLEUDWHG IUHLJKW YROXPHV XVLQ.
ZDV ODWHU XSGDWHG ZLWK (XURVWDW ILIXUHV IURP DQG SURMHEW
WR DOORFDWH RULJLQ GHVWLQDWLRQ YROXPHVY WR WKH QHWZRUN JHQH
WR 6SHWK 6DXNMWHBD @O W]V GDWDVHW FDQ EH XVHG IRU SODQQLQJ IXWXUF
WXUH VXFK DV K\GURJHQ UHIXHOOLQJDQG HOHFWULF WUXFN FKDUJLQJ \
DQG SUDFWLFDO DSSOLFDWLRQV 7KLV GDWDVHW VHHPV DSSURSULDWH
DQG GHVWLQDWLRQ SDLUV ZKLFKLVY QHHGHG IRUWKHIORZUHIXHOOLQJ O]
QHHGHG WR FRQVWUXFW D XVDEOH GDWDVHW IRUWKH PRGHO LQ WKLV UH
30|WHW BPG@ )LUVW WKH GDWD LV ILOWHUHG WR IREXV RQ WKH 1HWKHUO
DQG IORZ GDWD WZR RULJLQ GHVWLQDWLRQ 2' PDWULFHV DUH FRQVWU
EHWZHHQ QRGHV DQG WKH RWKHU FDSWXULQJWKHIORZEHWZHHQ WKH QR
GHOHWHG DV LW FDQ EH H[SHFWHG WKH\ GR QRW QHHG WR UHFKDUJH DW
RQ WKH EHIRUH PHQWLRQHG ILQGLQJV LQ WKLV UHVHDUFK 7KLV UHVXOW

[ EDVHG RQ WKH WUXFN WUDIILFIORZ RI DVLWLVWKHPRVW UHFHGC

,QLIXUHD ILIXUHLV VKRZQRIDOO QRGHVDQGHGJHV ZLWKLQ WKH GDWDVH
IRUWKLY UHVHDUFK

JLIXUH 7KH QHWZRUN ZLWK DOO QRGHV DQG HGJHV

+VMH GSRKIWXMSR

7JRLQFRUSRUDWH JULG FRQJHVWLRQ DV D FRVW LQSXW IRUWKH PRGHO D
QRGH ORFDWLRQV LV UHTXLUHG 7KH 'XWFK JULG RSHUDWRUV KDYH SXE
WKH SRVWDO FRGH OHYHO 7KH VRXUFH GDWD IRU \@KLAKAD/RRD®@ H B (BRI (
FRQWDLQV WKH IROORZLQJ FROXPQV WKDW FDQ EH XVHG IRU WKLV UHVHD
D QRLQIRUPDWLRQDYDLODEOH QR ZDLWLQJWLPHIRUQHZFRQQHFWL
WUDQVSRUW FDSDFLW\ OLPLWHG EXW QR ZDLWLQJ WLPHV \HW DUHD KDV
FDSDFLW\ WKH DUHD KDV QR WUDQVSRUW FDSDFLW\ DQG WKHUH LV D Z
WKDW XWLOLVHV WKH JHRS\ OLE U® W R KR S\ &R\ BLEEWWRQ ¥ RGHY EDVHG



*EGMPMX]0SGEXMSR 1SHIPPMRK

ORQJLWXGH FRRUGLQDWHY ,W SURFHVVHV WKH QRGH GDWD WR DGG D QH
6XEVHTXHQWO\ WKH FRQJHVWLRQ GDWD LV PHUJHG ZLWK WKH QRGH GD
HQDEOLQJWKHLQWHJUDWLRQRIJULG FRQJHVWLRQ LQIRUPDWLRQ LQWR

,QLIXUHD ILIJXUH LV VKRZQ RIDOO QRGHV DQG WKH FRUUHVSRQGLQJ JUL
\HOORZ LV RUDQJH LV DQG UHG LV

JLIXUH 7KH QHWZRUN ZLWK DOO QRGHV DQG WKHLU FRUUHVSRQGLQJJULG FRQ

'YVVIRX 7LIPP XVYGO HMIWIP WMXIW

6KHOO KDV SURYLGHG D GDWDVHW FRQWDLQLQJDOO FXUUHQW 6KHOO WU X
ORQJLWXGH DQG ODWLWXGH 7KHVH VLWHY GR QRW GLUHFWO\ PDWFK WK
XVHG IRUWKH PRGHO 6KHOO WUXFN GLHVHO VLWHV ZLWKLQ GHJUHHYV
WKDW QRGH ,I DB6KHOO WUXFN GLHVHO VLWH LV DVVLIJQHG WKH QRGH Z
QRGHV ZLOO UHFHLYH D VFRUHRI 7R DVVLJQ 6KHOO WUXFN GLHVHO VLW
ULWKP LV SDUWLFEXODUO\XVHIXO ,WHIILELHQWO\LGHQWLILHV WKH FOR\
RQ JHRJUDSKLFDO FRRUGLQDWHY HQVXULQJ RSWLPDO FRQQHFWLRQ WR
SRWHQWLDOO\UHGXFLQJFRVWV DQG LPSURYLQJVHUYLFHHIILFLHQF\ %
PDLQWDLQV VSDW L@ O7XKWRS L' PLUHH &RUHVHW .' 7ZUHH DOJRULWKP LV FKR\
WR LWV HQKDQFHGaH ITKFL&.QFUHH PDLQWDLQV KLJK DEFXUDF\LQ QHDUHV\
HQVXULQJ WKDW VWG ORFDWLRQV DUH OLQNHG WR WKH PRVW DSSURSULI
ZRUNJV LQWHJULW\DQG SHUIRUPDQFH 7KH VFLS\SDFNDJH LQHBWWKRQ IU
DO @ LQFOXGHV DEXLOW LQ IXQFWLRQ IRUWKHF.'"7UHH 7KLV IXQFWLRC
GLHVHO VLWHVY WR WKH QROHYXWHWKH QHWZRUN ZIWK QRGHV DVVLJQHG
WUXFEN GLHVHO VLWHV DUH VKRZQ



*EGMPMX]0SGEXMSR 1SHIPPMRK

JLIXUH 6KHOO WUXFN GLHVHO VLWHYV LQ WKH QHWZRUN

TQEPP MRHYWXV]PSGEXMSRW

JRU WKH LQGXVWU\ ORFDWLRQV LQ WKH 1HWKHUODQGY D GDWDVHW IURP
PDWLH 6\VWHHP XVHG DQG XSGDWHG E\ WKH SURYLQFHYV Rl WKH 1HWKH!
UHVHDU®K KLV GDWDVHW SURYLGHYVY YDOXDEOHLQIRUPDWLRQ IRU WKLV
GXVWU\VLWHYV SDUNLQJDYDLODELOLW\ URDG DFFHVVLELOLW\ DQG VL]
RQO\HQWULHV ZLWK WKH KLIJIKHVW VFRUH RI 1$ LQ WKH SDUNLQJDYDLOL
IDFWRUV DUH FUXFLDO IRUVHOHFWLQJ VLWHV IRU SXEOLF UHFKDUJLQJ I
VLIHLV VPDOO D SORWXWHRK KM ML]H GLVWULEXWLRQ WRJIJHWKHU ZLWK \
WK SHUFHQWLOH

JLIXUH 'LVWULEXWLRQ RI VXUIDFHDUHD IRULQGXVWU\VLWHYV



*EGMPMX]0SGEXMSR 1SHIPPMRK

7TKH WKSHUFHQWLOH ZLOO EH XVHG DV WKH XSSHU OLPLW IRUD VPDOO L
VR HYHU\LQGXVWU\VLWH ODUJHU ZLOO EHILOWHUHG RXW RI WKH GDWDV
QHHG WR EH FRQQHFWHG WR WKH QRGHV LQ WKH QHWZRUN WKLV ZLOO E
LPLIXUH :KHUH WKH QRGH FRQWDLQLQJD VPDOO LQGXVWU\VLWH JHWYV I
LQGXVWU\VLWH JHWVY DXNVUFHRUHIXIUH IV VKRZQ RI WKH QHWZRUN ZLWK WKH |
DVPDOOLQGXVWU\VLWH

JLIXUH 1IHWZRUN QRGHV ZLWK D VPDOO LQGXVWU\ VLWH

*MREP HEXEWIX

$V ILQDO GDWD LQSXW IRUWKH PRGHO WKH IORZ PDWUL[ DQG ILQDO QRC
QRGH GDWDIUDPH ZLOO KDYH WKH IROORZLQJ FROXPQV 1HWZRUNBI1RGt
IHWZRUNB1RGHB< /DWLWXGH *ULGBRIIWDNH &XUUHQWBVWG ,QGXVWL
7TDEOHVKRZV WKH ILUVW URZV RI WKH GDWD IUDPH FRQVWUXFWHG 7KH"
WKHFROXPQVUHSUHVHQWLQJ FXUUHQW VWG DQG LQGXVWU\N\VLWHY WR D
JULG RIl WDNH 7KLV FRQVLVWHQF\VLPSOLILHV WKHLULQWHJUDWLRQLQ

7TDEOH 'DWDIUDPH QRGH LQIRUPDWLRQ

IHWZRUNBI1IRGHB," 1HWZRUNBI1RGHB; 1HWZRUNBIRGHB< *ULGBRIIWDNH &XUUHQWBVWG

+VIIHl EPKSVMXLQ
$FFRUGLQJ WR @HDVWUHHG\ DOJRULWKP LV SHUKDSVY WKH PRVW QDWXUDO
RSWLPLVDWLRQ SUREOHP 7KLVJUHHG\DOJRULWKP FDQ EHXVHGDV D EHC
GHYHORSHG 0,/3 SURYLGHVY DGGLWLRQDO YDOXHLQ VROYLQJ WKLV SURE(
FRXOGLQYROYH VRUWLQJ WKH GDWDVHW E\ FHUWDLQ FROXPQV WR PD[LP

IRURSHQLQJDIDFLOLW\ 7KLVPHDQV SULRULWL]LQJKLJKHUIORZYDOXHYV
VWG DQG LQGXVWU\NFROXPQYV



*EGMPMX]0SGEXMSR 1SHIPPMRK

7R DFKLHYH WKLV \RX FDQ ILUVW QRUPDOLVH WKH YDOXHV WR PDNH VXU
RWKHU ZLWKLQ HDFK FROXPQDQG WKHQDSSO\D ZHLJKWHG VRUWLQJDOJ
XVLQIJWKHIROORZLQJIRUPXOD ZKLFK LV WKHRBLQ PD[QRUPDOLVDWLRQ |

« . _ (x min)
normalised — 7(max min)

ZKHYMHY WKH RULJLQDO YDOKiH LQ WKH FROXPALP YDOXH LQnitKIWFROXPQ
WKH PD[LPXP YDOXH LQ WKH FROXPQ 7KLV QRUPDOLVDWLRQ VFDOHV DO
HQVXULQJFRPSDUDELOLW\DFURVV GLIITHUHQW FROXPQV

2QFH WKH FROXPQV DUH QRUPDOLVHG D WRWDO ZHLJKWHG VFRUH LV FD
FRPSXWHG E\PXOWLSO\LQJHDFK QRUPDOLVHG YDOXHE\LWV FRUUHVSRC

X
SCOlBueighted = Xnormalised;i weig ht;
i=1

ZKHOUHY WKH QXPEHU RbFR@XRYWKH QRUP DO L] H GWKDRROHXRIEWHR B G
LV WKH ZHLJKW DMVVWKFHROWRWKKH URZY DUH WKHQ VRUWHG EDVHG RQ W
LQ DVFHQGLQJ RUGHU

SLIQSHIP
7TKHIORZ UHIXHOOLQJ ORFDWLRQ PRGHO QHHGV WR EH HIWHQGHG ZLWK
7KLVH[WHQVLRQHQVXUHVY WKDW WKHPRGHO VHOHFWY ORFDWLRQV WKDYV
LQJ WKH FRVWY DVVRFLDWHG ZLWK LQVWDOOLQJ LQIUDVWUXFWXUH RU S
FRVWY FDQ EH LQIOXHQFHG E\IDFWRUV VXFK DV JULG FRQJHVWLRQ WKH
WKH SUHVHQFH RI VPDOO LQGXVWU\ORFDWLRQV ZLWK SXEOLF FKDUJLQJ
DORZHU FRVW 7KHUHIRUH WKHREMHFWLYH IXQFWLRQ ZLOO KDYH WZR J
PLQLPL]LQJ WRWDO FRVWYV 7KLV DSSURDFK LV FKRVHQ RYHU D FRQVWUI
PRUHIOH[LEOHDQG EDODQFHG RSWLPLIDWLRQ RI ERWK REMHFWLYHV %\
LQWR WKH REMHFWLYH IXQFWLRQ WKHPRGHO FDQ VLPXOWDQHRXVO\DG
SUHKHQVLYH VROXWLRQ WKDQ LI FRVW PLQLPL]DWLRQ ZHUH WUHDWHG D\

JRU WKLV PXOWL REMHFWLYH RSWLPL]DWLRQ SUREOHP WKH VFDODUL]D
SURDFK DV GHYHORSHIG ELODAEHKHP SOR\VHG 7KLV PHWKRG FRPELQHV PXC
DVLQJOH REMHFWLYH IXQFWLRQ ZLWK GLITHUHQW ZHLJKWV DVVLIJQHG W/
$URUD@> WKH ZHLJKWHG VXP PHWKRG LV VWUDLJKWIRUZDUG DQG HIIHFWI
EXW LW RQO\ ZRUNV IRU FRQYH[ SUREOHPV 6L QFRKH M/KMH @IR@HICDUER RS EH\CD @
WKHUHIRU FRQYH[ WKLV PHWKRG LV FKRVHQ LQVWHDG RI WKH 3DUHWR R
VXFK D ZD\WKDW LPSURYLQJRQHREMHFW@YH ZRXOG ZRUVHQ DQRWKHU >

7KHUDQNHG VXP RH MKRGEH XVHG WR GHWHUPLQH WKH ZHLJKWYVY ZKLFKH
UDQNV RI SDUDPHWHUV DQG WKURXJK WKDW WKH ZHLIKWNMSMUHGLIITHUHQW

7KHZHLJKW SDUDPHWHUVY FDQ EH GHWHUPLQH®B ZLWK WKH IROORZLQJ HT?

_2(n+1 i)
"7 n(n+1)

"KHUMW LV WKHZHLIKW RIWKHVSHFLILF SDUDPHWHU LLVWKHUDQNRIWKD
RIUDQNHG SDUDPHWHUYV

"KHQ XVLQJ WKH VFDODUL]DWLRQ PHWKRG WKH PLQLPLVLQJIXQFWLRQ V
PD[LPLVLQJIXQFWLRQ LV R®UNHG SRVLWLYH >

7R SURYLGH D VHQVH RI IDLUQHVY EHWZHHQ HDFK REMHFWLYH IXQFWLR(
QRUPDOLVDWLRQLYVY SHUIRUPHG XVLQJ WKH VDPHIRUBXOD DV ZLWKLQ WK
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2SXEXMSRW SJ XLIQSHIP
,Q’'IDEOHDOO 6HWYV 3DUDPHWHUV DQG 'HFLVLRQ 9DULDEOHV RI WKH PRGHO

7TDEOH 1RWDWLRQ RI WKH PRGHO

6HWV DQG ,QGLFHV
Q VHWRIDOO 2+ SDLUV 92 Q

K VHWRIDOOSRWHQWLDO IDFLOLW\ORFDWLRQYV k2K

H VHWRIDOOSRWHQWLDO IDFLOLW\FRPELQDWLRQV  h2H

3DUDPHWHUYV

fy, TORZYROXPHRQWKHVKRUWHVW,SDWK EHWZHHQ 2¢' SORIXPPEHU RI YHKLFOHV
ax DFRHIILFLHQW HTXRQWILRQ ERPEAIMDIGM\RY KHUZLVH Ao

by D FRHIILFLHQW HTXDO WR |l FDBLWH MW HORPEGOLWWRA UZLVH A

cly, FRVWSDUDPHWHUJULG XQLW RI FRVW
¢ FRVWSDUDPHWHU FXUUHQW VWG XQLW RI FRVW
¢ FRVWSDUDPHWHU VPDOO LQGXVWU\VLWH XQLW RI FRVW
B %XGJHW IRULQVWDOOLQJLQIUDVWUXFWXUH XQLW RI FRVW

w1 ZHLIJKW IRU PD[LPLVLQJIORZ

Wo ZHLIJKW IRU PLQLPLVLQJJULG FRVWYV

w3 ZHLIKW IRU PLQLPLVLQJ FXUUHQW VWG FRVWYV

Wy ZHLIJKW IRU PLQLPLVLQJVPDOOLQGXVWU\VLWH FRVWV
'"HFLVLRQ 9DULDEOHYV

\Z Lfly LV FDSWXUHG RWKHUZLVH
Xk LIDIDFLOLW\ kV OR¥BMWHAG © MW A
Vh LIDOOIDFLOLWLHVDLUHFRPHQ Q IRMMIKRHU ZLVH "

6HWVDQKS FDQ EH GLUHFWO\ GHULYHG IURP WKH 2' POWILLE2H Y3 DQG WKH S
DUH ZLWKLQ WKH 2' PDWULFHV RULQ WKHQRGHLQIRUPDMW IDRXEGGDIWHD TUD P
SDUDPHWBQ UHTXLUHVUXQQLQJDQDOJRULWKP 7KLVDOJRULWKP ZDV |
DQG /LP@DQG LV VKRZQ EHORZ

6WHS ,QLWLDOL]DWLRQV
*HQHUDWH WKH VKRUWHVW SDWK IRU W R IRRUWKH@ B 8 ¥ W DQBVOLLRON § ORU
(VWDEOLVKDQ HPSW\ PDVWHU OLVW RIDOO FRPELQDWLRQV

6WHS *HQHUDWH &RPELQDWLRQV

JRUHDFKgSDM/EXHUDWH DOO SRVVhEROMKRPERGBWRRQWKH SDWK FDSDE(
HOOLQJ WKH SDWK

6WHS (YDOXDWH &RPELQDWLRQV
5HPRYHIDFLOLW\ FRPELQDWLRQV WKDW FDQQRW UHIXHO D YHKLFOH F

DewDUW DW WKH RULJLQ QRGH 6HW WKH UHPDLQLQJIXHO UDQJH DW
LVDIDFLOLW\DW WKH RULJLQ

EORYHWR WKHQH[W QRGH VXEWUDFW WKH GLVWDQFH WUDYHOOHG
FKHFEN

f,IWKHUHPDLQLQJIXHOUDQJHLYVY OHVV WKDQ JHUR UHPRYH WKH
¥, 1 WKHQRGHLV WKHGHVWLQDWLRQDQG KDV D UHIXHOOLQJVWD
¥, 1 WKHQRGHLV WKHRULJLQ NHHS WKHFRPELQDWLRQ
tf, I WKHQRGHKDV DUHIXHOOLQJ VWDWLRQ UHVHW WKH UHPDLQL
6WHS S5HPRYH 6XSHUVHWYV
5HPRYH FRPELQDWLRQV WKDW DUH VXSHUVHWYV RIDQ\ RWKHU UHPDLQ
D6RUW FRPELQDWLRQV E\ WKH QXPEHU RIQRGHV LQ GHVFHQGLQJRU
ES5S5HPRYHVXSHUVHWYV I URP WKH OLVW
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6WHS 5HFRUG 9LDEOH &RPELQDWLRQV

5HFRUG WKHkID®@ IHODIAKLYH\D EOH F R R BLWPORNVY. RME O H ir RRPPLEE 5 BWHR Q V
FRHIIL Folyp HDQQMY WR VWRUH WKHVH UHODWLRQVKLSV

6WHS 5HSHDW
SHSHDW 6WHSV *+ IRUDOO SDWKYV

$ NHVVWHS LQ WKH DOJRULWKP LQYROYHY GHWHUPLQLQJ ZKLFK UHIXHOC
SDWK )RU HYHU\ SDWK LW JHQHUDWHY SRWHQWLDO FRPELQDWLRQV DQ
ZKLFKLQFOXGHYV QRGHVDQGDQDYHUDJH SDWK OHQJWK RI 7KLV SUR
EHFDXVHLWLQLWLDOO\FRQVLGHUVDOOFRPELQDWLRQVDORQJD SDWK
+RZHYHU LQ VXEVHTXHQW VWHSVY WKH DOJRULWKP HOLPLQDWHY VXSHL
XQQHFHVVDU\ )RULQVWDQFH LIDSDWKLYV NP ORQJDQG D YHKLFOHSYV
QRGHV ZRXOG DOORZ LW WR UHDFK LWV GHVWLQDWLRQ <HW LW FRXOGTE
SRLQWV IRUPLQJ D VPDOOHU FRPELQDWLRQ 7KXV UHFRUGLQJ DOO FRF
WKH VXSHUVHWY LV UHGXQGDQW *LYHQ WKDW LQ WKLY GDWDVHW WKH
PLQLPXP YHKLFOH UDQJH LV NP RQO\FRPELQDWLRQV RI XS WR QRGH)
URXQG WULSDQGHYHQ ZKHQ WKHYHKLFOHVWDUWY ZLWK KDOIDUDQJH 7
RI'JHQHUDW IDQQJG/WWH S D g DHMEH UMKLY DOJRULWKP KDV EHHQ UXQ IRU UD

DQG NP WREHDEOHWRGHYHORSD VROXWKBRWNBU WKH FI
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1SHIPJSVQYPEXMSR
7KH PRGHOOLQJ REMHFWLYHV RI PD[LPLVLQJIORZDQG PLQLPLVLQJFRVW

JORZPD[LPLVDWLRQ X
f1(x) = f qinormalised  ¥q
a2Q
&RVW PLQLPLVDWLRQ X
fa(x) = Cli;normalised Xk
k2K
fa(x) = C2k;normalised Xk
k2K
X
fa(x) = C3x;normalised Xk

k2K
F(x)= wifa(x)  wafa(x)  wafa(x) wafa(x)

ZKHBE) LV WKH ILW Q HMM)I KO F W(xR @(x) DUH REMHFWLYH IXQFWLRQV
W, W Wg DUH WKH ZHLJKWV IRUWKH UHVSHFWLYH REMHFWLYH IXQFWLRQV

2EMHFWLYH IXQFWLRQ

maxZ = F(x)

6 XEMHFW WR

X
bghvh  Yq 802 Q

h2H
Ank Xk Vh 8h2H

X
(clk + c2¢ + €3() Xk B

k2 K
Xk;Vhi¥q 2 0;1 8k;h;q

(TXDWLRQV WKH REMHFWLYH IXQFWLRQ WKDW PD[LPLVHV WKH WRWDO IOR
LQJ WKH RSHQLQJ FRVWYV ZLW K (WX B W HROGHG WLGEH D WKW IR W DOFHKDS/DW K
RQH HOLJLEOH FRP E L GhDIWLRSHRI WIRFR O D\R Z HM | X H D ®D L R @ QWKOUM 8 D W K
WKRHWV JHUR XQOHVV DOO IDFLO LAV R §ANRKHWAERBEQDDOWHMWY KDW WKH WF
FRVW RI WKH RSHQHG IDFLOLWLHV @R HNXQ R\ R SHIFG | WHW \E K BWHWK H G HF
YDULXE@HY QGDUH ELQDU\ PHDQLQJ WKH\FDQ RQO\WDNH YDOXHV RI RU



'SRXINX'"EWI 7XYF

7KLV FKDSWHU ZLOO H[SORUH WKH FXUUHQW VWDWH DQG IXWXUH PDUNHW
WUXFWXUH DQG WKH ORJLVWLFV VHFWRU LQ WKH IHWKHUODQGV 7KH JR
'KDW LV WKH FXUUHQW VWDWH Rl WKH ORJLVWLFV VHFWRU ZKDW GLVWLE
ZKHUH GR WKH\UHIXHO" :KDW LV WKH FXUUHQW VWDWH RI FKDUJLQJ IDFLQ
JLUVWHDRWLRAQL. OO H[DPLQH WKH FXUUHQW VWDWH Rl WKH ORJLVWLFV VHF
ZKHUH WUXFNV RSHUDWH ZKHUH WUXFNV GULYH DQ G \ZHKIPWL&NONDD Q FH V )
SURYLGH DQ RYHUYLHZ RI WKH FXUUHQW +' % (9fV DYDLODEOH DQG SHQHYV
GHYHORSPHQWV LQ WKH FRPLQJ\HDUV DQG DQ RYHUYLHZ RI WKH FXUUHC
IRU +' % (91V

SBLIPSKMWXMGW ERHXVERWTSVX WIGXSV

7KH WUDQVSRUW DQG ORJLVWLFV VHFWRU LV RI JUHDW LPSRUWDQFH WR '
>@ ,0 WKH FRQWULEXWLRQ RI WKH WUDQVSRUWDWLRQ DQG VWRUDJF
SHUFHQW %\WKHHQG RI WKHVHFWRUKDG QHDUO\ WKRXVDQG FRPS

SHUFHQW DUH DFWLYH LQ ODQG WUDQVSRUW VXFK DV IUHLJKW WUDQYV
>@ $SSUR[LPDWHO\ RIWUXFNWUDQVSRUW LQ WKH1HWKHUODQGV LV F
LV KDQGOHG E\ WUXENV UHJLVWH@H Q R WHIH IHNWWKHDWFKQ GW +V FUXFLD
EHWWHU XQGHUVWDQGLQJ RI WKH ORJLVWLFV VHFWRU LQ WKH 1HWKHUO
WKH ORFDWLRQV ZKHUH WUXFNV DUH EDVHG VLQFH PRVW +' %(9fV DUH H[
WKLV LV HVVHQWLDO WR NQRZ 8QGHUVWDQGLQJZKHUH WKH\RSHUDWH L
RISXEOLF FKDUJLQJVWDWLRQV $VVHVVLQJKRZIDUWKH\ZLOO WUDYHO L
GHPDQG DQG HYDOXDWH ZKHWKHU WKH UDQJH RI +' % (9TV LV VXIILFLHQW

;LIVIEVI XVYGOW FEWIH#
8QGHUVWDQGLQJ ZKHUH WUXFNV DUH EDVHG ZLOO SURYLGH LQVLJKWYV L(
DW SULYDWH ORFDWLRQVDQG LGHQWLI\ WKH NH\DUHDV ZKHUH VLJQLILF|
$ GDWDVHW IUBRL¥B&BLODEOH ZLWK DOO UHJLVWHXHBW(BXFNVKSHUNS RV YV
PDS RIDOO WKH UHJLVWHUHG WUXFNV DQG WKHLU UHJLVWHUHG ORFDWL
ZKHUH WUXFNV DUH EDVHG +RZHYHU VRPH FRPSDQLHVY FHQWUDOLVH WU
HYHQ WKRXJK WKH\ RSHUDWH PXOWLSOH IDFLOLWLHV :KLOH WKH UHVXC
WUXFN UHVWLQJ SODFHV LW GRHV RIITHUVRPHLQVLIKWYV RQ ZKHUH WUXF



BLIPSKMWXMGW ERH XVERWTSVX WIGXSYV

JLIXUH 5HJLVWHUHG WUXFNV SHU SRVWDO FRGH

$QRYHUYLHZ RI WKH SRVWDO FRGHV ZLWK WKH PIRE/O\HU RRINOMHWBE W U X F
> @ ZDV XWLOLVHG WR HI[DPLQH WKHVH SRVWDO FRGHV LQ PRUH GHWDLO
QXPEHU RI WUXFNV DUH UHJLVWHUHG WKHUH 7KH ORFDWLRQ ZLWK WKH
ODUJH ORJLVWLFV DQG WUDQVSRUW FRPSDQ\6LPRQ /RRV KDV LWV KHDG"
WKLY SODFH KDV WKH PRVW UHJLVWHUHG WUXFNV WLV UHPDUNDEOH W
UHJLVWHUHG WUXFENV LV 2XGHVFKLOG RQ WKH LVOH RI 7TH[HO ZKLFK LV C
PDLQODQG RI WKH1HWKHUODQGYV +RZHYHU LQ 2XGHVFKLOG LV WKH KHD
ORJLVWLFV FRPSDQ\ 7KLV DJDLQ VKRZV WKDW WKLV KHDW PDSJLYHV VRP
UHVWLQJ SODFHV RIWKHWUXFNV 7KHWKLUGDQ ILIWKSRVWDO FRGHV OL
WKHDLUSRUW DUHD DQG WKH RWKHU RQHDQ LQGXVWU\VLWH IXOO RI ODL
LVLQ=2DDJGLMN ZKHUH WKH ODUJHUHWDLOHU $FWLRQ KDV LWV KHDGTXI
RQWKHLVOHRI7H[HO LW FDQ EHDVVXPHG WKDW DW WKH RWKHU ORFDWL|

7TDEOH 7TRS SRVWDO FRGHV ZLWK PRVW UHJLVWHUHG WUXFNV

3RVWDO &RGH &LWURYLQFH 7UXFNV
"RIQXP IRUWK +ROODQG
2XGHVFKLOG 1RUWK +ROODQG
(LQGKRYHQ %UDEDQW
=ZDDJGLMN 1RUWK +ROODQG
(LQGKRYHQ %UDEDQW

77/ GLVWULEXWLRQFHQWUHYV '& ZKLFKKDYHDVXUIDFHDUHDRIRYHU

ORFDWLRQV IRUWUXF®&V \WQRVEKHH BDIWHKGI® ODQGY WKHUH DUHLQ WRWDO |
RIZKLFK PRUHWKDQ KDOI RIWKHPDUHLQ WKHVDPH &2523 UHJLRQV 7KH
5LMQPRQG 1RRUG /LPEXUJ OLGGHQ 1RRUG %UDEH®PQWDQG :HVW 1RRUG !

$QRWKHU ORFDWLRQ ZKHUH WUXFNV SRVVLEO\ ZLOO EH EDVHG RU RUJLQ
ZLWKLQ WKH 1HWKHUODQGY DV WKHVH DUH WKH §DDAHADZIKBIXBHI RR GV D
VKRZQ ZLWK DOO DUHDV LQ WKH 1HWKHU O D& G W FFIDQNEHGVIHVH IQOVE K W V RIP G
KDYH ODUJHU LQGXVWULDO VLWHV WKDQ RWKHU DUHD ZLWKLQ WKH 1HWK



BLIPSKMWXMGW ERH XVERWTSVX WIGXSYV

JLIXUH ,QGXVWU\ ORFDWLRQV LQ WKH 1IHWKHUODQGYV

'LIVIHS XVYGOW HVMZI#
6LQFH WKLY UHVHDUFK DLPV WR GHWHUPLQH WKH RSWLPDO ORFDWLRQV |
WR XQGHUVWDQG ZKHUH DQG KRZ PXFK W U XPNBN WEND IY RMQX H BYA PRIGIWIRR Q H
FDOOHG ;;/ GLVWULEXWLRQ FHQWUHV ZKLFKDUH SRWHQWLDO ORFDWLRQ\
JLIXUHWKHVH UHJLRQV KDYH EHHQ KLJKOLJKWHG LQ OLJKW EOXH ,Q WKH
GDWDVHW ZKLFK KDV EMHDUH YERDQHEIIHFDQ EH VHHQ WKDW DURXQG (LQC
WKHUH LV D ORW RI WUXFN WUDIILF ZKLFK FRLQFLGHV ZLWK WKH UHJLVW
ZKHUH D ORW Rl WUXFN WUDIILF FDQ EH VHHQ LV EHWZHHQ WKH &2523 UH.
LQ OLJKW EOXH ZKLFK KDYH WKH ODUJHVW SDUW R ;;/'LVWULEXWLRQ FH
IORZ DOVR RFFXUV RQ WKH (81V 7UDQV (XURSHD@® 77 R DN B O W\ VHWZRUAN |
UROHLQ IDFLOLWDWLQJ HIILFLHQW WUDQVSRUWDWLRQ RI SHRSOH DQG J
VHUYLFHV DQG SURPRWLQJWUDGHDQGHFRQRPLFJURZWK 7KH7(1 71UDF
IRUUHJXODWLRQV RQ WKH HVWDEOLVK®H®RER UGH DK DR MEKIRWWM DM R QD \

RQZDUGYV WKHUH PXVW EH D UHFKDUJLQJ IDFLOLW\ ZLWK D PLQLPXP S
NP DORQJWKH 7(1 7 QHWZRUN



BLIPSKMWXMGW ERH XVERWTSVX WIGXSYV

JLIXUH <HDUO\ WUXFN WUDIILFIORZ

,S[JEVHS XVYGOW HVMZI#

JRU WKLV UHVHDUFK LW LV LPSRUWDQW WR NQRZ KRZ IDUWUXFNV GULYH
FRQVWUDLQW LQ WKHLU RSHUDWLRQ WKLV UDQJH WRJIJHWKHU ZLWK WKH (
LWQHHGVWRUHFKDUJH $& FPRUBERV WMRWEBH PHWKHUODQGY WA\SLFDOO\ W
DQQXDOO\ DYHUDJLQJ DERXW NP SHU GD\ DVVXPLQJ WKH\ SULPDULO\
WUXFNV WHQG WR FRYHU PRUH GLVWDQFH DYHUDJLQJDSSUR[LPDWHO\
GXULQJWKHLU ILUWGW VMDEXBHD\HDXVH LV SORWWHG ZLWK D \@VOWLYWLF U
ILJXUH VKRZV D EDU SORWRIDOO WUDQVSRUWHG JRRGV LQ ZHLJKW E\ GL\

RI'WUDQVSRUWHG JRRGV GR WUDYHO OHVV WKHQ NLORPHWUHYV LW
URXJK DVVXPSWLRQ FDQ EH PDGH WKDW RI WUXENVY ZLOO EH DEOH WR
WKLY DVVXPSWLRQ KDV IODZV LQ WKDW WKLY VWDWLVWLFY DOVR FRQWD
WUDLOHUV )XUWKHUPRUH GR WUXFNV VRPHWLPHY GULYH HPSW\ OHJV DI
WKH\WUDQVSRUW QR ZHLJKW RYHU WKH ZD\ EDFN

JLIXUH 7TUDQVSRUWHG ZHLJKW E\ GLVWDQFH FODVYV

STIVEXMSREP X]TIW
7KH SUHYLRXV VHFWLRQ RQ WUXFN WUDYHO GLVWDQFHV RITHUV D JHQHL

GULYH +RZHYHU ORJLVWLFV FRPSDQLHV GLIITHU LQ WKHLU RSHUDWLRQ
UHJLRQDO DQG ORQJ KDXO WUDQVSRUW (DFKRIWKHVH KDV XQLTXH GU



(&): WIEVOIX %REP]WMW

DQG UHTXLUHPHQWY 8QGHUVWDQGLQJWKHVH GLIIHUHQW RSHUDWLRQD
VLIJQLILFDQWO\LQIOXHQFH GULYLQJGLVWDQFHV DQG QHHGV ZKLFKLQ W
SXEOLF FKDUJLQJLQIUDVWUXFWXUH

"M X]

&LW\ ORJLVWLFV RIWHQ UHSUHVHQW WKH ILQDO VWDJH RI WKH ORJLVWL
WUDQVSRUWHGIURPD'& WRDVXSHUPDUNHW RUVWRUHORFDWHG LQ D FL\
JHQHUDOO\LQYROYH GULYLQJ GLVWD Q& HYVYRIKW MHRF R NLFQSHH OEWDM >D Q L QF
QXPEHURI]JHUR HPLVVLRQ]RQHV ZLOOEHLPSOHPHQWHG ZLWK FLW\FH
VXFK]JRQHVE\ @ >QWKH\HDUVIROORZLQJ DGGLWLRQDO |H@ R2QP®LVVLRQ
JHUR HPLVVLRQ YHKLFOHV VXFKDV +'%(9V ZLOOEH SHUPLWWHG WR RSHL
URXWHV RIWHQ LQYROY @ PXIORMLIS OHPAWRIS/\SDFH IRU FKDUJLQJ LQIUDVY
LVVXH $VDUHVXOW SULYDWH FKDUJLQJDW IOHHW RZQHUV IDFLOLWLHYV
IRUWKHVH RSHUDWLRQV

6IKMSREP

,QUHIJLRQDO ORJLVWLFVJRRGVDUHRIWHQ WUDQVSRUWHG EHWZHHQ GLII
GD\>@ 8QOLNHFLW\ORJLVWLFV WKHVHRSHUDWLRQV W\SLFDOO\UHTXLU
WKHQHHG IRU SXEOLF FKDUJLQJLQIUDVWUXFWXUH $FFRUGLQJWR H[SHL
DW '&V SURYLGHV DQ LGHDO RSSRUWXQLW\IRU +' %(9V WR FKDUJH GXULQC
$vV D UHVXOW WKHVH YHKLFOHV FDQ SRVVLEOH UHO\ RQ SULYDWH FKDUJ
VHPL SXEOLF ORFDWLRQV DW WKHLU GHVWLQDWLRQ WR IXOILO WKHLU HQ

OSRK ,EYP -RXIVREXMSREP

/IRQJ KDXO ORJLVWLFV DUH RIWHQ DVVRFLDWHG ZLWK LQWHUQDWLRQDO
RYHU GLVWDQFHV RI XS WR@ 7HNIPPVHRB\HUDWLRQV WA\SLFDOO\LQFOXGH H
UHTXLUH GULYHUV WR WDNH UHJXODU PDQGDWRU\UHVW EUHDNV DQG RY
WKH QDWXUH RI WKHVH ORQJ MRXUQH\V YHKLFOHV LQ ORQJ KDXO ORJLYV
LQIUDVWUXFWXUH WR PHHW PRVW RI WKHLUHQHUJ\GHPDQGV

,SITHS XVYGOW GYVVIRXP]VIJYIP#
&XUUHQWO\FRQYHQWLRQDO GLHVHO WUXFNV FDQ DOVR FKRRVH EHWZHH
UHIXHOOLQJ ORFDWLRQ $IWHU VSHDNLQJ WR VRPH H[SHUWV ZLWKLQ WK
UHIXHO DW SXEOLF VWDWLRQV ZKHUH IDFLOLWLHVY DUH GHVLJQHG IRU W
VRPH WUXFNLQJ FRPSDQLHV RSW IRU KRPH EDVH IXHOOLQJ E\ LQVWDOOL
KLOH WKLV RSWLRQ RITHUV PRUH FRQWURO RYHU IXHO FRVWYV DQG IOH[LE
DQG FRPSO\LQJ ZLWK HQYLURQPHQWDO DQG VDIHW\ UHIJXODWLRQV &RF
PHHWVY OHJDO VWDQGDUGY ZLWK UHJXODU LQVSHFWLRQV DQG PDLQWHZC
7KRXJKLWLQYROYHV DQ XSIURQWLQYHVWPHQW KRPHEDVHIXHOOLQJ FI
WKDW UHWXUQ WR D FHQWUDO KXE UHJXODUO\ &XUUHQWO\DURXQG RI
UHIXHOOLQJVWDWLRQ

,(&): WI1IEVOIX %REP]WMW

YRU WKLV UHVHDUFK LW LV FUXFLDO WR XQGHUVWDQG ERWK WKH FXUUH
%(9TV PDUNHW 7KLV LQYROYHV H[DPLQLQJ WKH WHFKQLFDO DQG HFRQR
DUH FXUUHQWO\DYDLODEOH DQG WKRVH H[SHFWHG WR HQWHU WKH PDU N
RI +' % (9TWXKEBVHFWLRQOO JLYHLQVLIJKWY RQ SRWHQWLDO FRQVWUDLQW\
UDQJH FRVWYV DQG HQHUJ\ FRQWXFESM ERQ REIBDOGLMW YR PMOAX@DWGHUVWDQGLQ
FXUUHQW PDUNHW SHQHWUDWLRQ RI +' %(9fV DORQJ ZLWK IRUHFDVWYV IF
WUHQGV DQG IXWXUH SUHGLFWLRQV ZLOO SURYLGH D IRXQGDWLRQ IRU D
+'%(9TVLQ WKH FRPLQJ\HDUYV

(&): WWTIGMhGEXMSRW
7KLVVXEVHFWLRQZLOO SURYLGHLQVLIKWVYLQWKHWHFKQLFDODQGHFR
DYDLODEOH RU FRPLQJ LQ WKH QHDU IXWXUH 7KHVH ZLOO EH FRPSDUHC
WUXFNV WRJLYHDQ LQVLIKW LQ ZKDW FRXOG EH SRWHQW/IDE®@HRQVWUDL



(&): WIEVOIX %REP]WMW

DQ RYHUYLHZ LV JLYHQ EDVHG RQ WKH FXUUHQW VSHFLILFDWLRQ IRU +'
EXLOG E\OHUBHG@HKHYWYPDQXIDFWXUHU ZDV VHOHFWHG EHFDXVH WKH\ FXU
GHYHORSLQJD PRUHDGYDQFHG +' %(9 WKDW ZLOO EHDYDLODEOH VRRQ |
LQWKHLU SURGXFW OLQHXS ZKLFKUHVXOWV LQDJRRGFRPSDULVRQ

7TDEOH 7TUXFN 6SIKaFV >

+ % (9 "LHVHO 7UXFN
&XUUHQW 1HDU )XWXUH

%DWWHU\ FDSDFLW\ SNHK@ | )XHO &DSDFLW\ >0@

(QHUJ\ XVDJH >SN:K@ N:K@ | )XHO XVDJH >0 NP @

5DQJH >NP@ >NP@ | 5DQJH >NP@

3ULFH >SHXUR@ > HXLURH@ >SHXUR@

WFDQEHVHHQ WKDW WKH FXUUHQW +' % (9 DQG QHDU )XWXUH +' % (9 KDYH |
UDQJHRIDFRQYHQWLRQDO GLHVHOXEWXFNY LORQX BN \H RSOMYLKUHIBI HQG R Q R W
PRUHWKHQ NPDGD\VRZLWK WKH +'%(9 FRPLQJLQ WKH QHDU IXWXUH W
SULFHRIWKH +'%(91V LV KLJKHU EXW IOHHW RZQHUV ZLOO SUREDEO\ XVH
WUXFNV DFFRUGLQJWR LQGXVWU\H[SHUWV ZKLFKLQFOXGHV WKH SXUF
LQVXUDQFH GHSUHFLDWLRQ WD[H® DTXHRSRURWLERDDINF¥RVVOHDULQJ !
ZLWK WKDW RI GLHVHO WUXFNYV

(&) WQEVOIXTIRIXVEXMSR

8QGHUVWDQGLQJ KRZWKHDGRSWLRQRI +' %(9TV ZLOO XQIROG LQ WKH FFR
WKH ORFDWLRQ PRGHO ODUNHW SHQHWUDWLRQ GDWD FDQ EH XVHG WR
IORZV ZLOO EH PDGH XS RI +' %(9fV ,Q WKH 1HWKHUODQGY WKHUH DUH F
+' % (9TV RQ WKH URDG WKLV LV RI WKH WRWDO UHJL@®W BRUHIE BMUX F NV
PRUH IOHHW RZQHUV DUH H[SORULQJ WKH SRVVLELOLWLHY WR UHQHZ WK
WR UHGXFH WKHLU HPLVVLRQV ,W LV H[SHFWHG WKDW WKH QXPEHU RI +'
ZLOO LQFUHDVH GUDVWLFDOO\WKH FRPLQJ\HDUV LQ RIDOO QHZ V|
HOHFW®@LF >

,(&): WGLEVKMRK MRIJVEWXVYGXYVI
3buw RI WKH REMHFWLYH RI WKLY UHVHDUFK LV WR GHWHUPLQH WKH GH
SXEOLF DQG SULYDWHFKDUJLQJ 7KLVVHFWLRQZLOO SURYLGHDQ XQGH!
ORFDWLRQV DQG RXWOLQH WKH FXUUHQW VWDWH RIHDFK )LUVW ZLOO E
LQJ KDUGZDUHDQG WKHLU HFRQRPLF DQG WHFKQLFDO VSHFLILFDWLRQV
ORFDWLRQV ZLOO EHH[SODLQHG

'"LEVKIVW

7TKHUH LV D ZLGH YDULHW\ RI FKDUJHUV RQ WKH PDUNHW GLIIHULQJLQ SU
FDVHV %DVHGRQ YHUQMHWGPD @ QRRY RXYLHZ RI WKHPRVWFRPPRQO\DYDI
DQGWKHLULQWHQGHG DSSDEPBIWKRIFKDUYVYKRZYLBAOHY DUHFDOFXODWHG
D N:K EDWWHU\ EDVHG RQ D VWDWH RI FKDUJH IURP WR

7DEOH &KDUJHU W@HYV >

BRZHU 2XWSXW >N:@ &KDUJLQJWLPH>+RXUV@ ,QVWDOODWLRQ FRVWV >(XUR@ 8VH&DVH
'& &KDUJLQJ &&6

2YHUQLJKW 'HSRW 7UXFN SDUNLQJ
2YHUQLJKW 'HSRW 7UXFN SDUNLQJ
2SSRUWXQLW\)DVW &KDUJLQJ 'HVWLQDWLRQ 2Q WKH JI

"& &KDUJLQJ 0&6
I I 2SSRUWXQLW\B8OWUD )DVW &KDUJLQJ 'HVWLQDWLRQ 2Q

4YFPMG GLEVKMRK
3XEOLF FKDUJLQJIDFLOLWLHY DUHDFFHVVLEOHWRHYHU\RQHDQG DUH W
DUHDV &RPPRQ ORFDWLRQV IRUWKHVHFKDUJLQJ VWDWLRQV LQFOXGH S



'SRGPYWMSR 'SRXI\X "EWI 7XYH]

VSDFHVY ZKHUH WUXFNV QDWXUDOO\VSHQG WLPH HQVXULQJWKDW FKDUJI
URXWLQHV 3UHVHQWO\ WKHUH DUH DSSUR[LPDWHO\ SXEOLF ORFDWL|
SRLQWV WKDW FDQ IDFLO@LWRMWRKD%IJBQY ©SRFDWLRQV DUH VSUHDG RXW C
oObQGV +RZHYHU D QRWDEOH OLPLWDWLRQLV WKDW QRWDOO RIWKHVH !
FRPELQDWLRQV ZKLFK DUH WKH SULPDU\ FRQILIJXUDWLRQ IRU KHDY\ GX\
FKDUJLQJ SRLQWYV YDU\ VLIJQLILFDQWO\LQ WKHLU SRZHU RXWSXW UDQJ
LQ SRZHU OHYHOV GLUHFWO\ LPSDFWV WKH FKDUJLQJ GXUDWLRQ DV HI[S
EHVHHDDIE®@H )RU SXEOLF FKDUJLQJ IDFLOLWLHV IDVW FKDUJHUV DUH PRI
WKH\ZLOO PRUH OLNHO\EH XVHG E\WUXFNV WKDW DUHRQ DWULS 7KH S|
QHFHVVLWDWHY D VXEVWDQWLDO LQFUHDVH LQ WKH QXPEHU RI FKDUJLC
WKH IHWKHUODQGY ZLOO UHTXLUH DURXQG SXEOLF FKDUJLQJ SRLQW
JURZWK LQ WKH +' % (@TWV KHHHWUPHQW SULFH IRU FKDUJLQJ DW D SXEOLF
HXUR SHU N:K

71QM TYFPMG GLEVKMRK

6HPL SXEOLF FKDUJLQJ VWDWLRQV DUH ORFDWHG RQ SULYDWH SURSHUW
FHUWDLQFRQGLWLRQV 7KHVHVWDWLRQVPLIKWEHDYDLODEOHIRUSXEC
JURXSYV VXFKDVEXVLQHVV SDUWQHUVRUGHOLYHU\VHUYLFHYVY )RULQVW
PLIKW KDYH VHPL SXEOLF FKDUJHUV WKDW DUHDYDLODEOH WR WUXFN GL
JRRGV ZKLFKFDQDOVREHUHIHUUHG WR DV GHVWLQDWLRQ FKDUJLQJ 7K
RI'WKHFKDUJLQJLQIUDVWUXFWXUH E\DOLJQLQJ FKDUJLQJRSSRUWXQLW
LW D FRQYHQLHQW RSWLRQ IRU ERWK WKH SURSHUW\ RZQHU DQG WKH X}
HISHUWV LW KDV EHHQ IRXQG WKDW VHPL SXEOLF FKDUJLQJ LQIUDVWUXF
WR FKDOOHQJHV UHODWHG WR UHJXODWLRQVDQG FRQWUDFWXDO DJUHH

4AVMZEXI GLEVKMRK

BULYDWH FKDUJLQJ ORFDWLRQV DUH H[FOXVLYHO\DYDLODEOH IRU XVH E
WKH SURSHUW\ARZQHUV RUGHVLIJQDWHG XVHUV 7KHVH FKDUJHUV DUH QI
XVXDOO\LQVWDOOHG DW SULYDWH EXVLQHVVHY RUIOHHW IDFLOLWLHYV

DUHFRPSDQLHV WKDW PDLQWDLQ WKHLURZQIOHHWRI +"%(91V %HFDXVH
DFFHVV LV FRQWUROOHG E\WKHRZQHU HQVXULQJ WKDW RQO\DXWKRUL\
FRVW SHU N:K DW WKHVH SULYDWH IDFLOLWLHV LV DSSUR[LPDWHO\ H>
FKDUJLQJ VWDWLRQV +RZHYHU LQVWDOOLQJ SULYDWH FKDUJHUV FRPH
IDWLRQDOH $JHQGD /DDGLQ I @D'VOWHWFRDQHU M $IX¥W HYDOXDWH WKHLU HC
FKRRVH IURP YDULRXVY FKDUJHUV ZLWK GLIIHUADEIOWHSRIEH® V DG KR QW K HOW
VDUV JULG FRQQHFWLRQ ZKLFKLVDQLQFUHDVLQJO\GLIILFXOW WDVN GX
WKH\ KDYH WKH ILQDQFLDO PHDQV WR PDNH WKH LQYHVWPHQW 'HVSLWH
H[SHFWHG WR EH XVHG IRUWKHPDMRULW\ RI WKHAHOHFWULFLW\GHPDQG

'SRGPYWMSR 'SRXI\X"EWI 7XYH]

7KLYV FRQFOXVLRQ ZLOO SURYLGHDQ DQVZHU WR WKH ILUVW WZR VXE TXF
VWDQGLQJDQG LQVLIKWV RQWKHWHFKQLFDO HFRQRPLFDODQGJHRJUD.
FKDUJLQJIDFLOLWLHVDQG WKHORJLVWLFV VHFWRULQ WKH1IHWKHUODQ

KDW LV WKH FXUUHQW VWDWH RI WKH ORJLVWLFV VHFWRU ZKDW GLVWD
GULYH ZKHUH GR WKH\UHIXHO"

7KH GLVWULEXWLRQ RI WUXFNV DFURVYVY WKH FRXQWU\ SURYLGHYVY VRPH L
RYHUQLJKW DQG ZKHUH WUXFNV ZLOO RULJLQDWH IURP DQG ZKDW WKHLI
WUDWLRQ GDWD JLYHVDQ RYHUYLHZ RI ZKHUH YHKLFOHY DUH OLNHO\ WR
SUHFLVHORFDWLRQV ZKHUH WUXFNV DUH VWDWLRQHG RYHUQLJKW RU GX
VLWHV LQ WKH 1IHWKHUODQGY FDQ DOVR EHLQWHUHVWLQJ DV WUXFEFNYV DU
ORFDWLRQV DQG ZLOO SRWHQWLDOO\VHUYH WKHLU RYHUQLJKW RULQE
QLW\WR UHFKDUJH

7TUXFN WUDIILF IORZ GDWD LQGLFDWHYV VLIJQLILFDQW DFWLYLW\DURXQG



'SRGPYWMSR 'SRXI\X "EWI 7XYH]

ZLWK ODUJH ;;/ GLVWULEXWLRQ FHQWUHY DQG DORQJ WKH 7UDQV (XURS
FRQFHQWUDWLRQ RI WUXFN WUDIILF LQ WKHVH DUHDV DOLJQV ZLWK WKF
DURXQG (LQGKRYHQ DQG WKH &2523 UHJLRQV *URRW 5LMQPRQG DQG :HVW
DUH FULWLFDOIRUWKH SODQQLQJRISXEOLFFKDUJLQJLQIUDVWUXFWXUF
WUDIILF DQG SRWHQWLDOO\KLJKHU GHPDQG IRU HQHUJ\

,Q WHUPV RI| GLVWDQFH WUDYHOOHG WUXFNV LQ WKH 1HWKHUODQGV W\
ZLWK QHZHU YHKLFOHV DYHUDJLQJDSSUR[LPDWHO\ NP SHU\HDU 7K
WDQFHV RI NPIRUWKHDYHUDJH WUXFNDQG XS WR NP IRUQHZHU PRG
RIWUDQVSRUWHG JRRGV WUDYHO OHVV WKDQ NP VXJIHVWLQJ WKDW D
FRXOG SRWHQWLDOO\EH FRPSOHWHG RQ D VLQJOH FKDUJH E\ WKH FXUU
DWLRQDO W\SHV ZLWKLQ WKH ORJLVWLFV VHFWRU DUH FLW\ UHJLRQDO
QHHGYV &LW\ORJLVWLFV FKDUDFWHULVHG E\ VKRUWHU URXWHV DQG IUH
YDWH FKDUJLQJ IDFLOLWLHY GXHWR VSDFH FRQVWUDLQWY LQ XUEDQ DU
GLVWDQFHV EHWZHHQ GLVWULEXWLRQ FHQWUHYVY FDQ SRWHQWLDOO\ OH)
ORDGLQJDQG XQORDGLQIJDFWLYLWLHY /RQJ KDXO ORJLVWLFV ZLWKH[V
ZLOO SRWHQWLDOO\GHSHQG PRUHKHDYLO\RQ SXEOLFFKDUJLQJLQIUDVYV

,Q FRQFOXVLRQ WKH FXUUHQW VWDWH RI WKH ORJLVWLFV VHFWRU LQ W
SHQGHQFHRQ URDGWUDQVSRUW ZLWKD FOHDU QHHG WR VWUDWHJILFDO!
LQIUDVWUXFWXUH WR VXSSRUW WKH WUDQVLWLRQ WR +' %(9V 8QGHUVW
WDQFHV WKH\ GULYH DQG RWKHU RSHUDWLRQDO QHHGV DQG FRQVWUDL
PHQW RI FKDUJLQJ IDFLOLWLHYV HQVXULQJ WKDW WKH ORJLVWLFV QHWZF
\HDUV WR FRPH

:KDW LV WKH FXUUHQW VWDWH RI FKDUJLQJIDFLOLWLHV DQG +' %(9fV LQ V
$V RI QRZ WKH PDUNHW SHQHWUDWLRQ RI +' %(9V LV OLPLWHG ZLWK DUF
'XWFK URDGY DFFRXQWLQJIRU RQO\ RI WKH WRWDO WUXFN IOHHW +
ULVH VKDUSO\ DV PRUH IOHHW RZQHUYV VHHN WR UHGXFH HPLVVLRQV DQ(
VWDQGDUGV %\ LWLVDQWLFLSDWHG WKDW RIDOO QHZ WUXFNV V
XQGHUVFRULQJ WKH FULWLFDO QHHG IRU D UREXVW FKDUJLQJ LQIUDVWU)}

,Q WHUPV RI VSHFLILFDWLRQV FXUUHQW +' %(9V VXFK DV WKRVH RIIHUE
DURXQG NP ZLWK QHDU IXWXUH PRGHOV H[SHFWHG WR DFKLHYH XS WR
HUDEO\OHVV WKDQ WKDW RIFRQYHQWLRQDO GLHVHO WUXFENV ZKLFK FD(
VXIILFLHQW IRU PDQ\ W\SLFDO GDLO\ RSHUDWLRQV DV PRVW WUXFNV LQ

NP SHU GD\ +RZHYHU WKH KLJKHU SXUFKDVH SULFHRI +"'%(9V UHPDLOQ\
IOHHW RZQHUV DUH OLNHO\WR FRQVLGHU WKH 7&2 ZKHQ PDNLQJ SXUFKDV
VXFK DV PDLQWHQDQFH IXHO FRVWYVY DQG GHSUHFLDWLRQ

7KH FKDUJLQJLQIUDVWUXFWXUH IRU +' %(9V LQ WKH 1IHWKHUODQGV LV VV
VLIJQLILFDQWO\ WR PHHW IXWXUH GHPDQG &XUUHQWO\ WKHUH DUH DSS!
HTXLSSHG ZLWK DURXQG FKDUJLQJ SRLQWY FDSDEOH RI VHUYLQJ +' ¥
DUH GLVSHUVHG WKURXJKRXW WKH FRXQWU\ EXW QRW DOO DUH VXLWDE
DV WUDFWRU WUDLOHU FRPELQDWLRQV 7KH SRZHU RXWSXW RI WKHVH SX
IURP N:WR N: ZKLFKGLUHFWO\DIIHFWV FKDUJLQJWLPHYVY ,QDGGLWL
DQG SULYDWH FKDUJLQJIDFLOLWLHY SOD\DQHVVHQWLDO UROHLQ WKH R
FKDUJHUV ZKLFKZLOOEHORFDWHGDW ZDUHKRXVHV RUGLVWULEXWLRQ |
LQJ ORDGLQJDQG XQORDGLQJRSHUDWLRQV 7KHVH FKDUJHUV SURYLGH
FKDUJLQJRSSRUWXQLWLHV ZLWK EXVLQHVV DFWLYLWLHV DOWKRXJK WK
FKDUJLQJ IDFLOLWLHVY RQ WKH RWKHU KDQG DUH W\SLFDOO\RZQHG E\ |
%(9V 7KHVH FKDUJHUV RIITHU WKH ORZHVW FRVW SHU N:K DURXQG HX U
ZKLFK FKDUJH DSSUR[LPDWHO\ HXURV SHU N:K +RZHYHU LQVWDOOLQ
FDQW WHFKQLFDODQG ILQDQFLDO FKDOOHQJHV VXFK DV VHFXULQJ WKH

,QFRQFOXVLRQ ZKLOHWKHFXUUHQW VWDWHRI+'"%(9V DQG FKDUJLQJIDF
LQJ WKHIRXQGDWLRQ LY EHLQJ ODLG IRUD VXEVWDQWLDO H[SDQVLRQ L



'SRGPYWMSR 'SRXI\X "EWI 7XYH]

LQFUHDVHV WKHGHYHORSPHQW RID FRPSUHKHQVLYHDQG DFFHVVLEOH
WR VXSSRUW WKH JURZLQJ GHPDQG DQG HQVXUH WKH LQWHJUDWLRQ RI\
OHDGLQJWR OHVV HPLVVLRQV



(IQERHHMWXVMFYXMSR |

7KLV FKDSWHU ZLOO SUHVHQW WKH UHVXOWY GHULYHG IURP WKHRUHWLF|
EDVLV IRU WKH TXDOLWDWLYH PRGHO 7KLV TXDOLWDWLYH PRGHO ZLOO
LOQOWHUYLHZV DV LQSXW 7KH ILQDO VHFWLRQ RI WKLV FKDSWHU ZLOO SU
EDVHG RQ WKLY PRGHO 7KHVHUHVXOWY FRUUHVS\WRHFOWR@WKH PHWKRGR

SLISVIXMGEP FEWI

7RJIJDLQ D FRPSUHKHQVLYH XQGHUVWDQGLQJRIWKH QHHGV DQG FRQVWU
ILUVW IRFXV RQ UHVHDUFKLQJ WKHVH IDFWRUV WURXJK D OLWHUDWXUH
DQG RSHUDWLRQDO FRQVWUDLQWY WKDW IOHHW RZQHUV IDFH NH\ LQVL
LGHQWLILHG 7KH FXUUHQW DVVXPSWLRQ EDVHG RQ WKH SUHYLRXV FKD
DLP WR FKDUJH RI WKHLU IOHHW DW WKHLU SULYDWH IDFLOLWLHV JL
DW WKHVH ORFDWLRQV LQFOXGLQJLQYHVWPHQWY PDLQWHQDQFH DQG F
WKH VSHFLILF QHHGY DQG FRQVWUDLQWY LGHQWLILHG VXFK DV RSHUD\
RID+' %(9 DSRUWLRQ Rl WKLY GHPDQG PD\ QHHG WR EH VXSSOLHG DW
GXULQJ RSHUDWLRQV %DVHG RQ WKH ILQGLQJV IURP WKLY WKHRUHWLFI
ZLOOEHGHYHORSHG HDFKUHIOHFWLQJD GLIIHUHQW W\SHRIIOHHW RZQH
7KHVH SURILOHV ZLOO WKHQ EH XVHG WR DQDO\VH ZKDW FKDUDFWHULVWL
DW SULYDWH ORFDWLRQV 7KH SURILOHV ZLOO DOVR JLYH LQVLJKWV LQ Z}
DQLQSXW IRUWKHFKDUJLQJGHPDQG

*PIIX S[RIVW GLEVEGXIVMWXMGW
7KLV VHFWLRQ ZLOO SURYLGH D FRPSUHKHQVLYH DQDO\VLV RI WKH FKDU
XWLOLVHG WR DVVHVV WKHLU HQHUJ\ GHPDQG DV ZHOO DV WKHLU FRQVW
YDWH IDFLOLWLHYV %\LGHQWLI\LQJDQG XQGHUVWDQGLQJWKHVHFKDUD
IOHHW SURILOHVDQG FKDUJLQJVFHQDULRY $VPHQWLRQHGEHIRUH WKD\
HUV ZLOO WU\ WR FKDUJH WKHLU WUXFNV PRVW RI WKH WLPH DW SULYDWH
IDFWRUVLQYROYHGLQWKHLQVWDOODWLRQRISULYDWHLQIURYWUXFWX
IOHHW RZQHUV QHHG WR IROORZ WKUHH NH\ VWHSV WR HVWDEOLVK SULYD
WKHHQHUJ\GHPDQG E\HYDOXDWLQJWUXFNFKDUDFWHULVWLFV DQG WK
WKH QHFHVVDU\ QXPEHU RI FKDUJLQJ SRLQWYVY DW WKH GHSRW DQG WKLL
FDSDFLW\DQGDYDLODEOHVSDFH 7KHWKUHHVWHSY PHQWLRQHG ZLOO V
FKDUDFWHULVWLFV LQIOXHQFLQJ WKH FKRLFH RI IOHHW RW@EHIAV $QRWK
RQWKHGHFLVLRQV PDGH EV\IOHHW RZQHUVY UHJDUGLQJWKHLQVWDOODW
IUDVWUXFWXUHIRXQG WKDW +'7 IOHHW RSHUDWRUVYT ZHUH LQIOXHQFHG E
PRWLYDWRUV DQG EDUULHUVY FDQ DOVR EHDSSOLHG WR WKLV VWXG\ DV I
SULYDWH FKDUJLQJ LQIUDVWUXFWXUH .H\ PRVWIW BD@®R IRUIRR QGVEVY YMWL €
RQ VLWH IDFLOLWLHVY LQFOXGHG GLVVDWLVIDFWLRQ ZLWK RIl VLWH IXHC
WLPHVY ODERXUFRVWY DQG VFKHGXOLQJFRPSOH[LWLHY /DUJHUIOHHW'



BLISVIXMGEP FEWI

RQ VLWH IDFLOLWLHY %DUULHUV WR FRQVWUXFWLQJRQ VLWH IDFLOLW
WLHV ZLWK XWLOLWLHYVY PDLQWHQDQFH FKDOOHQJHYVY DQG OLPLWHG VSD
IDFLOLWDWRU IRU EXLOGLQJRQ VLWHLQIUDVWUXFWXUH %RWKRQ VLWE
VHFEXULW\DQG WKH OLPLWHG DYDLODELOLW\RIRII VLWHIXHOOLQJLQIUL

7KHIROORZLQJ FDWHJRULHVY KDYH EHHQ LGHQWLILHG WR DQDO\VH IDFWR
VLIH RSHUDWLRQ RULJLQORFDWLRQ GHVWLQDWLRQORFDWLRQDQGRW
HUDWLRQ ZLOO KHOS ZLWK GHWHUPLQLQJHQHUJ\GHPDQG ZLWK RSHUDW
LQIXOILOOLQIJDOO GHPDQG DW SULYDWH ORFDWLRQV VXFK DV KRPH WR
2ULJLQ ORFDWLRQ ZLOO IRFXV RQ GHSRW UHODWHG IDFWRUVY VXFK DV V
FKDUJLQJ 'HVWLQDWLRQ ORFDWLRQ ZLOO HI[DPLQH WUXFN VWRSSLQJ OR
RURSSRUWXQLWLHV IRU VHPL SXEOLF FKDUJLQJ DW WKRVH ORFDWLRQV
JRULHV ZLOO EH IXUWKHU H[IDPLQHG LQ WHUPV RI WKH FKDUDFWHULVWLF
EHDQDO\WHG WR GHWHUPLQH ZKHWKHU WKH\FDQ VHUYHDV DQ LQSXW D F
JHQHUDO XQGHUVWDQGLQJRIH[SHFWHG FKDUJLQJ EHKDYLRXU

*PIIX 7TMAM
,Q WKLV FDWHJRU\ WKHIROORZLQJWKUHH FKDUDFWHULVWLFV KDYH EHH
PLQLQJ FKDUJLQJ EHKDYLRXU

$1XPEHU Rl ER[ WNKEWWVWKDUDFWHULVWLF FDQ EH XVHG DV D LQSXW SIL
WKH WRWDO HQHUJ\ GHPDQG RIDIOHHW RZQHU WRIJHWKHU ZLWK WKH
FRQVXPSWLRQRID@"' % (9 >

f1XPEHU RI WUDFWRUV EMRIUHRAMKDDIDEFMWHWILVWLF FDQ EH XVHG DV D L
GHWHUPLQLQJ WKH WRWDO HQHUJ\GHPDQG RIDIOHHW RZQHU WRJHW
WKHHQHUJ\FRQVXPSWLR®@RID +"'%(9 >

Ff1IXPEHURI +' %KLV IDFWRU FDQ KHOS ZLWK XQGHUVWDQGLQJLIDIOH
H[SHULHQFH LQ WKH XVDJH RI +' % (9V

3TIVEXMSR
,QWKLVFDWHJRU\ WKHIROORZLQJIDFWRUVKDYHEHHQLGHQWLILHG DV &
EHKDYLRXU

f2SHUDWLRGD@NHUYH WR JHW D JHQHUDO XQGHUVWDQGLQJLQ ZKDW
RZQHU LV LQYROYHG FLW\ ORJLVWLFV UHJLRQ DXBNDRWISRRQUUW RU O
WKHVH RSHUDWLRQDO W\SHVY KDYH EHHQ H[SODLQHG DQG LQ ZKLFK ZLC
KDYLRXU

$'DLO\NLORPHWUHAKLYWILYHQRKHOS DV DQ LQSXW LQ GHWHUPLQLQJ WKH
JHWKHU ZLWK QXPEHU RI WUXFNV DQ@& H @HRDQ MDFOQARXPIS WY RQ WR GHW
WKH UDQJHRID +' % (9 LV VXIILFLHQW HQRXJK IRUWKH GDLO\RSHUDWL

FT1IXPEHU RI WULSV$SWULGDLAY D URXWH RI D WUXFN WKDW OHDYHV LW GH
GHSRW RI WKH FRPSDQ\ 7KLV FDQ VHUYH DV DQ LQSXW IRU WKH SULY
PXOWLSOH WULSVY D GD\ WKLV FRXOG OHDG WR UHFKDUJLQJ DW WKH GF
SXEOLFLQIUDVWUXFWXUH

FODQGDWRU\N GULYEOWY EDEMNNVMXFN GULYHUY ZLOO KDYH PDQGDWRU\ VW
IHWKHUODQGVY D GULYHU QHHGYVY WR KDYH D PDQGDWRU\ VWRSSLQJ EL
> @ 7KLVPDQGDWRU\NEUHDN FRXOG EH XVHG IRU FKDUJLQJ RI D +" % (!
URDG WKLV SUREDEO\ ZLOO EH DW D SXEOLF ORFDWLRQ EXW LI D GUI
GHSRW WKH WUXFN FRXOG SRWHQWLDOO\UHFKDUJH DW WKH SULYDW#

SVMKMR OSGEXMSR
,QWKLVFDWHJRU\ WKHIROORZLQJIDFWRUVKDYHEHHQLGHQWLILHG DV &
EHKDYLRXU



BLISVIXMGEP FEWI

+t+RPHWRKRPH NLORRRNWWDIYPWHUYH DV DQLQSXW FRQVWUDLQW IRU WK
WKDW D WULS LV ZLWKLQUDQJHRIWKH+"%(9 7TKLVFRXOG OHDG WR UF
RIQHHGLQJWR UHFKDUJLQJDW D SXEOLF ORFDWLRQ

F2YHUQLJKW LGOLQJ WILMMKDVWKGHERWUDFWHULVWLF FDQ EH GHWHUP L
FKDUJHD +"' %(9LQ WKHWLPHLWLVDW@W WWHEBNKORBVE RYHWIUEQUKMD FRQV
QRWFKDUJLQJDWD SULYDWHORFDWLRQLIWKHUHVWLQJWLPHDWD G
EDWWHU\ 'WLVDOVRLPSRUWDQW WRGHWHUPLQH ZKHWKHU DOO WUX

F%HWZHHQ WULS " KXKeVQIVWKPHHVDPH DV ZLWK RYHUQLJKW LGOLQJ WLPH
RURSSRUWXQLW\WR EHDEOH WR FKDUJH ZLWKLQ WKHaLGOLQJ WLPH E

f3XEOLF FKDUJHUKMHHDW EXEOLF FKDUJHU LV DYDLODEOH QHDU WKH GH:¢
IOHHW RZQHU PD\ FKRRVH WR XVH WKLV RQHLQVWHDG RILQVWDOOLRQ.

t$YDLODEOH VSDFH IRU SULKHDWIDFKIDWKEWM-V DYDLODEOH IRU SULYDW |
FRQVWUDLQW LQ WKH XVDJH®!| SQVYYDWHIPBRPUODIHHW RZQHUV DIWHU W
UHVHDUFKHG E\ 8. *RY@UIPVHROWHY HDOHG WKDW DYDLODEOH VSDFH L
FRQVWUDLQWE\IOHHWRZQHUV 7KHUHLV DOVR WKHFRQVLGHUDWLRC(
WKHDYDLODEOH VSDFH IRU FKDUJHUV

$$YDLODEOH JULG FRKOIQHWAG LIFRRDQHFWLRQ WKDW LV DYDLODEOH FDQ E
DJHRISULYDWH BKDQVILQEW IURP IOHHW RZQHUV DIWHU WHVWLQJ +' ¢
*RYHUQPH@WOVR UHYHDOHG WKDW WKHUH DUH FRQFHUQV DERXW DY

(IWXMREXMSR OSGEXMSR

,Q WKLY FDWHJRU\ WKH IROORZLQJ WZR FKDUDFWHULVWLFV KDYH EHHQ
PLQLQJ FKDUJLQJ EHKDYLRXU

F1XPEHU RI VWRSVESHRISWFIDQ VHUYHDVDQ RSSRUWXQLW\WR FKDUJH S|
IRULQVWDQFH ZKHQ D WUXFNLVY ORDGLQJ XQORDGLQJLWJIRRGV DWD
JLYHDJHQHUDO LQVLIKWRIWKHRSHUDWLRQDQG WKHFKRLFH WR PD\
WDNHVY GHPDQG IURP SULYDWH FKDUJLQJ

f$YHUDJH VWRSSTROUWIMVPWKH VDPHDV RYHUQLJKW LGOLQJWLPHDQG LC
7KHWLPH WKHWUXFNLVY VWDQGLQJ VWLOO ZLOO LQIOXHQ@FH WKH DPR

F'LVWDQFH GULYHQ EH®IXMHH QHDWRS)YDYV ZLWK KRPH WR KRPH WULSV

f3XEOLF FKDUJHWKGODUEXEOLF FKDUJHULVDYDLODEOH QHDU WKH GHV\
RZQHU PD\ FKRRVH WR XVH WKLV RQH ZKHQ WKHUH LV QR FKDUJHU DYD

f3ULYDWH FKDUJHUKIHYPD GDEYBWH FKDUJH LV DYDLODEOH DW WKH GHY\
LWPD\EH SRVVLEOH WR XVH LW ZKLFK ZLOO WKHQ EH VHPL SXEOLF GH

3XLIV*EGXSVW

7KH SUHYLRXV IRXU FDWHJRULHYVY KLIKOLJKW WKH PRUH WHFKQLFDO UHD
PDQG RUFRQVWUDLQ IOHHW RZQHUV IURP FKDUJLQJ DW SULYDWH IDFLOI
KDYH VRPH RWKHU UHDVRQV IRU FKRRVLQJ SXEOLF RYHU SULYDWH FKDU.
HVYWDEOLVKHG E\WDONLQJWRH[SHUWV ZLWKLQ WKHILHOG RIHORELOLW
E\ %DH 5LQGWWIRM& RQ IOHHW RZQHUV GHFLVLRQV UHJDUGLQJ FRPSUHYV
LQIUDVWUXFWXUH LWLVLPSRUWDQWWRDQDO\WHWKHSDUDOOHOV ZLWK
LOQOYROYHVLPLODUGHFLVLRQ PDNLQJSURFHVVHV LQFOXGLQJFRQVLGHU
ORQJ WHUP RSHUDWLRQDO EHQHILWYV

$+ , QYHVWPHQWRRVW@FOXGHY WKH LQLWLDO H[SHQVHV IRU VHWWLQJ
VXFK DV SXUFKDVLQJ FKDUJHUV XSJUDGLQJ HOHFWULFDO V\VWHPYV
HQHUJ\ VRXUFHV OLNH VRODU SDQHOV 7KHVH FRVWV FDQ EH VXEVWD
+RZHYHU WKHVH FRVWV FRXOG OHDG WR IOHHW RZQHUV FKRRVLQJ I
WKHVH UHTXLUH D VLIJQLILFDQW DPRXQW RILQLWLDO FDSLWDO

ft&RVW 'HOMMD/ UHIHUV WR WKH FRVW FRPSDULVRQ EHWZHHQ N:K SULFH
IDFLOLWLHY YHUVXYV SXEOLF RQHVY 3ULYDWH FKDUJLQJPLIJKW KDYH O
LQJFDQ EHPRUH H[SHQVLYH SHU XVH +RZHYHU SXEOLF FKDUJLQJ H



J\TIVX ORS[PIHKI

LQIUDVWUXFWXUH LQYHVWPHQW 7KH KHLJKW RI WKLV FRVW GHOWD
SULYDWHO\

$/RFDWLRQ RZQHWKKLISOHHW RZQHU RZQV WKH GHSRW WKH\ KDYH PRU'
ODWLRQ DQG PDLQWHQDQFH RI SULYDWH FKDUJLQJLQIUDVWUXFWXU't
PLJKWEH UHVWULFWLRQV RUDGGLWLRQDO QHJRWLDWLRQV UHTXLUH
WR XVLQJ SXEOLF FKDUJLQJLQIUDVWUXFWXUH

$ORYLQJRXWKHEXVLQHVV LV FRQVLGHULQJUHORFDWLQJ LQYHVWLQJ
PLJKW QRW EH SUDFWLFDO 3XEOLF FKDUJLQJIDFLOLWLHV RIIHU PRU
DUH QRW WLHG WR D VSHFLILF ORFDWLRQ

) OH[LELOKUW\LV D IDFWRU UHODWHG WR WKH IOH[LELOLW\RIWKHLU RS|
[IOHHWRZQHUVIJDLQ PRUHFRQWURORYHUWKHLU FKDUJLQJVFKHGXOH
RITHUIOH[LELOLW\LQ WHUPV RIORFDWLRQ DOORZLQJWKHP WR FKDUJ
WKHLU RSHUDWLRQDO QHHGV LQ WKDW ZD\

$)OHHW WUDQ@WHWDRRWRU RI IOHHW WUDQVLWLRQV FDQ JLYH VRPH LQVL
FKDUJH SXEOLFO\DQG ODWHU RQ SULYDWHO\RU YLFH YHUVD

$f'ULYHU IDEWREFRXOG EH WKDW IOHHW RZQHUV WDNH LQWR DFFRXQW WK
DWFHUWDLQ ORFDWLRQV DW ZKLFK WKHQ D UHFKDUJH FDQ EH GRQH

*PIIX S[RIVW TVShPIW [MXL GLEVKMRK WGIREVMSW

%DVHG RQ WKHHDUOLHU H[SODLQHG RSHUDWVYRE\DHOFW\LRQYAL Y KMKHDBERJILYV
WRUV SURYKEWBAWLRMQHHW RZQHU SURILOHV WRIJHWKHU ZLWK WKHLU H[S
EHKDYLRXU ZLOO EH GHYHORSHG 7KH SURILOHV DQG WKHRUHWLFDO EH
WKH H[SHUW NQRZOHGJH LQ GHYHORSLQJ WKH TXDOLWDWLYH GLVWULE X
EHKDYLRXU DUHDOVR EDVHG RQ WKH FXUUHQW UDQJHRI VXNEUYRPHWUHYV
WLRQ ,@SSHQGRLFRPSOHWHRYHUYLHZRIWKHGHYHORSHG WKHRUHWLFD
IRXQG )RU FLW\ORJLVWLFV IOHHW RZQHUV ZLWK DPSOH VSDFH DQG FKD
RQ SULYDWH FKDUJLQJ ZKLOH WKRVH IDFLQJ VSDFH OLPLWDWLRQV VXF
RI SXEOLF FKDUJLQJ ,QUHJLRQDO RSHUDWLRQV SURILOHS5 FDQ PHHW F
IDFLOLWLHY EXW PD\UHTXLUH DGGLWLRQDO FKDUJLQJDW FXVWRPHU ORF
5 KRZHYHU UHOLHV PRUH KHDYLO\RQ SXEOLF FKDUJLQJ GXH WR WKH O
RI KDYLQJ FKDUJLQJ LQIUDVWUXFWXUH DW FRQVWUXFWLRQ VLWHV )RU
DFRPELQDWLRQ RI SULYDWH SXEOLF DQG VHPL SXEOLF FKDUJLQJ RSWL
SODQQHG VWRSV ZKLOH SURILOH/+ ZLWKYDU\LQJURXWHVDQG LQVXIILI
RQ SXEOLF FKDUJLQJ

'SRGPYWMSR SR XLISVIXMGEP GLEVKMRK FILEZMSYYV

,Q FRQFOXVLRQ WKH WKHRUHWLFDO FKDUJLQJ EHKDYLRXU RI WKH YDUL
RSHUDWLRQDO W\SHV LQIUDVWUXFWXUH DYDLODELOLW\ DQG GULYLQJ C
JLHV 7KHVH YDULHG FKDUJLQJ VWUDWHILHY VKRZ WKDW LW LV QRW IHDV
DOOIOHHW RZQHUV LQ WKH ORJLVWLFVY VHFWRU DV WKHLU RSHUDWLRQV
EHKDYLRXU SUHVHQWHG KHUH LV EDVHG RQ WKH DVVXPSWLRQ WKDW IOH
HITHFWLYH RSWLRQ ZLWK SULYDWH FKDUJLQJJHQHUDOO\EHLQJ FKHDSH
ZLWK WKH FRVW IDFWRU DV D NH\ PRWLYDWRU ZLOO EH IXUWKHU YDOLGD
FKDSWHU

J\TIVX ORS[PIHKI
%HIRUH GHYHORSLQJD TXDOLWDWLYHPRGHO EDVHG RQ WKHRUHWLFDO F
HYVHQWLDO WR UHVHDUFK WKH UHDO ZRUOG SUHIHUHQFHY RI lOHHW RZC(
RQWKHH[SHUW NQRZOHGJH/ RHWHRWIRROR J\ IURP

-RXIVZMI[ VIWYPXW
$00 LQWHUYLHZ WUDQVFULSWLRQV ZHUH VXPPDUL]HG DQG DQDO\VHG WF
VKRXOG EH LQWHJUDWHG LQWR WKH GLVWULEXWLRQ PRGHO DQG FDQ FDQ



J\TIVX ORS[PIHKI

JLUVW LWLV QHFHVVDU\WR VHHLIWKHDPRXQWRILQWHOWEHHAVHRW WR W
WKHDPRXQWRIQHZ WKHPHV HPHUJLQJLQHYHU\LQWHUYLHZ 7KHEDVHD
WKHWKHRUHWLFDO EDVH

7DEOH 1HZ WKHPHV

7TKHRUHWLFDO EDVH ,QWHUYLHZ ,QWHUYLHZ ,QWHUYLHZ ,QWHUYLH
IHZ IDFWRUV DQG FKDOOHQJHV

TDEOHSUHVHQWY WKH FDOFXODWHG VDWXUDWLRQ IRUHDFK UXQ ZKHUH
UXQWZRLQFOXGHVLQWHUYLHZV DQG DQG VRIRUWK $IWHU WKH IRXUV
WKUHVKROG 7KLVLQGLFDWHV WKDW WKHILYHLQWHUYLHZV FRQGXFWHG
XQGHUVWDQGLQJ RIWKHIDFWRUV LQIOXHQFLQJ WKH FKDUJLQJ EHKDYLR

7TDEOH 6DWXUDWLRQ &DOFXODWLRQ

%DV H5XQ
THZ WKHPHV
6DWXUDWLRQ

7TKHLOQWHUYLHZV ZLWK IOHHW RZQHUVY SURYLGH YDOXDEOH LQVLJKWYV LQ
DQG FKDOOHQJHVY UHODWHG WR FKDUJLQJ +' %(9V $FURVV DOO LQWHUYL
SULPDU\N IDFWRU LQ FKDUJLQJ GHFLVLRQV 7KH H[SHQVH RI LQVWDOOLQ.
LOQIUDVWUXFWXUH XSJUDGHV FDQ EH KLJK SURPSWLQJVRPHIOHHW RZQ
GHVSLWH KLJKHU SHU N:K FRVWYV )RURWKHUV WKHDELOLW\WR PDQDJH
WUXFWXUHLY SUHIHUDEOH HVSHFLDOO\ZKHQ HOHFWULFLW\UDWHYV DUH
LVDQRWKHU FULWLFDO IDFWRU SDUWLFXODUO\IRUIOHHWRZQHUV ZLWK '
LQJ RIITHUV VRPH IOH[LELOLW\ GXH WR LWV SRWHQWLDO ZLGHVSUHDG DY
WKHDYDLODELOLW\RI SXEOLF VWDWLRQV SDUWLFXODUO\GXULQJ SHDN
PRUH FRQWURO EXW LV RIWHQ FRQVWUDLQHG E\OLPLWDWLRQV LQ SK\VLF

6HYHUDO FKDOOHQJHV ZHUHLGHQWLILHG SDUWLFXODUO\LQUHODWLRQ"
SRLQWHG RXW WKH ODFN RI VSDFH IRULQVWDOOLQJ SULYDWH FKDUJHUYV
LQIUDVWUXFWXUH $GGLWLRQDOO\ OLPLWHG JULG FRQQHFWLRQV FDQ K
YHKLFOHV DW SULYDWH IDFLOLWLHY S3XEOLF LQIUDVWUXFWXUH UHOLDE
VWDWLRQV VHHQ DV SRWHQWLDOO\RYHUFURZGHG DW SHDN WLPHV 7KLV
WR FKDUJH GXULQJ PDQGDWRU\ EUHDNVY RURYHUQLJKW DW WKHVH SXEOI
XSWLPH RI FKDUJLQJ HTXLSPHQW LV FUXFLDO DV DQ\GRZQWLPH FDQ VL.
RI WKH FKDOOHQJHV LGHQWLILHG UHJDUGLQJ WKH XVH RI SULYDWH LQIUI
SRVVLEOH WR EHUHVROYHG LQ WKH IXWXUH

ORVW IOHHW RZQHUV H[SUHVVHG DQ LQWHUHVW LQ H[SDQGLQJ WKHLU HC
SURDFK WR FKDUJLQJ FRPELQLQJSULYDWH SXEOLF DQGVHPL SXEOLFL
SXEOLF FKDUJLQJ LV H[SHFWHG WR SOD\D ODUJHU UROH GXH WR WKH OR
UHWXUQ WR WKH KRPH EDVH IRU FKDUJLQJ )RU PRUH ORFDOLVHG RSHUI
SUHIHUUHG RSWLRQ GXHWR FRVW VDYLQJV EHWWHU FRQWURO RYHU VEK
7KHUH ZDV DOVR LQWHUHVW LQ VHPL SXEOLF FKDUJLQJ DW FXVWRPHU OR
XQORDGLQJWLPHV 7KLV ZRXOG SURYLGHD EDODQFHEHWZHHQ FRQWURC
FKDUJH YHKLFOHV ZLWKRXW GLVUXSWLQJRSHUDWLRQV $GGLWLRQDOO\
HVVHQWLDO WR KDYH D FOHDU FRQWUDFW RXWOLQLQJUHVSRQVLELOLWL

7KH LOQOWHUYLHZYV FRQILUP WKDW QR VLQJOH FKDUJLQJ VROXWLRQ ILWV L
HUDWLRQV YHKLFOH W\SHV DQG JHRJUDSKLF ORFDWLRQV +RZHYHU HEC
FRQWURO RSHUDWLRQDO HIILFLHQF\ DQG WKH WUXVWZRUWKLQHVV RI H’
ERWKSULYDWHDQG SXEOLFFKDUJLQJLQIUDVWUXFWXUH 7KHLQWHUYLH
SUHIHUHQFHV DOLJQ ZLWK WKH HVWDEOLVKHG WKHRUHWLFDO FKDUJLQJ

,QIDEOHDQ RYHUYLHZ LVJLYHQ RI WKHNH\OHDUQLQJVIURP WKHLQWHUYL
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Table 5.3: Overview of Key Learnings from Fleet Owners

Key Factors Influencing Challenges Faced Future Plans Preferred Charging
Charging Behaviour Setup

Fleet Owner 1 Cost, flexibility, opera- High installation costs for Expand electric fleet, hy- Hybrid setup: private,
tional efficiency, control private chargers, space brid charging approach public, and semi-public

constraints

charging

Fleet Owner 2

Cost, space and grid con-
gestion, security of loca-

tion

Space limitations, grid ca-

pacity, electricity cost

Expand electric vehicle
operations, address
space and grid limitations

Private charging preferred

Fleet Owner 3

Cost, flexibility,
tional efficiency

opera-

High installation costs,

space and network ca-

pacity

Expand fleet, consider
public charging, explore
semi-public charging

Private

ing at customer locations
under consideration

charging  pre-
ferred, semi-public charg-

Fleet Owner 4

Cost, flexibility,
tional efficiency, control

opera-

Lack of electric vehicles

currently, reliability of pub-

lic charging

Electrify specific routes
when feasible, use public
infrastructure

Public charging preferred,

potential use of private
and semi-public charging

Fleet Owner 5

Control, cost, operational
efficiency, trustworthiness
of equipment

High installation costs for
private chargers,
bility issues with public
charging

relia-

Use private charging se-
tups at own facility, semi-

public options at customer
locations, public only for
emergencies

Private
ferred, semi-public
charging at customer
locations, public charging
for emergencies

charging pre-

Ul0I0I 000boo totoooo

All results from the questions used to gather input for the distribution model will be presented in subsec-
tion 5.3.2. This subsection will detail the findings regarding preferences for charging at private or public
locations. The survey ultimately had 10 respondents, with fleet sizes ranging from 45 to 670 trucks.
Although the number of respondents does not meet the required sample size as discussed in subsec-
tion 3.4.2, the total number of trucks they represent, 2,092, is a substantial number but not statistically
significant, as they are not individual independent trucks. The sample includes small, medium-sized,
and large companies, as well as businesses operating in various sectors such as city logistics, regional
logistics, and long-haul operations. While the results can provide some insights, they should be inter-
preted with caution due to the limited number of respondents, making it challenging to generalize the
findings to the entire population.
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In this sub subsection the results to the more general questions in the survey are presented. 50% of the
respondents currently operate battery electric vehicles within their fleet. Of all respondents, 44% have
operations in regional logistics, 31% in long-haul logistics, 13% in city logistics, and 13% in other types
of transport (such as garbage trucks and delivery of building materials). Regarding where their drivers
take mandatory breaks: 20% do so at their own depot, 40% at public locations, 20% at destination
locations, and 20% at other locations, with the specific choice depending on planning. Additionally, 90%
of respondents indicated they would recharge their trucks during these mandatory breaks, although this
depends on planning and the cost of charging at the location. The use of charging during mandatory
breaks could have an upside potential to the usage of public charging as a significant amount of the fleet
owners serve the breaks at public locations. While 30% of companies have sufficient physical space
at their depot, the rest are constrained by space. None of the respondents would use all their available
space to install chargers. When asked about using destination charging at customersi locations, most
respondents answered they would use it, as long as it is available, but noted that this again depends on
price and planning. Other factors mentioned as possible influencing the choice for charging at private
locations were the ownership of the depot location and the extension of the fleet in the future.
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In this sub subsection the results to the scenario stated preference like questions are presented. The
full scenario explanations can be found in Appendix D.

Scenario 1:
10 HD BEVs driving 100,000 km a year, private kWh price 20 cents, public kWh price 60 cents.

A Private charging yearly costs including depreciation: 315,000 euro, capital needed for installation
550,000 euro

A Public charging yearly costs: 780,000, no capital needed
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Of all respondents 90% opted for private charging in this situation.

Scenario 2:
25 HD BEVs driving 50,000 km a year, private kWh price 20 cents, public kwWh price 40 cents.

A Private charging yearly costs including depreciation: 417,500 euro, capital needed for installation
925,000 euro

A Public charging yearly costs: 650,000, no capital needed
Of all respondents 80% opted for private charging in this situation.

Scenario 3:
10 HD BEVs driving 100,000 km a year, private kWh price 20 cents, public kwh price 30 cents.

A Private charging yearly costs including depreciation: 315,000 euro, capital needed for installation
550,000 euro

A Public charging yearly costs: 390,000, no capital needed
Of all respondents 70% opted for private charging in this situation.

Scenario 4:
10 HD BEVs driving 100,000 km a year, private kWh price 30 cents, public kWh price 20 cents.

A Private charging yearly costs including depreciation: 445,000 euro, capital needed for installation
550,000 euro

A Public charging yearly costs: 390,000, no capital needed
Of all respondents 60% opted for private charging in this situation.

Scenario 5:
maintenance costs and availability.

A Private charging: fully responsible for maintenance and costs, availability 24/7 without waiting
times.

A Public charging: no maintenance responsibility or costs, availability might be lower during peak
times, resulting in waiting time.

Of all respondents 90% opted for private charging in this situation.

Scenario 6:
maintenance costs and availability.

A Private charging: fully responsible for maintenance and costs, availability 24/7 but during mainte-
nance not available.

A Public charging: no maintenance responsibility or costs, availability based on bookable time slots.
Of all respondents 70% opted for private charging in this situation.

Scenario 7:
kWh price versus availability.

A Private charging: 20 cents per kWh, availability 24/7 without waiting times.
A Public charging: 45 cents per kWh, unpredictable availability possible waiting times.
Of all respondents 100% opted for private charging in this situation.

Scenario 8:
kWh price versus availability.

A Private charging: 35 cents per kWh, availability 24/7 without waiting times, fully control over
charging planning.

A Public charging: 25 cents per kWh, unpredictable availability possible waiting times.
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Of all respondents 60% opted for private charging in this situation.

Based on these results, it shows that a significant majority of respondents prefer private charging across
various scenarios, primarily due to the control over costs, availability, and planning it offers. Even when
public charging is less expensive, the predictability and convenience of private charging make it the
favoured option for many. These insights suggest that while private charging is generally preferred, the
decision ultimately depends on a balance of cost, convenience, and operational flexibility.
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In conclusion, the research reveals that fleet owners face several constraints when it comes to charg-
ing their HD BEVs. Key challenges include the high costs associated with installing private chargers,
limited physical space at depots, and grid capacity issues that can hinder the simultaneous charging
of multiple vehicles. Despite these constraints, a significant majority of respondents prefer private
charging due to the control it offers over costs, availability, and scheduling. Overall, the preference for
private charging is strong, but it is constraint by practical considerations such as installation costs and
space limitations. Some fleet owners are interested in a hybrid approach that combines private, public,
and semi-public charging infrastructure to balance cost, convenience, and operational efficiency. This
strategy might help mitigating the constraints associated with each charging method, ensuring a more
reliable and flexible charging solution for their diverse operational needs. Overall the results from the
expert knowledge do align with the established theoretical base of charging behaviour.
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This section will present the developed qualitative distribution model, the inputs of the model and the
results coming out of the model.
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Based on the theoretical framework for charging behaviour and expert knowledge, it can be said that
fleet prioritize cost and control, while operating within their constraints. This leads to the assumption in
the distribution model that fleet owners will opt for cost-effective and controllable options first. Conse-
guently, fleet owners are expected to prefer private charging over semi-public charging, and semi-public
charging over public charging. However, these preferences are subject to limitations imposed by their
operational behaviour. The factors limiting this behaviour are detailed in subsection 5.1.1. To model
this behaviour, a qualitative Excel model has been developed. This model uses specific decision rules,
structured as a decision tree or flow chart, to allocate the total energy demand of a fleet owner, based
on their preference for private charging, followed by semi-public and public charging, while considering
operational and other constraints.

The model begins by calculating the total energy demand based on the number of trucks and the total
kilometres driven. It assumes that each truck leaves the depot with a full state of charge whenever
possible. Trucks will charge whenever necessary and feasible. The primary constraints for meeting
this demand are based on the total kilometres driven, whether for home-to-home routes or stop-to-stop
routes. When the kilometres driven exceed the truckis range, charging becomes necessary. Following
this, other constraints are considered, such as the availability of space for chargers at private locations
and sufficient time for recharging during stops. The flow chart does not explicitly account for the op-
portunity to charge during mandatory breaks. However, as noted in the previous section, this could
potentially increase public charging. Given the operational constraints outlined in the flow chart, it is
assumed that charging occurs at the most convenient times. It is assumed that driver breaks coincide
with these moments, as companies aim to avoid unnecessary downtime for their trucks.

In Figure 5.1 the flow chart for the decisions in charging at private, public and semi-public are shown
with the calculation for the amount of demand at these charging locations.
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* kW depot charger * nr of trips-1 * nr of trucks trucks
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Public demand = total - private - semi Semi Public demand = 0

Public demand = total demand - semi public - public
private demand

Figure 5.1: Flow chart for decision making demand model
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The input for the model has been retrieved with the survey, from the interviews or data available form
Shell on some of their customers. All inputs can be seen in ??, the needed inputs were based on the
theoretical charging behaviour and asked in the survey or interviews. The model can also take the
battery capacity of the vehicles as an input. For this research is chosen to use three inputs 350 kWh,
500 kWh and 650 kWh. As they represent the batteries in HD BEVs getting larger over the coming
years.

Qioiol Loool thodmoa

This subsection will present the results of the demand model on the three different battery size cases.
In Table 5.4 are the results of the model given for a battery size of 350 kWh. It shows that potentially
63% of charging will be private, 4% will be semi-public and 33% will be public. The demand for private
charging in this case is mostly constraint by the limited range of the vehicle to return to the home base.

Table 5.4: Results of demand model 350 kWh

Fleet owner Total demand [kWh] Private demand [kWh] Semi-public demand [kWh] Public demand [kWh] % Private % Semi-public % Public

1 178750 38500 16500 123750 21.5% 9.2% 69.2%
2 161200 43400 0 117800 26.9% 0.0% 73.1%
3 87100 34840 13400 38860 40.0% 15.4% 44.6%
4 18200 18200 0 0 100.0% 0.0% 0.0%
5 65000 35000 1500 28500 53.8% 2.3% 43.8%
6 65000 35000 8000 22000 53.8% 12.3% 33.8%
7 110500 47600 5100 57800 43.1% 4.6% 52.3%
8 58500 31500 0 27000 53.8% 0.0% 46.2%
9 17550 9450 3600 4500 53.8% 20.5% 25.6%
10 468000 468000 0 0 100.0% 0.0% 0.0%
1 31200 26400 1600 3200 84.6% 5.1% 10.3%
12 50700 36400 2600 11700 71.8% 5.1% 23.1%
13 36270 26040 1162.5 9067.5 71.8% 3.2% 25.0%
Total 1347970 850330 53462.5 4441775 63% 4% 33%

In Table 5.5, the results for a battery size of 500 kWh are presented. It indicates that the proportion of
private demand is higher at 76%, while the proportion of public charging decreases to 20% compared
to the 350 kWh battery scenario.
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Table 5.5: Results of demand model 500 kWh

Fleet owner Total demand [kWh] Private demand [kWh] Semi-public demand [kWh] Public demand [kWh] % Private % Semi-public % Public

1 178750 116875 16500 45375 65.4% 9.2% 25.4%
2 161200 62000 0 99200 38.5% 0.0% 61.5%
3 87100 34840 13400 38860 40.0% 15.4% 44.6%
4 18200 18200 0 0 100.0% 0.0% 0.0%
5 65000 50000 1500 13500 76.9% 2.3% 20.8%
6 65000 50000 8000 7000 76.9% 12.3% 10.8%
7 110500 68000 5100 37400 61.5% 4.6% 33.8%
8 58500 45000 13500 0 76.9% 23.1% 0.0%
9 17550 10530 3600 3420 60.0% 20.5% 19.5%
10 468000 468000 ] 0 100.0% 0.0% 0.0%
1 31200 24960 1600 4640 80.0% 5.1% 14.9%
12 50700 40560 2600 7540 80.0% 5.1% 14.9%
13 36270 29016 1162.5 6091.5 80.0% 3.2% 16.8%
Total 1347970 1017981 66962.5 263026.5 76% 5% 20%

In Table 5.6, the results for a battery size of 650 kWh are presented. It indicates that the proportion of
private demand is higher at 82%, while the proportion of public charging decreases to 14% compared
to the 500 kWh battery scenario.

Table 5.6: Results of demand model 650 kWh

Fleet owner Total demand [kWh] Private demand [kWh] Semi-public demand [kWh] Public demand [kWh] % Private % Semi-public % Public

1 178750 133375 16500 28875 74.6% 9.2% 16.2%
2 161200 64480 18600 78120 40.0% 11.5% 48.5%
3 87100 34840 13400 38860 40.0% 15.4% 44.6%
4 18200 18200 0 0 100.0% 0.0% 0.0%
5 65000 65000 0 0 100.0% 0.0% 0.0%
6 65000 65000 0 0 100.0% 0.0% 0.0%
7 110500 88400 5100 17000 80.0% 4.6% 15.4%
8 58500 58500 0 0 100.0% 0.0% 0.0%
9 17550 10530 3600 3420 60.0% 20.5% 19.5%
10 468000 468000 0 0 100.0% 0.0% 0.0%
1 31200 24960 1600 4640 80.0% 5.1% 14.9%
12 50700 40560 2600 7540 80.0% 5.1% 14.9%
13 36270 29016 1162.5 6091.5 80.0% 3.2% 16.8%
Total 1347970 1100861 62562.5 184546.5 82% 5% 14%

As battery size increases, the demand shifts from public charging to private charging. This aligns
with expectations from interviews, surveys, and theoretical foundations. Fleet owners prefer private
charging due to its potentially lower cost and greater control. Public charging is only utilised when
operational constraints necessitate it. It can be observed that the percentage of private charging is
eventually constrained to percentages such as multiples of 20%. This is potentially due to the survey
asking for available physical space on a scale of 1-5. In the future, this question may need to be asked
differently to obtain a more accurate distribution. However, for the purpose of this study, it provides
insight into how fleet owners are constrained and how this develops over time.
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Concluding this chapter, research questions 3 and 4 can be answered.

What are the reasons, constraints, and needs for Installing Private or Using Public Charging
Facilities?

Fleet owners face a variety of technical, economic, and subjective factors when deciding whether to
install private charging facilities or use public charging facilities. The primary reasons for preferring pri-
vate charging include lower operational costs, greater control over charging schedules, and enhanced
operational efficiency as result. Private charging allows fleet owners to avoid the higher per-kWh costs
associated with public charging and reduces dependency on the availability and reliability of public in-
frastructure.

However, several constraints limit the feasibility of private charging. High initial investment costs for
installing private chargers, limited physical space at depots and grid capacity issues can restrict the
number of chargers that can be installed and used simultaneously. These constraints can leead to
fleet owners to consider public charging as an option.



0iol 0O0DDIooIbo 000000 0ot ooo oo

Some fleet owners also express a need for flexibility in their operations. Public charging offers this
flexibility, especially for long-haul operations where returning to the depot for charging is not feasible.
Public charging is also seen as a necessary backup when private charging infrastructure is insufficient
or unavailable due to space or grid limitations.

How can the reasons, constraints, and needs be translated into Demand Distribution model?

The reasons, constraints, and needs identified for installing private charging facilities or using public
charging facilities can be translated into a demand distribution model that allocates charging demand
between private and public facilities. This model considers the following factors:

A Cost Efficiency: Fleet owners prioritize private charging due to its lower cost per kWh compared
to public charging. The model assumes that fleet owners will maximise the use of private charging
until constrained by space or grid capacity.

A Operational Constraints: The model incorporates constraints such as the range of HD BEVs
and the availability of space for chargers. When these constraints limit private charging, the model
shifts the demand to public charging facilities.

A Flexibility and Control: The preference for private charging is driven by the need for control over
charging schedules and operational efficiency. However, the model accounts for the necessity of
public charging in scenarios where operational flexibility is required due to operational constraints
while using HD BEVSs.

A Survey and Interview Insights: Data from surveys and interviews with fleet owners provide
support for the modelis assumptions. Fleet owners{ preferences and constraints, as revealed
through these methods, are integrated into the model to ensure it reflects real-world decision-
making processes. The survey and interviews also generated the data needed to use in the
model.

The demand distribution model reveals the following allocation of charging demand between private
and public facilities:

Table 5.7: Demand Distribution for Different Battery Scenarios

Battery Scenario | Private Demand Semi-Public Demand Public Demand
350 kWh 63% 4% 33%
500 kWh 76% 5% 20%
650 kwh 82% 5% 14%

These results show that private demand is the preferred option, but it is constrained by operational and
depot location characteristics. However, as battery sizes increase, the demand shifts from public to
private charging, as the operational constraints become less restrictive. This aligns with expectations
from interviews, surveys, and theoretical foundations. Fleet owners prefer private charging due to its
potentially lower cost and greater control. Public charging is only utilised when operational constraints
necessitate it. The demand distribution model effectively translates the reasons, constraints, and needs
of fleet owners into a practical framework for allocating charging demand between private and public
facilities.

To obtain more accurate results, a larger survey should be conducted, as this research was limited by
time and did not achieve statistical significance. Some questions, such as those regarding available
physical space, could be asked differently, as the private demand is currently constrained by multiples
of 20%. However, a solid framework for researching the distribution of demand has been established,
and the outcomes and framework can serve as a basis for further research on this topic.
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This chapter will present the solution to the greedy algorithm and the solution to the model, as well
as verify and validate the model for determining the optimal locations of charging infrastructure. The
used model and greedy approach together with the explanation of the data sources can be found in
chapter 3. This chapter will eventually answer research questions 5 and 6.
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The developed greedy algorithm in subsection 3.5.2 will be used to obtain three different results. First
the top 5 locations will be determined with all weights assigned equally to 0.25. In Table 6.1 the solution
is shown. It can be seen that the total costs for the three cost columns is 28 and the total flow that passes
these locations yearly is 8354878.75. In Figure 6.1 a figure of the chosen locations is shown.

Greedy solution

» Network Nodes
© Located facilities

T T T T T T T T
35 4.0 4.5 5.0 55 6.0 6.5 7.0

Figure 6.1: Greedy solution 5 locations equal weights

oo
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Table 6.1: Top 5 locations greedy algorithm

Network_Node_ID Network_Node_X Network_Node_Y Grid_offtake Current_std

ndustry Total_Flow

116822 5.657752 52.619594 3.0 1 1 1306349.00
116878 5.008787 52.804469 3.0 1 1 278418.00

111192 5.846700 51.179100 1.0 4 1 2305745.00
196008 5.994942 51.970424 4.0 1 1 2248331.00
113615 4.444600 51.867100 1.0 1 4 2216033.00
Total 12.0 8 8 8354876.00

In the second solution the top 10 locations will be determined while assigned equal weights. It can be
seen in Table 6.2 that the total costs for the three cost columns is 58 and the total flow that passes
these locations yearly is 16551976.00. In Figure 6.2 a figure of the chosen locations is shown.

Greedy solution

53.5

53.0 4

52.5

52.0 1

51.5 1

51.0 1

e Network Nodes
© Located facilities

35 4.0 4.5 5.0 5.5 6.0 6.5 7.0

Figure 6.2: Greedy solution 10 locations equal weights

Table 6.2: Top 10 locations greedy algorithm

Network_Node_ID Network_Node_X Network_Node_Y Grid_offtake Current_std

ndustry Total_Flow

116822 5.657752 52.619594 3.0 1 1 1306349.00
116878 5.008787 52.804469 3.0 1 1 278418.00
111192 5.846700 51.179100 1.0 4 1 2305745.00
196008 5.994942 51.970424 4.0 1 1 2248331.00
113615 4.444600 51.867100 1.0 1 4 2216033.00
116739 5.619100 52.330300 4.0 1 4 2202436.00
113516 5.836800 51.770500 4.0 1 1 1844792.00
116847 4.902239 52.069980 4.0 4 1 1700074.00
195998 4.411253 51.923868 1.0 1 4 1319138.00
113480 6.005700 52.251200 4.0 1 1 1130656.00
Total 29.0 13 16 16551976.00
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The third solution uses the weights based on the ranked approach, as explained in subsection 3.5.3,
to benchmark the ranked weights approach. With the ranks in the following order rank 1: flow, rank 2:
grid, rank 3: current std, rank 4: industry locations. It can be seen in Table 6.3 that the total costs for
the three cost columns is 33 and the total flow that passes these locations yearly is 11586842.00. In
Figure 6.3 a figure of the chosen locations is shown.

Greedy solution

53.5

52.5

51.5 1

« Network Nodes
© Located facilities

T T T T T T T T
35 4.0 45 5.0 5.5 6.0 6.5 7.0

Figure 6.3: Greedy solution 5 locations ranked weights

Table 6.3: Top 5 locations greedy algorithm ranked weights

Network_Node_ID Network_Node_X Network_Node_Y Grid_offtake Current_std Industry Total_Flow

113615 4.444600 51.867100 1.0 1 4 2216033.00
195944 4.735079 51.486016 1.0 4 4 4902582.00
195998 4.411253 51.923868 1.0 1 4 1319138.00
114179 5.348896 51.683377 1.0 1 4 843342.00
111192 5.846700 51.179100 1.0 4 1 2305745.00
Total 5.0 11 17 11586842.00

The three different solutions demonstrate that achieving a higher amount of flow in the solution involves
incurring higher costs. The ranked solution indicates that with only slightly more cost units than the
equal weights top 5 solution, a significantly larger amount of flow is captured. This suggests that the
greedy algorithm can provide a solution where, if flow is ranked higher, it can capture more flow without
substantially increasing the cost.



0ol 000oooo Oo0oo ioooro oo

0ol 00oooobd oooo bboomo

This section will present the results of the model, starting with verification and then moving on to val-
idation. It will assess whether the model performs better than the greedy algorithm benchmark and
behaves as intended.

Q00 OODOon oodldodoooo

To verify the model, it will be compared to the greedy algorithm described in section 6.1. The inputs for
the model will be aligned with those used in the greedy algorithm, with all objective function weights
set to 0.25. The budget will be set at 28, matching the total cost of the greedy solution with 5 locations.
Figure 6.4 shows the chosen locations obtained from the model.

Optimal locations based on equal weights

e Network Nodes
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Figure 6.4: Model test solution

The results presented in Table 6.4 demonstrate that the model captures a significantly higher flow of
13,208,572.0 units compared to 8,354,876.00 units achieved by the greedy solution. Additionally, the
total cost of 27 units is 1 unit lower than that of the greedy solution. This test indicates that the model
provides a better solution.

Table 6.4: Test solution with equal weights and budget 28

Network_Node_ID Network_Node_X Network_Node_Y Grid_offtake Current_std Industry Total_Flow

195932 5.431533 51.405376 4.0 4 4 6235060.0
116739 5.619100 52.330300 4.0 1 1 2202436.0
114232 6.128000 51.393200 4.0 1 4 4771076.0
Total 12.0 6 9 13208572.0
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The budget is thereafter set at 58, matching the total cost of the greedy solution with 10 locations. Fig-
ure 6.5 shows the chosen locations obtained from the model. The results presented in Table 6.5 demon-
strate that the model captures a significantly higher flow of 25407938.0 units compared to 16551976.00
units achieved by the greedy solution. Additionally, the total cost of 53 units is 5 units lower than that
of the greedy solution. This test indicates that the model provides a better solution also in this case.

Optimal locations based on equal weights
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Figure 6.5: Model test solution with equal weights and budget 58

Table 6.5: Test solution with equal weights and budget 58

Network_Node_ID Network_Node_X Network_Node_Y Grid_offtake Current_std Industry Total_Flow

195932 5.431533 51.405376 4.0 4 4 6235060.0
116739 5.619100 52.330300 4.0 1 1 2202436.0
114232 6.128000 51.393200 4.0 1 4 2305745.0
114212 5.501600 51.404100 4.0 4 4 6235060.0
113664 4.883500 51.686400 4.0 1 4 3527300.0
116822 5.657752 52.619594 3.0 1 1 1306349.0
Total 23.0 12 18 25407938.0
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The budget is thereafter set at 33, matching the total cost of the greedy solution with ranked weights
and 5 locations. With the ranks in the following order rank 1: flow, rank 2: grid, rank 3: current std,
rank 4: industry locations. Figure 6.6 shows the chosen locations obtained from the model. The
results presented in Table 6.6 demonstrate that the model captures a higher flow of 15780956.0 units
compared to 11586842.00 units achieved by the greedy solution. Additionally, the total cost of 33 units
which is equal to the greedy solution. This test shows that the model also performs better with the
ranked weights and is able to capture more flow with the same budget.

Optimal locations based on ranked weights
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Figure 6.6: Model test solution with ranked weights and budget 33

Table 6.6: Test solution with ranked weights and budget 33

Network_Node_ID Network_Node_X Network_Node_Y Grid_offtake Current_std Industry Total_Flow

196037 5.144816 52.055205 4.0 4 4 4774820.0
195932 5.431533 51.405376 4.0 4 4 6235060.0
114232 6.128000 51.393200 4.0 1 4 4771076.0
Total 12.0 9 12 15780956.0

Overall, these results indicate that the model provides a superior solution by capturing more flow at
lower or equivalent costs compared to the greedy solution in all different test cases. This verifies the
effectiveness of the model in optimizing the locations for charging infrastructure.

0 R

To thoroughly evaluate the robustness and performance of the model, a sensitivity analysis will be
conducted on both the flow parameter and the cost parameters. This analysis aims to understand how
variations in these parameters affect the modelis outcomes [81]. For this sensitivity analysis a one at a
time approach will be used, with this method a sensitivity ranking can be obtained quickly by increasing
or decreasing each parameter by a given percentage while leaving all others constant, and quantifying
the change in model output [81].

0000 Do00O0oooo

The cost parameters will be systematically varied by increasing and decreasing them by 10%. This
approach helps in assessing the modelis sensitivity to changes in costs, which is crucial given the
budget constraint. Specifically, the following steps will be taken:
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1. Baseline Costs: The model will first be run with the original cost parameters to establish a baseline
performance.

2. Increased Costs: The costs will be increased by 10%, and the model will be re-evaluated to
observe the impact on the total flow captured and the selection of facilities.

3. Decreased Costs: Similarly, the costs will be decreased by 10%, and the model will be run again
to compare the results with the baseline and increased cost scenarios.

The given budget for the model is set at 28 units, which is the same as in the greedy solution and
the test case. The sensitivity analysis results, as shown in Table 6.7, indicate the following: With the
original cost parameters, the model opens 3 facilities, incurs a total cost of 27 units, and captures a total
flow of 13,311,882.00 units. Decreased Costs (Sensitivity 0.9): the model still opens 3 facilities and
incurs a total cost of 27 units, but captures a higher total flow of 14,533,436.00 units. This shows that
the model can utilise the budget more effectively when costs are lower. Increased Costs (Sensitivity
1.1): the model can only afford to open 2 facilities within the budget, leading to a slightly lower total cost
of 26.4 units and a reduced total flow captured of 12,470,120.00 units. This demonstrates the impact
of higher costs on the modelis ability to capture flow within the budget constraint.

Table 6.7: Cost Sensitivity Analysis

Sensitivity Number of Opened Facilities Total Costs Total Flow Captured

0.9 3 27 14,529,429.00
1 3 27 13,208,572.0
11 2 26.4 11,887,715.00

These results highlight the impact of cost variations on the modelis performance. The model adheres
to the budget constraint in all scenarios, but the number of facilities opened and the total flow captured
vary with changes in costs. The sensitivity analysis demonstrates that the model is robust under varying
cost conditions. It consistently adapts to changes in costs by adjusting the number of facilities opened
and the total flow captured, while still operating within the given budget constraint. This robustness
ensures that the model can provide reliable and effective solutions even when faced with fluctuations
in cost parameters.
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For the flow parameter the same structured sensitivity analysis will be done increasing and decreasing
the values by 10

The given budget for the model is set at 28 units, which is the same as in the greedy solution and
the test case. The sensitivity analysis results, as shown in Table 6.8, indicate the following: With the
original flow parameters, the model opens 3 facilities, incurs a total cost of 27 units, and captures a
total flow of 13,311,882.00 units. Decreased Flow (Sensitivity 0.9): the model still opens 3 facilities and
incurs a total cost of 27 units, but captures a lower total flow of 11,820,494.00 units. This shows that
the modelis performance decreases with lower flow values. Increased Flow (Sensitivity 1.1): the model
opens 3 facilities, incurs a total cost of 27 units, and captures a higher total flow of 14,447,270.00 units.
This demonstrates the modelis ability to capture more flow when the flow is increasing.

Table 6.8: Flow Sensitivity Analysis

Sensitivity Number of Opened Facilities Total Costs Total Flow Captured

0.9 3 27 11,887,715.00
1 3 27 13,208,572.0
11 3 27 14,529,429.00

These results highlight the impact of flow variations on the modelis performance. The model adheres to
the budget constraint in all scenarios, but the total flow captured varies with changes in flow values. The
sensitivity analysis demonstrates that the model is robust under varying flow conditions. It consistently
adapts to changes in flow by adjusting the total flow captured, while still operating within the given
budget constraint.
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This section will provide a sensitivity analysis on the weight parameters. By establishing a base scenario
and then systematically changing the weight parameters by decreasing or increasing them by 0.1 while
maintaining a total weighted sum of 1.

Table 6.9: Sensitivity Analysis on Weight Parameters

Scenario Weights [wy; wa; wa; wy] Total Cost  Total Flow Number of Facilities
Base Scenario [0.25, 0.25, 0.25, 0.25] 27 13,208,572.0 3

Scenario 1 [0.15, 0.2833, 0.2833, 0.2833] 11 3,612,095.0 2

Scenario 2 [0.35, 0.2167, 0.2167, 0.2167] 27 13,208,572.0 3

Scenario 3 [0.2833, 0.15, 0.2833, 0.2833] 27 13,208,572.0 3

Scenario 4 [0.2167, 0.35, 0.2167, 0.2167] 27 11,851,642.0 3

Scenario 5 [0.2833, 0.2833, 0.15, 0.2833] 28 11,716,263.0 4

Scenario 6 [0.2167, 0.2167, 0.35, 0.2167] 26 11,631,469.0 3

Scenario 7 [0.2833, 0.2833, 0.2833, 0.15] 27 13,222,169.0 4

Scenario 8 [0.2167, 0.2167, 0.2167, 0.35] 28 11,716,263.0 4

The impact on total cost varies across different scenarios. In Scenario 1, lowering the weight for flow
maximization to 0.15 and increasing the weights for cost minimization to 0.2833 significantly reduced
the total cost to 11 and the number of facilities to 2, indicating a strong focus on cost minimization. In
Scenarios 2, 3, 4, 6, and 7, the total cost remained stable around 26-27, showing the modelis robust-
ness to weight changes within this range. In contrast, Scenarios 5 and 8 saw the total cost increase
slightly to 28, suggesting that higher weights for specific cost components can lead to marginally higher
COsts.

The impact on total flow also shows notable differences. In Scenario 1, the total flow dropped sig-
nificantly to 3,612,095.0, highlighting the trade-off between cost minimization and flow maximization.
In Scenarios 2 and 3, the total flow remained unchanged at 13,208,572.0, indicating that changes in
weights for flow maximization or cost components do not significantly impact the flow. Scenarios 4, 5, 6,
and 8 saw the total flow decrease to around 11,716,263.0 - 11,851,642.0, showing that higher weights
for cost minimization can reduce the flow captured. Scenario 7, however, saw a slight increase in to-
tal flow to 13,222,169.0, suggesting that balanced increases in weights for cost minimization do not
drastically affect the flow.

The number of facilities also varied across scenarios. In Scenario 1, the number of facilities decreased
to 2, reflecting the modelis focus on minimizing costs. In Scenarios 2, 3, 4, and 6, the number of
facilities remained at 3, indicating stability in the modelis performance. In Scenarios 5, 7, and 8, the
number of facilities increased to 4, showing that higher weights for specific cost components can lead
to opening more facilities.

The sensitivity analysis on the weights reveals that the model is robust to small changes in weights
but shows significant variations in total cost and flow when weights are adjusted more substantially.
Decreasing the weight for flow maximization and increasing the weights for cost minimization can lead
to lower costs but also significantly reduce the total flow captured. Conversely, increasing the weight
for flow maximization does not lead to more flow, possibly due to the budget constraint. This behaviour
aligns with the expected trade-offs between cost minimization and flow maximization, as well as the
impact of weight adjustments on total cost, flow, and the number of facilities.
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In this thesis, a comprehensive location model has been developed for the optimal placement of on-
the-go charging facilities for HD BEVs. The model integrates various data inputs, including flow data,
grid congestion, current Shell truck diesel sites, and small industry locations, to ensure a robust and
practical solution. In this conclusive section research questions 5 and 6 can be answered.

What are relevant technical and economic constraints for the location of on-the-go charging
facilities for battery electric trucks?
The relevant technical and economic constraints for the location of on-the-go charging facilities include:

A Grid Congestion: The availability and capacity of the electrical grid at potential charging lo-
cations are critical. Areas with high grid congestion may face challenges and higher costs for
infrastructure upgrades, making them less suitable for new charging facilities.

A Proximity to Existing Infrastructure: Locations near existing Shell truck diesel sites or small in-
dustry sites with high accessibility and parking availability are preferred. These sites can leverage
existing infrastructure, reducing the need for extensive new installations.

A Flow Data: The volume of truck traffic and the flow of goods between regions are essential for
determining the demand for charging facilities. High-traffic routes are prioritized to maximise the
utilization of the charging infrastructure.

A Range of HD BEVs: The driving range of HD BEVs is a crucial factor. Charging facilities need
to be strategically placed within the range limits to ensure that trucks can complete their routes
without running out of power.

How can these constraints be translated into a mathematical model or scenarios? To address
these constraints, a mathematical model is developed that incorporates the following elements:

A Objective Function: The model aims to maximise the captured flow of electric trucks while min-
imising the total costs associated with installing the charging facilities. This dual objective ensures
that the selected locations are both economically viable and meet the demand.

A Constraints: The model includes constraints for budget limitations, and the range of HD BEVs.
These constraints ensure that the selected locations are feasible, cost-effective, and within the
operational range of the vehicles.

To ensure the reliability and effectiveness of the model, verification and validation processes were
conducted:

A Verification: The modelis performance was evaluated against a greedy algorithm, and the results
demonstrated that the model consistently outperformed the greedy solution. It captured more flow
at lower or equivalent costs across all test cases, confirming its effectiveness in optimizing the
locations for charging infrastructure.

A Validation: A sensitivity analysis was performed on both the flow and cost parameters to assess
the modelis robustness. The analysis involved varying these parameters by 10% and observing
the impact on the modelis outcomes. The results showed that the model consistently adhered
to the budget constraint and adapted to changes in costs and flow, demonstrating its robustness
under varying conditions. The sensitivity analysis on the weights showed that the model is robust
to small changes in weights but exhibits significant variations in total cost and flow when weights
are adjusted more substantially. Reducing the weight for flow maximization and increasing the
weights for cost minimization can lead to lower costs but also significantly reduce the total flow
captured. Conversely, increasing the weight for flow maximization does not result in more flow,
possibly due to the budget constraint. This behaviour does align with the expected trade-offs
between cost minimization and flow maximization, as well as the impact of weight adjustments
on total cost, flow, and the number of facilities. So the model is robust for determining the optimal
locations.
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For the case study on developing the optimal charging infrastructure network for (HD BEVs, a scenario
analysis will be conducted using the model. Scenarios are employed in decision-making and strategic
planning. They enable the development of options and indicators for action [82]. Additionally, scenar-
ios facilitate the evaluation of decision-making processes, actions, and strategies. Typically, multiple
alternative scenarios are compared to illustrate different future developments and to assess the con-
sequences of various decisions against a virtual backdrop. This approach helps test the reliability,
robustness, and effectiveness of decisions [82]. According to Kosow and GaCner [82], scenarios are
defined as possible future situations, or conceptual futures, which include the paths of development
that may lead to those situations. Therefore, the scenarios aim to provide insights into the develop-
ment of the optimal charging network over the coming years.These scenarios are developed based on
the knowledge gained during this research, current conditions, expert insights, market predictions, and
findings from earlier stages of the study.
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Grid congestion significantly limits the power available for new charging stations. Shell chooses to build
chargers at its own locations due to their established infrastructure and reliability. The adoption rate
of HD BEVs remains low, indicating the market is still in its early stages. Public charging is preferred
because the investment for private depot charging is substantial. Companies are exploring the use
of HD BEVs, but range limitations necessitate public charging to fulfil operations, affecting the turn-in
ratio. Smaller trucking companies have not yet transitioned to HD BEVs due to higher costs, making
smaller industry sites less appealing. Equation 3.4.

Table 7.1: Model Input scenario 1

Parameter Value
Flow weight Rank 1
Grid weight Rank 2

Current Std weight Rank 3
Industry Sites Weight 0
Budget 10
Range of HD BEV 350 km

Figure 7.1 and Table 7.2 show that the model picked 4 locations with a total potential yearly traffic flow
passing by of 7711607.00 trucks.
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Optimal locations for scenario 1

53.5 4

52.5 4

51.5 1

s Network Nodes
© Located facilities

3.5

4.0 4.5 5.0 5.5

6.0 6.5

Figure 7.1: Results for scenario 1

Table 7.2: Solution scenario 1

7.0

Network_Node_ID Network_Node X Network_Node_Y Grid_offtake Current_std Total Flow

195998 4.411253 51.923868 1.0 1 1319138.00
116672 6.153900 52.531200 3.0 1 3333092.00
114179 5.348896 51.683377 1.0 1 843342.00

113615 4.444600 51.867100 1.0 1 2216033.00
Total 6 4 7711607.00
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Grid congestion remains an issue, though less severe than in scenario 1. Some Shell sites have been
selected, but they are still favoured over other locations. The adoption of heavy-duty BEVs by smaller
companies is increasing, making small industrial sites somewhat appealing. As the market for HD
BEVs grows and their range improves, depot charging is becoming more relevant for larger companies

affecting the turn in ratio.

Table 7.3: Model Input scenario 2

Parameter Value
Flow weight Rank 1
Grid weight Rank 2
Current Std weight Rank 3
Industry Sites Weight Rank 4
Budget 40
Range of HD BEV 400 km

Figure 7.2 and Table 7.4 show that the model picked 4 locations with a total potential yearly traffic flow

passing by of 17866529.00 trucks.
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Optimal locations for scenario 2
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Figure 7.2: Results for scenario 2

Table 7.4: Solution scenario 2

Network_Node_ID Network_Node_X Network_Node_Y Grid_offtake Current_std Industry Total_Flow

195932 5.431533 51.405376 4.0 4 4 6235060.00
116672 6.153900 52.531200 3.0 1 4 3333092.00
114232 6.128000 51.393200 4.0 1 4 4771076.00
113664 4.883500 51.686400 4.0 1 4 3527300.00
Total 15 7 16 17866529.00

0

Compared to scenario 2, the budget is doubled to 80 for scenario 2a while the other inputs remain the
same, allowing for more investments in locations due to the rising heavy-duty BEV market.

Figure 7.3 and Table 7.5 show that the model picked 4 locations with a total potential yearly traffic flow
passing by of 35995025.00 trucks.
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