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Preface

Green hydrogen production is a low-carbon alternative to traditional hydrogen production pathways, but
how low is low-carbon? Understanding the implications and effects of the energy system of the future
is paramount, as the system of the future will be built in the coming years. This drive for understanding
lies at the foundation of this master thesis: 0The Cost-Carbon Trade-Off of Green Hydrogen production:
The influence of weather patterns and prioritizing on the design of green hydrogen production chainso.
This research has been performed to obtain a masters degree in Sustainable Energy Technology at
the Delft University of Technology. The research took place from February to October 2023.

To me the most interesting part of studying Sustainable Energy Technology, was peaking into the
future energy system, and its challenge of decarbonisation. This interest pushed me towards this
topic. What is the carbon footprint of our decarbonisation method? During this research | expanded
my knowledge of sustainable energy technology, economy and ecology and | have strengthened my
programming skills. While it wasnit always smooth sailing, it was during those times that | learned the
most. | am proud of the result.

I would like to express my gratitude to my supervisor, Prof. Dr. Ir. Earl Goetheer, for his valuable
contributions to this research. His enthusiasm, flexibility, and our discussions provided me with the
support | needed for this Thesis. | would also like to extend my thanks to Royal HaskoningDHYV for
granting me the opportunity to intern and gain practical experience. Writing this thesis wouldnit have
been as much fun without being surrounded by great colleagues. | am particularly grateful to my daily
supervisor, MSc. Piyush Katakwar, for his industry insights, guidance, and mentorship. He not only
pushed and challenged me when necessary but also reminded me to pause and celebrate milestones.

Finally | want to thank all people near me for all patience, support and above all: gezelligheid.

Klaas Raang (Rolf) lwema
Amsterdam, October 2023



summary

Green hydrogen plays a pivotal role in the energy transition as it helps to reduce the carbon footprints
of the hard-to-abate sectors. As global hydrogen demand is expected to rise to 100 Mton by 2030,
addressing the carbon footprint of hydrogen production is elemental. The conventional hydrogen pro-
duction method, grey hydrogen, emits 11.24 kg CO,/kg H, and implementing carbon capture and
storage, resulting in blue hydrogen, seems to have a limited effect. To accommodate the future hydro-
gen demand, low-carbon production pathways need to be set-up, that can compete against the low
prices of the conventional production method.

The aim of this report is to shed light on the influence of design choices and local weather patterns on
the Carbon Footprint (CF) and the Levelised Cost of Hydrogen (LCOH) of green hydrogen production
chains.

An optimisation model is developed to map out the effect of weather patterns and the production
chain design choices. This optimisation model simulates the hydrogen production chain and optimises
its design for a low CF and LCOH, based on location-specific wind and solar data. The research
assesses the hydrogen production on a cradle-to-gate basis, taking into account all processes from
energy generation up to the compression for delivery. The model is tested for three locations: Dugm,
Groningen, and Dakhla. There are three design choices assessed. The first choice is the sizing of the
electrolyser, wind and solar plant. The second choice is the selection of PEM or Alkaline electrolysis.
The third choice is the selected PV technology, CdTe, CI(G)S or Mono c-Si.

The results show that the different weather patterns of the tested locations have a profound influence
on the systems performance. Production in Dakhla is cheapest, due to the presence of consistent high
solar and wind energy yields. The production in Groningen has a low CF, due to the abundant available
wind, but has a high LCOH due to the lack of consistent sun throughout the year. The situation in Dugm
is opposite to Groningen, with a low LCOH, due to the available sun, but a high CF, due to the lack of
consistent wind. Consistent and strong winds lead to a lower Carbon Footprint, while consistent and
high solar irradiance leads to a lower Levelised Cost of Hydrogen.

Regarding the influence of design choices, it can be concluded that the ratio of solar versus wind
energy has the biggest influence of both the LCOH and the CF, with wind in general being more expen-
sive but entailing lower carbon emissions, The selected PV technology also has a clear influence on the
LCOH and CF. The CdTe PV technology results in hydrogen with a low CF, but a higher LCOH. CI(G)S
is all-round the best performing PV technology in terms of CF and LCOH. The choice of electrolyser
shows a clear preference towards alkaline electrolysis, as PEM results in a higher LCOH with barely
any influence on the CF.

The research shows that the Carbon Footprint can be influenced significantly through production
design choices. The different researched production pathways for green hydrogen result in a range of
Carbon Footprints between 0.67-3.64 kg CO,/kg H,. The LCOH range found in this report is between
1.67-2.75 $/kg H,, excluding storage and transportation. This is in range with blue hydrogen, while
providing the benefit of reducing the Carbon Footprint by more than half. The results show that in most
scenarios, a tangible CF reduction can be realised at limited costs.

For future research, storage, transportation and an off-taker must be included in the optimisation
model to provide a complete price to benchmark against grey and blue hydrogen. It would also be
beneficial to expand the researched impact categories, such as social impact or the impact of critical
raw material depletion.
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Introduction

000t Coeooonodo

There is a worldwide call for large-scale green hydrogen production. Hydrogen is widely regarded as
a promising alternative to fossil fuels for meeting energy demands in a low-carbon economy. How-
ever, the large-scale deployment of green hydrogen and its derivatives as energy carriers, fuel or in-
dustrial feedstock requires the development of cost-effective and low-carbon hydrogen production. In

the projected future demand of hydrogen is displayed. Producing these amounts by con-
ventional methods would have a catastrophic impact on the planet, as 11.24 kg of carbon dioxide is
produced for every kg of hydrogen [50]. Following the route of ibluei hydrogen, by trying to capture and
store these emissions, will reduce the overall Carbon Footprint (CF) by just 9 to 12% [22], offering no
real solution to the problem. The build-up of green hydrogen production facilities has commenced, with
a total of 170-365 GW electrolyser capacity in the pipeline for 2030 [24]. To reach the globally agreed
net zero goals however, a total of 550 GW is required. To put this number in perspective, currently
there is a total installed capacity of 2.9 GW. With a production facility lifetime of 20 years [31], it is
essential to not forget the goal of the net zero targets and to ensure that the build up of the hydrogen
economy happens as clean as possible. Research into cost-effective, low-carbon large-scale green
hydrogen production is a necessity.
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Figure 1.1: Projected hydrogen demand[49].



1.2. Research goal 2

0100 Doboooot Uood

This thesis aims to address two major challenges of green hydrogen: the cost-competitiveness and car-
bon footprint of green hydrogen. Interest in green hydrogen is gaining traction, resulting in an increasing
amount of research, policy making and large investments. Nonetheless, the economic competitiveness
of green hydrogen production remains a critical barrier to its large-scale adoption, as grey hydrogen
costs are in the range of 0.9-2.7 $/kg [48] [38] and the costs of blue hydrogen are in the range of 1.9
- 4.7 $/kg [38]. Additionally, the carbon footprint of the produced hydrogen should be kept as low as
possible, to maximise the carbon mitigation effect, that is the reason of its production.

With this optimisation framework, the key factors that have the biggest impact on the overall cost and
carbon footprint of green hydrogen can be identified by analyzing and comparing different electrolyser
technologies, renewable energy resources, and locations. This information can be of great help to
policymakers, investors, and industry stakeholders who are seeking to accelerate the deployment of
green hydrogen and drive the transition to a low-carbon economy.

An additional goal of this thesis is to develop the optimisation tool such that new production locations
can be easily added. This could speed up the process of initial sizing of new projects and thereby
increase the potential reach of the project.

0000 Doo0ouoo ooao

Based on the literature study, summarised in , a series of research gaps is identified. Sev-
eral renewable energy resources and hydrogen production methods were explored, together with the
methods to test the costs and carbon footprint of the different production pathways. The identified gaps

are presented below, and substantiated in , Where the necessary background for this thesis
is described.
4 N\

A wind-solar mix as energy source for hydrogen production : Despite its utilisation in an-
nounced projects, there is little focus in literature on the trade-off between the cost and carbon
footprint of hydrogen produced through solar and wind energy. Combining both technologies
could limit the effects of intermittency and increase the utilisation factor of the electrolyser.

Carbon Footprint optimisation : Although many studies have been done on the carbon
footprint of hydrogen production, no optimisation with the aim to reduce the carbon footprint
of hydrogen production has been found in literature. It could be interesting to explore how
the design of the production chain is influenced when carbon footprint is prioritised over cost-
effectiveness.

Regional dependency of costs and carbon footprint: The yield of solar and wind installa-
tions are largely dependant on location, influencing the overall costs and carbon footprint of
the produced hydrogen. This dependency is left out in most general papers.
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Below the research question is formulated, based on the identified research gaps and the goal of this
thesis. Three color-coded subquestions are formulated with the aim to substantiate the reasoning
behind the answer on the research question.

iWhat is the influence of on the design of large-scale
green hydrogen production chains, when optimised for a low iLevelised Cost
of Hydrogeni and iCarbon Footprinti on a cradle-to-gate basis?0

Subquestions

| What components of the green hydrogen production chain influence the Levelised Cost of Hydro-
gen and Carbon Footprint the most?

| What are the mostimportant system design choices that influence the trade-off between Levelised
Cost of Hydrogen and Carbon Footprint?
What influence do weather patterns have on Levelised Cost of Hydrogen and Carbon Footprint?

001 DO0000 oo tdooo

To answer the above-mentioned questions, a model is built that simulates the hydrogen production
chain and optimises its design for carbon footprint and cost minimisation, based on available wind and
solar data. The optimisation is done for three test locations: Dugm, Groningen and Dakhla. In Dugm
there is an abundance of solar potential, but a very seasonally dependant wind potential. In Groningen
the opposite holds true with a steady year-round wind potential but a lack of solar potential. The final
case is Dakhla, where there is both a consistent and high solar and wind potential.

Given the complexity and breadth of the entire green hydrogen production chain, it is important to
define the boundaries of the research in order to ensure a meaningful analysis. To this end, the research
assesses the hydrogen production on a cradle-to-gate basis for a project executed from 2030, which
encompasses all the activities and inputs that are required to produce green hydrogen up to the point
of transport. This includes energy generation, hydrogen production, and compressing the hydrogen
to delivery pressure. By limiting our scope in this way, the production phase is accurately described,
without getting entangled in the complexity of the distribution and use phases.

0100 DObor Ouibddooobgg

This thesis is written in collaboration with Royal HaskoningDHV. Royal HaskoningDHV (RHDHYV) is an
independent consultancy which integrates 140 years of engineering expertise with digital technologies
and software solutions. Backed by the expertise of over 6,000 colleagues working from offices in more
than 20 countries across the world, RHDHV aims to help organisations turn local and global issues
related to the built environment into opportunities and make the transition to smart and sustainable
operations. Through their mission Enhancing Society Together, they take responsibility for having a
positive impact on the world.

The Enhancing Society Together framework
As part of RHDHVis strategy, they aim to deliver measurable impact in their projects and their own
operations. They focus on five themes where they can have the most influence. The themes form the
foundation of their Enhancing Society Together framework and are:

Climate change (SDG7 and SDG13)

Biodiversity & natural systems (SDG14 and SDG15)

Resources & circularity (SDG 6 and SDG12)

Social value & equality (SDG 4, SDG5, SDGS8, SDG9 and SDG11)
Safety & well-being (SDG3)

This framework guids RHDHV and relates to specific UN Sustainable Development Goals (SDGSs) to
protect the planet, end poverty, and ensure that by 2030 people everywhere enjoy peace and prosper-
ity. These five themes are relevant to everything RHDHV does. The collaboration with Royal Haskon-
ingDHV offers an opportunity to bring academic research and engineering expertise together, and to
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explore the practical implications of the research in real-world contexts. More information regarding
Royal HaskoningDHV can be found at their website:

0000 Doooooooo

The structure of the report is displayed in . In the research gaps from

are substantiated and the necessary background information is provided that forms the foundation for
the selection of the method and the understanding of the results, conclusions and recommendations.
The background describes the reviewed technologies, how the performance of different scenarios are
indicated, and the reasoning behind the selection of the three test cases. In the method for
collecting and processing data is described, followed by an explanation of the constructed optimisation
model and finally the description of the sensitivity analysis. The results of the research are discussed
in . The different scenarios flowing from the choice of region, electrolyser and PV module are
presented. This chapter is concluded with a sensitivity analysis. Finally in the conclusions of
the research are presented, followed by recommendations for future research.

(o BackgrounD
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%+ Performance indicators
% Test cases

6
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fo Method \ fo Results & \ (e Conclusion & \
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< Sensitivity Analysis
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% Sensitivity Analysis “ Future research

o =%
=
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Figure 1.2: Report structure.
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Background

The goal of this report is to better understand the influence of weather patterns on the costs and carbon
footprint of green hydrogen production pathways. The structure of the chapter is displayed in .
First, all components along the hydrogen production chain are explored, starting with the renewable
energy resources. This report focuses on solar and wind energy and the inherent intermittency in

.In the electrolysis process and technology is discussed. The Balance of Plants of a
hydrogen production facility are discussed in . describes the necessary project
economics to assess the different production scenarios. Economics are required for the feasibility of
a project, but the true goal of green hydrogen production is to mitigate the effects of climate change.
The environmental impact of different production pathways must be investigated using the Life Cycle
Assessment method. The methodology, and a selection of performed Life Cycle Assessments are dis-
cussed in . The chapter is concluded in with the introduction of the three test
cases that will be reviewed in this research.

Test Cases
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Figure 2.1: Background structure overview.
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7KH HQHUJ\ VRXUFH RI K\GURJHQ LV D GHWHUPLQLQJ IDFWRU ,W GHILQH
WKH K\GURJHQ DQG LW LV UHVSRQVLEOH IRUWKH ELJJHVW FRQWULEXWL
JRRWSULQW 5RXJKO\ N:KRIHQHUJ\LVUHTXLUHG IRU @ K HOSRIRGHF WRLLR Q
K\GURJHQ WR FODVVLI\DV UHQHZDEOH RU fJUHHQY WKLV HQHUJ\ KDV WR
DUH PDQ\ W\SHV RI UHQHZDEOH HQHUJ\ VRXUFHV EXW RQO\ ZLQG DQG VF
WKLY UHSRUW DV WKHVH WHFKQRORJLHV DUH ZHOO XQGHUVWRRG UHOD\
7KH WHFKQRORJ\ FRVWY GHYHORSPHQWY DQG &DUERQ )RRWSULQW RI V.
LQ PDQ G UBVSHFWLYHO\ 7KLV VHFWEKRQHNMERQFOXGHG
ZKHUH WKH FKDOOHQJHRILQWHUPLWWHQF\ ZLOO EH H[SORUHG

7TSPEV IRIVK]
(GPRQG %HFTXHUHO GLVFRYHUHG WKH SKRWRYROWDLF HIITHFW LQ WKH
VFULEHV WKH FRQYHUVLRQ RI OLJKW LQWR HOHFWULFDO HQHUJ\ ,Q WKH
PHUFLDOO\DYDLODEOH DQG WRGD\ VRODU 3KRWRYROWDWFV 39 PDNHV
SRZHU FDSDFLW\ ZKLFK LV SURMHFWHG WR EH E\ DFFRUGLQJ WR W
($ >@ 7KH ,(®>SURMHFWV WKDW WKH JOREDO LQVWDOOHG VRODU FDSEC
39 ZLOO SOD\ D ELJ UROH LQ WKH \HDUV WR FRPH ZLWK WKH JOREDO HQF
> @ $QRWKHU DGYDQWDJH RI VRODU HQHUJ\ LV WKDW LW LV D GHFHC
ORFDOLVHG SURGXFWLRQ DQG FRQVXPSWLRQ HYHQ LQ GLIILFXOW WR UHL
2QH RI WKH PRVW VLJQLILFDQW GHYHORSPHQWY LQ VRODU HQHUJ\ LQ |
GXFWLRQ 7KH OHYHOLVHG &RVW RI (OHFWULFLW\ /&2( WKURXJK VRODU
EHWZHHQ DQG @ GULYHQE\LPSURYHPHQWYV LQ PDQXIDFWXULQJ SU
VFDOH DQG LQFUHDVHG FRPSHWLWLRQ $V D UHVXOW VRODUHQHUJ\ LV (
VRXUFHV RIHOHFWULFLW\LQ PDQ\UHJLRQV DQG EHLQJWKH FKHDSHVW Z
LOOXVWUDWHG LQ

JLIXUH *OREDO ZHLJKWHG DYHUDJH /&2(VIURP QHZO\ FRPPLVVLRQHG XWLOLW\ VFDOH UHQ!
> @

7TKHUHDUHPDQ\V\GLITHUHQW WA\SHV RI39 FHOOV HDFKZLWKLWYVY RZQ FKELC
39 FHOOV FRQVLVWY RI PRQR FU\VWDOOLQH 6L EDVHG 39 FHOOV ORQR F
FHOOV 3RO\F 6L 7KHVH W\A\SHV RIPRGXOHV GRPLQDWH WKH PDUNHW ZL\
> @ )RXUWHFKQRORJLHVY W\SLFDOO\DVVRFLDWHG ZLWK WKH VHFRQG JH
EDVHG D 6L *DOOLXP$UVHQLGH *D$V &DGPLXP7HOOXULGH &G7H DQG
&, *6 39 FHOOV 7KHVHFRQGJIJHQHUDWLRQ39FHOOVDUHVR FDOOHG WK
OD\HU LV GHFUHDVHG IURP —@ WKRQPDUHPOVR D WKLUG DQG IRXUWK
DVWKHVHWHFKQRORJLHY DUH QRW UHDG\IRU XWLOLW\ VFDOH GHSOR\PF
'‘XHWR &DUERQ )RRWSULQW GDWD DYDLODELOLW\ IRUWKLVY UHVHDUFK RC
LQWR DFFRXQW 7KH SULFHV DQG HIILFLHQFLHVDREWWKHVH PRGXOHV FDQ
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7TDEOH 39 PRGXOH VSHFLILF FKDUDFWHULVWLFV

&G7H &, * 6 ORQR F 6L XQLW

ORGXOH FR\@V > N:
(IILFLHQFR@® >

&DUERQ )RRWSULQ®& BW\SH >

&DUERQ )RRWSULQW@ B<BW\SH >

5HQHZDEOH HQHUJ\ VRXUFHV DUH RIWHQ FDOOHG fFOHDQY HQHUJ\ D F|
DUH QR *UHHQ +RXVH *DV *+* HPLVVLRQV SDLUHG ZLWK WKLV WHFKQROR
WKURXJKRXW WKH OLIHWLPHRID SDQHORUWXUELQH IURPPDWHULDO PL¢
WLRQDQGILQDOO\GLVSRVDO 7KHUHIRUHWKH&DUERQ)RRWSULQW RIUH
IXUWKHU 7KH &DUERQ JRRWSULQW RI HQ#C®IKkWh @\ S/IRILG DO B[S WKV V H)X
EHU LV KLJKO\LQIOXHQFHG E\ WKH HQHUJ\ SURGXFWLRQ ORFDWLRQ 7KL
LGHQWLFDO 39 SDQHOV 7KH ILUVW RQH LV SODFHG VRPHZKHUH ZLWK FR
RQHLY SODFHGLQDQDUHD ZLWK FRQVWDQW RSHQ VNLHV 7KH VHFRQG S
OLIHWLPH DQG FDQ WKHUHIRUH GLVWULEXWHDOO DFFXPXODWHG OLIHWIL
7KLV HITHFW LV VWXGLHG IRUXWLOLW\ VFDOH 39 SODQ®\DIQGHRY XRNQD L'\W |
VFDOH ZLQG IDUPV LQ 'DPPHLHU %RVP® QMW BRW K $DMEWNIWYVHIJUHVVLRCG
LV SHUIRUPHG DV WR LGHQWLI\WKH PRVW LQIOXHQWLDO IDFWRUV 8VLQJ
WKDW FDQ SUHGLFW WKH &DUERQ )RRWSULQW RI HQHUJ\ EDVHG XSRQ WK
)RU 39 SRZHU %RVPDQV 'DPPHLHU® K@Y HXRMEGHIXOWLSOH SUHGLFWRU
SUHGLFWRUV WZR UHJUHVVLRQ PRGHOV DUH EXLOW WKDWOFPQ FDOFXOD
LQSO,e/kWh@ 7KH UHJUHVVLRQ PRGHO XVHG LQ WKLV UHSRUW LV WKH VLP.
WKUHH PDLQ IDFWRUV 7KH ILUVW SUHGLFWRU LV WKH FRQVWUXFWLRQ \H
WLRQ DQG LPSURYHPHQW RI WKH SURGXFWLRQ SURFHVV D KLJKHU FRQV\
JRRWSULQW 7KH LYQeaXMW YWKHXBIERROXWH \HDU H J 7KH VHFRQG IDF
VRODU LUUDGLDQFH RI WKH OR FR WLQRENRV @K H K/HR OLBQDO®D DR G PRVW LQIO
IDFWRU LV WKHPRGXOH W\SH 7KHGLIIHUHQW PRGXOHV DUH SURGXFHG ZL
FHVVHVY UHVXOWLQJLQGLIIHUHQW &DUERQ )RRWSULQWY 7KHPRGXOH W
IL[HGe DQG RQH WKDW LV PXOW{ §Q L HEREWKVEKHHW B DD FWRUV DUH GLPHQV L
WKH YDOXHV DUH SUHVHRQVHGDLSQVDWLRQ RI WKLV UHJUHV¥LRQPRGHO LV |

log(CFpy)=64:3 0:03088 Year+ ipe 0:000232 Imean + v type Year

8VLQJ WKLV UHJUHVVLRQ PRGHO WKH &DUERQ JRRWSULQW IRU GLIIHU
UHJLRQDO YDULDELOLW\RI WKH &DUERQ )RRWSULQW LV EHVW H[SODLQH:¢
D &DUERQ )RRWSULQW RI JN:KLQ 'DNKOD ZKLOHLQ *URQLQJHQ WKH
2YHUDOO &G7HLV WKH FOHDQHVW FHOO WHFKQRORJ\ ZLWK D &DUERQ )RR\
$00 ZRUNHG RXW YDO X HW E D GLEM IRXQIGLL Q

s MRH IRIVK]

'LQG HQHUJ\ KDV EHHQ XVHG E\ KXPDQLW\IRU FHQWXULHYV +RZHYHU VLC(
EHIJDQ JHQHUDWLQJ HOHFWULFLW\IURP ZLQG $V RI WRGD\ ZLQG HQHUJ
HQHUJ\PL[ DW 7KLYV SHUFHQWDJH LV SURMHF® HGE WR D WRAWDRO L Q VBN

FDSDFLW\ RI 7: E\@ >
7TKHFODVVLFRQVKRUHDQG RIITVKRUH ZLQG WHFKQRORJLHV KDYH VHULF
QHZ WHFKQRORJLHY DUH HQWHULQJ WKH P® UNG@MU H/DXFIKQDWI BIRD SR \G Bl @ U
DQG PDNLQJ ZLQG HQHUJ\ RQH RI WKH GULYLQJIDFWRUV RI WKH HQHUJ\ V
RI'ZLQG HQHUJ\ KDV GHFUHDVHG VLIJQLILFDQWO\ GULYHQ E\LPSURYHPH(
VFDOH 7KH FRVW RI ZLQG HQHUJ\ KDV IDOOHQ E\ IRU RIT'VKRUH ZLQG
EHWZHHQ DQG@ PDNLQJLWRQH RI WKH PRVW FRVW HIIHFWLYH VRXU
UHJLRQV $V D UHVXOW PDQ\ZLQG SURMHFWY DUH FRPPLVVLRQHG DUR?
7KH SULFH GURS FDQ EH H[SODLQHG E\ WKH UDSLG JURZWK LQ FD
ZLQG SDUNV DUH GHSOR\HG WRGD\ $V RI WRGD\ RIIVKRUMWLQGBHVXUELQF
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EHLQJ SURGE®FHGOILOOLQJ WKH SUHGLFWLRQV E\ 7KH ,QWHUQDWLRQDO 5
> @ DVFDQEHVHHQILTKXLV ILJXUHLVDGDSWHG IURPDQH[WHQVLYH VWXG
)XWXUH RI:LQGY ,Q WKLV UHSRUW LW LV VWDWHG WKDW WKH FRVWV IRU |
$/kw DQG IRU RIIVKRUH WKHVH FRVWYV DUH SURMM®EWHG WR EH EHWZ

7KH &DUERQ JRRWSULQW RI ZLQG HQHUJ\ LV W\SLFDOO\ ORZHU WKDQ W}
LQ WKH VWXG\RI 'DPPHLHU %RVPDQV, QWEL4XEMBEHH DO ZLQG IDUPV DU
DQG D UHJUHVVLRQ PRGHO LV FRQVWUXFWHG VLPLODU WR WKH RQH IRU 3
SUHGLFWRUV IRU &BEER QQREWIBNNL@ W KH PRVW LPSRUWDQW SUHGLFWRU
JRRWSULQW RID ZLQG IDUP LV WKH PHDQ ZLQG VSHHG RI WKH ZLQG IDUP
ZLQG VSHEGL@s@ GLFWDWHVY WKH HQHUJ\\LHOG RI WKH ZLQG IDUP DQG W
PDQ\N:K WKH SURGXFWLRQ &DUERQ )RRWSULQW PMegV & (D@ RN KK H 7 X |
VHFRQG SUHGLFWRU )ROORZLQJWKH VDPH ORJLF DV WKH ZLQG VSHHG W
RIHQHUJ\ SURGXFHG RYHU WKH OLIHWLPH RI WKH ZLQG IDUP 7KH WKLUG
H H[SUHV\WH@ LTQH DFWXDO ZLQG YHORFLW\ UHFHLYHG E\ WKH WXUELQH L\
KXE 7KHIRXUWK SUHGLFWRU LV WKH QX MEkh RT MUDVULEL YK Y IOG D ZWQ® | D X
SUHGLFWRU RI WKH VHW $Q LQFUHDVH LQ WXUELQHYV SHU ZLQG IDUP PHI
ZLQG IDUP 7KH ZDNH HIIHFW FDXVHV RQ DYHUDJH D GHFUHDVH LQ ZLQG ID
LV ZKHWKHU WKH ZLQG IDUP LV RQV K FOUIHVROUFDIWHIRUH. FDIOLYDDEWWR®H | R
DQG IRURIIVKRUH :LQG IDUPV WKDW DUH RIIVKRUH DUH PRUH GLIILFXC
PDLQWDLQ LQFUHDVLQJWKH &DUERQ )RRWSULQW(TPKHWHRIUHVVLRQ PRG

YRU'XTPDQG 'DNKODVRWQYKRGMW XUELQHV DUH VHOHFWHG UHVXOWLQJ L«
gCOe/kWh DQG g COe/kWh UHVSHFWLYHO\ )RU *UR QIWQ ZH Q ® MAKKIFEW ) H V
DUHVHOHFWHG UHVXOWLQJLQD&DUERQ )RRWSULQW RI J N:K )XUWK

EH IRXQTDGQ

JLIXUH :LQG WXUELQH FDSDFL&\ SUHGLFWLRQ >



6IRITEFPIIRIVK]VIWSYVGIW

-RXIVQMXXIRG]

,QWHUPLWWHQF\LV RQHRIWKHELJFKDOOHQJHV LQ WKHWUDQVLWLRQ W
QRW DOZD\V VKLQH DQG WKH ZLQG GRHY QRW DOZD\V EORZ 7KLV SKHQRP|

,QVRODWLRQ VRODU UDGLDWLRQ SRZHU SHU VTXDUH PHWHU DW WKH F
LWV ORFDO PD[LPXP 7KLV PD[LPXP GHSHQGV RQ WKH O DMRIVWMKGHLID®BIG R C
ZKHUH 7KH 1THWKHUODQGV LV WKLV PD[LPXP FKDQJHV D IDFWRW@ EHWZHH
7KLV GLIIHUHQFH FDQ EH H[SODLQHG E\ D UHGXFWLRQ LQ LQVWDQWDQHR
,Q WKH ZHVWHUQ 6DKDRUDNMWRHQH WKLV YDULDQFH EHWZHHQ ZLQWHU DQ
> @ :LQG UHVRXUFHV WRR H[SUHVV D VHDVRQDO DQG GLXUQDO YDULDQ
ZLQG SRZHU FDQ EH WZR WLPHV VWURQJHU LQ ZLQWHU WKDQ LQ VXPPHU
LV VWURQJHVW LQ WKH DIWHUQRRQ DQG KDV D ORZ SRLQW LQ @KH HDUO!
'LQG SRZHU LV KHDYLO\LQIOXHQFHG E\ VXUIDFH WHPSHUDWXUHV FDXVL
WKH VXUIDFH KDV ZDUPHG XS DIWHU D GD\RI VXQ :LQG SRZHU LV WKXV GF
RILQVRODWLRQ :LQG YHORFLWLHV FDQ GLIIHUEHWZHHQ P VLQ WKH PRI
HQHUJ\FRQWDLQHG LQ ZLQG VFDOHV ZLWK YHORFLW\ WR WKH WKLUG SRZ
VSHHG WR UHVXOW LQ D IDFWRU GLIIHUHQFH LQ HQHUJ\ RXWSXW $OWK
KHDWLQJDQGFRROLQJRIWKHODQG RIIVKRUHZLQG SDUNV XSWRVHYHUD
WKLV HII@FWKLV VHD EUHH]H HIITHFW ODUJHO\ GLVDSSHDUV LQ ZLQWHU

,Q WKH XSSHUILUXXWB BHSUHVHQWDWLRQ RIWKHDSSUR[LPDWHLQVROD
+RZHYHU WKH\LHOG RI VRODU SDQHOV LVDOVR YDULHV GXHWR UHJLRQDC
VXUSOXV RI FORXG FRYHU ,Q WKH ERWWRP SDUW RI WKH ILJXUH WKH VHD"
IRUWKH 86 LV VKRZQ WR JLYH DQ LGHD RI ZKDW VXFK D VHDVRQDO SDWW
ILJXUH LV FXEHG DV ZLQG SRZHU UHODWHV WR WKH FXEHG ZLQG VSHHGYV

JLIXUH KRPUO\LQVRODWLRQ YDULDQFH DSSURRWRRMDRIQIRFXHBHGHQ QOWHWREHWLHY LQ
RQVKRUH EOXH RIIVKRUH SXUSOH DQG VLQB®VRLGDO DSSUR[LPDWLRQ JU
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$ FRPELQDWLRQRIZLQG DQG VRODU HQHUJ\ VRXUFHV KDV WKH SRWHQW
7KLVLVY GXHWRWKHRSSRVLWHDYHUDJHVHDVRQDO YDULDQFHRIZLQG DC
WKHZLQG DQG VRODU SODQWY VHDVRQDOLQWHUPLWWHQF\FDQEHOLPL)\
LV SRVHG E\ GDLO\ HQHUJ\ VXSSO\ IOXFWXDWLRQV 7KH KLJKV DQG ORZV
GRQRW DOLJQ VHDPOHVVO\ DQG GDLO\ YDULDQFH PDNHV WKLV LVVXH HY
FORXG FRYHU ZKLOH RWKHUV PD\ VHH D ODFN RI ZLQG &RQVHTXHQWO\
UHTXLUHV IOH[LELOLW\IURP WKH FRQVXPLQJVLGH 7KHULVNRIKDYLQJ C
DQ HQHUJ\PL[RI ERWK VRODU DQG ZLQG

+\GURJHQ SURGXFWLRQLVRIWHQPHQWLRQHG DV VAW £ REUW RHDK H L Q
FDQ EH SURGXFHG ZKHQ WKHUH LV DQ H[FHVV RI HQHUJ\ DQG EH FRQYHUW
LV D VKRUWDJH ,Q WKLV UHSRUW WKH SURGXFWLRQ RI K\GURJHQ LV QRV
SURGXFW 7KHUHIRUH LQWHUPLWWHQF\LV D FKDOOHQJH WR EH RYHUFRP
WKH HOHFWURO\VHU

( N\

, QVWDOOHG VRODU 39 FDSDFLW\ LV FKHDSHU WKDQ LQVWDOOHG ZLC
IRUZLQG DQG VRODU LV ORFDWLRQ VSHFLILF

,QVWDOOHG ZLQG FDSDFLW\ KDV D ORZHU &DUERQ )RRWS[ULQW WKD
DFWXDO &DUERQ )RRWSULQW RIHQHUJ\IRU ZLQG DQG VRQDU LV ORF

 QWHUPLWWHQF\FDQ EHRYHUFRPHE\FRPELQLQJZLQGDQ®G VRODU }

. J
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8VLQJ WKH UHQHZDEOH HQHUJ\ IURP WKH SUHYLRXV VHFWLRQ JUHHQ K\
SURFHVV FDOOHG HOHFWURO\VLY :DWHUPROHFXOHV DUHVSOLW XVLQJH
7KH UHDFWLRQ HTXDWLRQVWVRA/KRZQ LQ

1
H,O! H,+ EOZ

7KH KDOIl UHDFWLRQV GLIITHU SHU HOHFWURO\VHU WHFKQRORJ\ WKHUH
XUHYV DQG (OHFWURO\WHUVDUHDPDMRUFRQWULEXWRU WR WKHFRYV
WLV HVVHQWLDO WR FKRRVH WKH HOHFWURO\VHU EHVW VXLWHG WR WK
WURO\WHUYV DUH GANFXVVHS/DEWO\ JHQHUDO G\QDPLF SHUIRUPDQFH LV ]

YPIGXVSP]WIV X]TIW

(OHFWURO\VHUV FDQ EH VRUWHG LQWR IRXU PDLQ W\SHV EDVHG RQ RSH!
OHFWLRQ %HFDXVH RI WKH GLIITHUHQFH LQ FHOO GHVLJQ WKH GLIITHUH
%DODQFH RI30DQW FRQILIXUDWLRQ 7KH %D 0D QFE% RO BRA DY KVHLNR G UWE YSVH\
RIHOHFWURO\WHUV ZLOOEHLQWURGXFHG )LUVWWKHWZRPRVW ZLGHO\ >
$ONDOLQH HOHFWURO\VLV DQG 3URWRQ ([FKDQJH OHPEUDQH HOHFWURO\\
WURO\VLY DQ XSFRPLQJWHFKQRORJ\UHTXLULQJKLIJKWHPSHUDWXUHYV
HOHFWURO\VLY ZLOO EH GLVFXVVHG WKH PRVW QRYHO WHFKQRORJ\

JLIXUH $:( FHOO UHDF@LRQV > JLIJXUH 3(0 FHOO UHDFGVLRQV >

7KHILUVW W\SHGLVFXVVHG LV WKH $ONDOLQHHOHFWURO\VHU DOVR FLC
7KLV WHFKQRORJ\ZDVLQYHQWHG DW WKH HQG RI WKH WK FHQWXU\ DQC
VLQFH WKH EHJLQQLQJ RI WBK H7 KW K KHPWFOW\FHOO UHDFWLRQV DQG FRQIL
LQ 7KLV W\SHRIHOHFWURO\VLV XVHV DQ DONDOLQH HOHFWURO\WH
K\GUR[LGH .2+ VROXWLRQ ZLW® DSGRDSKURJIP>LY SODFHG EHWZHHQ WK
WKH DQRGH ORGHUQ GLDSKUDJPV DUHLQRUJDQLF SRURXV PHPEUDQHV W
WKURXJK WR HQDEOH WKH K\GURJHQ SURGXFWLRQ DW WKH FDWKRGH DQ¢
$ONDOLQH HOHFWURO\VLY SURGXFHV K\GURJ®Q DKV B SMUKVB\URJIHQ GU
LQJDQG SXULILFDWLRQ R[\VJHQ LPSXULWLHY FDQ EH UHPRYHG WR LQFUH
HOHFWURO\VLY W\SLFDOO\WDNHY SODFHDW UHODWLYHO\DW SUHVVXUH\
f&>@ +\GURJHQ SURGXFWLRQ WKURXJK $ONDOLQH (OHFWURO\VLV KDV
H, > @ $ONDOLQH (OHFWURO\VLV SHUIRUPV EDG LQ WHUPV RI F\FODELOL
RII TXLFNO\ :KHQ H[SRVLQJ DQ $ONDOLQH FHOO WR DQ LQWHUPLWWHQW
SODFH 7KLV PHDQV WKDW K\GURJHQ OHDNV EDFN WKURXJK WKH GLDSKU
UHDOO\GDQJHURXV DV WKLV IRUPV D KLJKO\H[SORVLYHPL[WXUH RIR[\JH
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WKDW JDV FURVVRYHU UHGXFHV WKH K\GURJHQ SXULW\ 7KH EDG G\QDPLF
VHULRXV GLVDGYDQWDJH DV LQWHUPLWWHQW SRZHU SURILOHV DUH LQKF

7KH IRXU HOHFWURO\VHU W\SHV GLIITHU QRW RQO\LQ FHOO GHVLJQ DC
THFKQRORJ\ 5HDGLQHVYV /HYHO 75/ :KHQ D WHFKQRORJ\ LV 75/ LW PH
SURYHQ LQ D FRPPHUFLDO DQG RSHUDWLRQDO HQYLURQPHQW 2QO\ WHF
EHFRQVLGHUHG IRUWKLYVY UHVHDUFK $ONDOLQH LV D YHU\PDWXUHDQG |
LVWKHUHIRUH 75/ 7TKHDGYDQWDJHV DQG GLVDGYDQWDHIHV RI $:(DUH V>

7TDEOH $GYDQWDJHV DQG GLVDGYDQWDJHV RI@®Q DONDOLQH HOHFWURO\VH!

$GYDQWDJHY 'LVDGYDQWDJIHYV

ODWXUH WHFKQR®ERXUUHQW GHQVLW\
1RQ QREOH HOHRW&RURD/W DI YOWFWURO\WH
/IRZ FDSLWDO FRVMDYW SHUPHDWLRQ
+LJK OLIHWLPRBSHUDWLRQDO '\QDPLFV
+LJK VWDELQLW\

7KH QH[W HOHFWURO\VHU W\SH LV 3(0 RUD 3URWRQ ([FKDQJHOHPEUDQ
ZDVLQYHQWHG LQ DQG FRPPHUFLDIOH ¥HO B\GHVEJQ DQG UHDFWLRQV F
$V WKH QDPH VXJJHVWY SURWRQV DUH H[FKDQJHG WKURXJK D PH
PHPEUDQH 2[LGHLRQV DUHEORFNHG E\ WKHPHPEUDQHDQG IRUP R[\JHQ
3(0 HOHFWURO\VHU VIVWHPV KDYH D W\SLFDO SHRZH@F REWXELIWHRWY R
DGYDQWDJH RI 3(0 DUH WKH RSHUDWLRQDO G\QDPLFV 3(0 HOHFWURO\VH|
HQDEOLQJLW WRRSHUDWH LQ D LUUHJXODU SURGXFWLRQ UHJLPH PRUH C
7KH FHOO WHPSHUDWXUH LQ WKHVH FHO O V&DRJGIGWA S Q FODOQDE EHH W EZ H W DX |
XS WR ED@ KRZHYHU GXH WR VDIHW\ LVVXHV IORZLQJ IURP JDV FURVYV
LV FRQVLGHUHG LQ WKLV UHSRUW +LJK SXULW\ K\GURJHQ JDV FDQ EH SL
OHVV SXULILFDWLRQ VWHSV WKDQ $:( 7KH PHPEUDQH EORFNV DOO LPSXU
K\GURJHQ JDV IORZ WKDW FDQ EH XVHG IRU D YDULHW\ RI KLJK SXULW\ XV
RSHUDWLRQ 7KLVILOWHULQJFDSDELOLW\LVDOVRD GUDZEDFNKRZHYHL
LQ RUGHU WR SUHYHQW PHPEUDQH DQG FHOO GHJUDGDWLRQ ZKLFK UHVX
3(0 HOHFWURO\VHUV KDYH D KLJKHU FXUUHQW GHQVLW\ WKDQ DONDOI
DGYDQWDJHLQ DUHDV ZKHUH VSDFHLV D OLPLWLQJIDFWRU $Q HOHFWUR
OHVV VSDFH WKDQ DQ HOHFWURO\VHU ZLWK D VPDOO FXUUHQW GHQVLW\
$ PDMRUGUDZEDFNRI3(0 HOHFWURO\VHUV DUHWKHUHTXLUHG PHWDOYV
SUHFLRXV PHWDOV DUH UHTXLUHG DV FDWDO\VW DQG DUHD PDMRU GULYH
IRRWSULQW Rl WKL® WHFK@QIRFARVIN G VXSSO\ RI WKHVH FULWLFDO UDZ PDW |
ODUJH VFDOH UROO RXW 3(0 HOHFWURO\VHUYV

7DEOH $GYDQWDJHV DQG GLVDGYDQWDJHV R DQ 3(0 HOHFWURO\VHU >

$GYDQWDJH‘V 'LVDGYDQWDJHYV

&RPSDFW GHYH+IQK FRVW PHPEUDQH

+LIK FXUUHQW GH/RZLGWUDELOLW\

+LIJK SXULW\ K\GURBH®LF PHGLXP
2SHUDWLRQDO|"®QQOPMIFMDO UDZ PDWHULDOV
+LJIKRSHUDWLQJ SUHVVXUH
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J)LIXUH 62( FHOO UHDBWLRQV> JLIXUH $(0 FHOO UHD®NLRQV>

7KH QH[W HOHFWURO\VHU W\SH LV WKH 6ROLG 2[LGH (OHFWURO\VHU 62
GHYHORSPHQW LW LV DVVXPHG WR EH 75/ E\ DV WKH 'DQLVK FRPSDZC
RSHQ DQ DQQRDB2( SURGXFWLRQ IDFL@LWKE\62( PBHOO XVHV D VROLG HOF
WR WUDQVSRUW R[LGH DQLRQV IRUP WKH FDWK RIGHK WR \SHF DR® G B RW WL V
62( LVWKDW WKHFHOO FDQ EHGHVLJQHG WREHUHYHUVLEOH HQDEOLQJ
LQWKHJULG E\VXSSO\LQJHOHFWULFLW\ZKHQ WKHUHLV D VKRUWDJH $P
DQG $:( HOHFWURO\VLV LV WKDW WKH 62( SURFHVV KDSSHQV &®&W YHU\ KL
7KLV KDV WKH EHQHILWYV WKDW OHVV HOHFWULFDO HQHUJ\ LV UHTXLUHG |
EHDFKLHYHG DQG HIILFLHQFLHV DUH QHDULQJ 7KHUH DUH VHYHUDO ¢
LVVXHVY LQVWDELOLW\ HOHFWURGH GHJUDGDWLRQ DQG WKH UHTXLUHP]
WKH UHTXLUHPHQW RI KLJK WHPSHUDWXUH VWHDP DQG WKH LQVWDELOL
WHFKQRORJ\OHVV DSSOLFDEOHIRUWKHLQWHQGHG SXUSRVHRIWKLV UH

7DEOH $GYDQWDJHV DQG GLVDGYD@WDJHV RI D 62( >

$GYDQWDJIHV 'LVDGYDQWDJHYV

1R SUHFLRXV FDWDHORWWRGH LQVWDELOLW\
+LIJK FXUUHQW GHNIHWW\ LVVXHV
/IRZHOHFWULFLW\RBHUHRGWHU VHDOLQJ
+LIJKHIILFLHQPHFWURGH GHIJUDGDWLRQ
%DG G\QDPLF EHKDYLRXU

7KHILQDO HOHFWURO\WVHU W\SHLV WKH $QLRQ ([FKDQJH OHPEUDQH (OH|
DV D FRPELQDWLRQ RI WKH DONDOLQH HQYLURQPHQW DQG WKH VLPSOLF
> @ 7KHFHOO UHDFWLRQV DQG)GHVILIQEDNQ EHXPHHHHD QG QRQ QREOH
DUH XVHG LQ WKH GHVLJQ 7KH PHPEUDQH DOVR HQDEOHV D SUHVVXUH Gl
DQRGH VLGH ZKLFK GHFUHDVHV R[\JHQ FURVV RYHU 7KLV UHVXOWV LQ }
VDIHW\ $(0LVDQHZ WHFKQRORJ\ FXUUHQWO\DW 75/ WKH GHPRQVWUD
KDV VHULRXV PHFKDQLFDO DQG FKHPLFDO VWDELOLW\ LVVXHV UHGXFLQ
WHFKQRORJ\LV FXUUHQWO\VXESDU GXH WR SRRU HOHFW U@ GHKDOHRKLWH F
WKLY WHFKQRORJ\ FRXOG EH LQWHUHVWLQJLQ WKHIXWXUH LWLV QRWH
H[FOXGHG IURP IXUWKHU UHYLHZ IRU WKLV UHVHDUFK

$ONDOLQH $:( DQG 3(0DUHVHOHFWHGDVWHFKQRORJLHVRILQWHUHVW
UHVHDUFK LV WR VKHG OLJKW RQ WKH FDUERQ IRRWSULQW RI K\GURJHQ S
HOHFWURO\WHUV PXVW EH IXUWKHU LQYHVWLJ@WHIGH FRPS Q¥ \8 R MG R R!
SURGXFWLRQ IDFLOLW\ LV LQFOXGHG LQ WKLV VWXG\ IURP WKH HOHFWU
WKLV VWXG\ DOO PDWHULDOV UHTXLUHG IRU WKH $:( DQG 3(0 SURFHVVHYV
VHYHUDO LPSDFW FDWHJRULHYV )RU WKLV UHVHDUFK WKH IRFXV LV RQ *+*
FRQWDLQHUVL]HG HOHFWURO\WVHURI N: ZKLFKLVDVVXPHG WREHVFDOI
HPLVVLRQV FDQ EH IRXQG WRJHWKHU ZLWK WKH HFRQRPLF DQG SURFHV\
RI WKH HOHFWURG\NHUKWHLYDOXHV Rl WKH FDUERQ IRRWSULQW QHHG IXU



JPIGXVSP]WIVW

FDUERQ IRRWSULQW UHSUHVHQWY WKH HQWLUH K\GURJHQ SURGXFWLRQ
WKH KRXVLQJRIWKHIDFLOLW\ $V VLPSOLILFDWLRQ WKHFDUERQ IRRWSI
RIWKHVHVHSDUDWHFRPSRQHQWY 7KHXVHG QXPEHUV UHIOHFW WKH FDU
HWD@ZKHQ WDNLQJHQG RI OLIHSURFHVVLQJLQWRDFFRXQW

7DEOH (OHFWURO\WVHU FKDUDFWHULVWLFV

(FRQRPLFV $ONDOLQH 3(0 XQLwW
,QYHVWPHQW BRVWYV > $/ kW

20> @ of investment
6WDFNLQYHVWPH@DW FRVW > of investment
/ILIHWLPH VA\V@HP > years

6WDFN OLIH®& LPH > hours/ stack
2SHUDWLRQ

OD[ SUHVVX@H > bar
2SHUDWLQJ WHPSBUDWXUH > fc

8SSHU ORDG @LPLW > of rated capacity
/IRZHU ORDG G@PLW > of rated capacity
3RZHU FRQVXPSWLRQ @\VWHP > MWh/ton

.2+ XVH >@ kg/ kg H2
(QYLURQPHQWDO

&DUERQ )RRW®ULQW > ton CO,/ MW

(JREQMG FILEZMSYYV
YOH[LELOLW\RIRSHUDWLRQ RURSHUDWLRQDO G\QDPLFV LVDQLPSRUWI
WR LQWHUPLWWHQW SRZHU VRXUFHV 7KH HOHFWURO\VHU PXVW EH DEOH
WR WKHVHUHQHZDEOH VRXUFHV $ONDOLQHHOHFWURO\WHUV DUHDEOH V
ZLWK D UDPSLQJMDW® RIKH VIVWHPV DUHRSHUDEOHLQ D UDQJH RI ¢
VI\VWHP XS FDQ WDNH PLQXWHY DV DOOFRPSRQHQWYV PXVW EH SXUJH
VA\VWHP LV NHSW DW WHPSHUDWXUH DQG SUHVV XU KD D3V VI MEXVSUR D NVHI/U
FDQ SHUIRUP FROG VWDUW XSLQ PLQXWHVDQGFDQ@VKXW GRZQ LQ D PD\

7XLQHPD HWVAODYD GLGDWH DQ HOHFWURO\VHU PRGHO®\ FEPSWBEVWQJ LW \
LQVWDOODWLRQ +HIRXQG WKDW \MWHSLIDW WIVOO BDMAR Q G BOB@OB\DYHUL
XS UDWHVRN /s DQG DQ DYHUDJH UDPS GRWZ/Q UHHN X RWKHU VXJJHVWYV WKDW |
IDFLOLW\ FRQVLVWYV RI PXOWLSOH SDUDOOHO HOHFWURO\VHUV WKLV UD
GW SODQW FRXOG UDPS ZGWE 7 X DQHPRIH\® BBLOWY WR H[SHULPHQWYV WKI
QRQ OLQHDU EHKDYLRXU LQ D N:HOHFWURO\WVHU 5DPSLQJ XS RU GRZC
VHFRQGV UHVXOWLQJLQ DQ HIMW/ L¥KLYIZRXOBWK RIHVW D UDPSLQJ UD
GW/s IRUBW SODQW 7KLV ZRXOGPHDQ W IKCWAZYDE SH Q & H D\X HERY/B
RU /s 1H[W WR WKH IDFW WKDW UDPSLQJ UDWHV WKLV KLJK FDQ FDX
FURVVRYHUDQG IDVWHU FHOO GHJUDGDWLRQ WKHUHLV DOVRD SUDFWLF
UDWH RI K\GURJHQ SURGXFWLRQ GRHV QRW OLH LQ WKH UDPSLQJ UDWH R
UDWKHU ZLWK WKH UDPSLQJ UDWH RI WKH PHFKDQLFDO FRPSUHVVRUV WK
> @DQG WKHXVHG FRQYHU@®H B DRGXPRIQRQURR WKLY OLPLWDWLRQ LV SUF
SUHVVXUHRULQVWDOOLQJDEXIIHU WRGHFRXSOHWKHFRPSUHVVRU RSH

( )

2Q0\$:(DQG 3(0 DUH VXLWDEOH WHFKQRORJLHV IRUWKLV|UHVHDUFK
$:(LV FKHDSHU WKDQ 3(0MWMU LQVWDOOHG

3(0 LV OHVV SROOXWLQUW KQ QW DCSOHG

3(0 QHHGY OHVV HQHUJ\WR SURGXFH K\GURJHQ WKDQ $:
3(0 KDV D KLJKHU FXUUHQW GHQVLW\WKDQ $:(

3(0 KDQGOHV SRZHU IOXFWXDWLRQV EHWWHU WKDQ $:(




&EPERGISJ4PERXW

&EPERGISJ4PERXW

+\GURJHQ SURGXFWLRQ IDFLOLWLHY FDQQRW IXQFWLRQ ZLWKRXW WKH \
WKH %DODQFH RI 30ODQWV %R3 &RPPRQ FRPSRQHQWYV LQ WKH %R3 DUH
JDVVHSDUDWRUV DQG SRZKE UOHF WWRIQUAYHWODO %R3 RI DONDOLQH HOH
GHVFULEHG IROORZHG E\WKHVDPHWIRIKHEKQUDFWHULVWLFVDQG ZRUNL
RIFRPSUHVVRUV  DUHW BGEVARAXVNVNRG LQ

&EPERGISJI4PERXW %POEPMRI
$ JHQHUDO DONDOLQH VIVWHP GHVLJQ LQFOXGLQILWHKH WRE LWHGKRIZW HG
PLIHG LQWR WKH .2+ FA\FOH 7KH .2+ VWUHDP LV WKHQ IHG LQWR WKH HOH
FUHDWLQJ RQH R[\JHQ ULFKDQG RQH K\GURJHQ ULFK VWUHDP %RWK VW
JDV VHSDUDWRUY :KHQ WKHJDVVHV DUH VHSDUDWHG IURP WKH VWUHDP
WKH .2+ F\FOH 7KHUH LV D PL[LQJ SLSHEHWZHHQ WKHDQRGLFDQG FDWK
LPEDODQFH LQ 2+ FKDUJHV 7KH GLIITHUHQFH LQ FKDUJHYV FDQTW EH WRR

WKH VA\VWHP DW GLITHUHQWLDO SUHVVXUH
7TKHUHVXOWLQJR[\JHQLVYHQWHGRUVWRUHG ZKLOH WKHK\GURJHQ V\
LVWUDQVSRUWHG WKURXJK D KHDW H[FKDQJHU WR D GHR[R XQLW +HUH W
UHGXFHG EHIRUHPRYLQJRQ WR WKH GU\LQJ SURFHVYV 7KHK\GURJHQ IOR
WKH K\GURJHQ LV SXULILHG LQ WKH GU\HU E\UHPRYLQJDV PXFK ZDWHU

FRPLQJRXWRIWKHGU\HU KDV D SXULW\ RI

JLIXUH %DODQFH RI30DQ®W $ONDOLQH >

&EPERGISJ4PERXW 4)1
7KH %R3 RID3(0V\VWHPLVOHVVFRPSOH[WKDQ WKH DIXXNDHO EDHUVHNMW HP D
HWD®@ JLYHVD FDUHIXO GHVFULSWLRQ RIWKH 3(0 SURFHVV 7KHIROORZL(
'"HLRQLVHG ZDWHU ZLWKDFRQGXFWLYLW\VPDOOHU WKDQ 6 FP LV SXF
VWDFN WKHZDWHU WUDYHOV WKURXJKDQLRQH[FKDQJHUHVLQ FDUWUL(
7KHZDWHU OHDYHV WKHFHOO DW WKHDQRGH VLGH PL[HG ZLWK R[\JHQ +
ZDWHU LV EURXJKWEDFNLQ WKHF\FOHDIWHU SDVVLQJD KHDW H[FKDQJH'
LQ DUDQJH RI f& $W WKH FDWKRGH VLGH D PL[WXUH RI ZDWHU DQG
WHPSHUDWXUHDQG LV VHSDUDWHG 7KHZDWHU LV GUDLQHG WR WKH DQR
LVIHG WR D FDWDO\WLF GHR[R SXULILFDWLRQ ORZHULQJ WKH R[\JHQ FR
XQLWLV WASLFDOO\QRW LQFOXGHG IRUGLITHUHQWLDO SUHVVXUH VA\VWH |
WR OHVV WKDQ SSP WKURXJKDQDGVRUSWLYH GU\HU 7KH K\GURJHQ OH
ZKLOH WKH R[\JHQ LV NHSW DW DPELHQW SUHVVXUH WR SUHYHQW FURVYV
F\FOH E\UHPRYLQJWKHQHHG IRU SUHVVXUH SURRIYHVVHOV DQG SLSLQ.



&EPERGISJ4PERXW

7KH %23 OLIHWLPH LV DVVXPHG WR EH \HDUV 6WDFN OLIHWLPH LYV
WLQXRXV VI\VWHP RSHUDWLRQ 7KHFRPSRQHQWV WKDWDUH SURQH WR GF
$VVHPEO\DQG WKH 3RURXV 7UDQVSRUW /D\HU ERWK FDQ EH VXEVWLWXW

JLIXUH %DODQFHRI30D@W 3(0 >

'SQTVIWWMSR

+\GURJHQ FRPSUHVVRUV DUH D YLWDO SDUW RI K\GURJHQ LQIUDVWUXFW
VPDOOHU YROXPHWULF HQHUJ\ GHQVLW)\ Z K& Q$MRPBQG HE DR RQM RXBIOFJ
PHWHU RI K\GURJHQ FRQWDLQYV 0- ZKHUHDV @ HYOKPWQGHARWY R WLUDWQ V S R
VWRUH D VLIQLILFDQW DPRXQW RI K\GURJHQ FRPSUHVVRUV DUH XVHG Wi
WKH YROXPHWULF HQHUJ\ GHQVLW\ 7KH W\SLFDO K\GURJHQ SLSHOLQH ¢
YROXPH E\ D IDFWRU GXH WR K\GURJHQ EHLQJ D QRQ LGHDO JDV DQG
HQHUJ\ GHQ@& LW\ >

7KHUH DUH WZR PDLQ RSWLRQV RI GHOLYHULQJ K\GURJHQ DW SUHVVXL
RU SUHVVXULVLQJ WKH SURGXFWLRQ SURFHVV HOLPLQDWLQJ WKH QHHG
SUHVVLRQ 7R SUHVVXULVH WKH IORZ WKHUH DUH WZR PHFKDQLFDO FRP
K\GURJHQIORZVDVVRFLDWHG ZLWK ODUJH VFDOH K\GURJHQ SURGXFWLR
SUHVVR@W¥&® OHFKDQLFDOO\FRPSUHVVLQJK\GURJHQIURP WR EDUKDV\

DV VKRZQ LQ 7KH SRZHU UHTXLUHG WR FRRS UY VK RX@URUMAICG
> @ |
k Y4 Pdisc (kNTl .
Peomp =N —— — T R == 1
comp k 1 isen suc Om Psuc

,Q WKLV HRADWLIRM)VSHFLILF KHDWV UDWLR ZRIWKNGHRFRPGHHAXVOBALR LW\ |
DYHUDJHG EHWZHHQ WKH VXFW PRQDSUGA WY XKUH VAWKWKHH QO HV§Y XUH DW WK
RLVWKHJDV FREMWDIMNIW LVHQWURGL EVHWKHLEHQENMW &V AMMVHXRRIODU IORZ
DQG 1LV WKHQXPEHU RI FRPSUHVVLRQ VWDJHV $V EHFRPHWHFOHDU IUR
DORWRIHQHUJ\ FDQ EH ORVW ZKHQ FRPSUHVVLQJ IURP WKH DWPRVSKH
SUHVVXUHV WKHUHIRUHLWFDQ EHPRUHHIILFLHQW WR SUHVVXULVH WK



&EPERGISJ4PERXW

JLIXUH OHFKDQLFDO FRPSUHV®LRQ ORVVHV >

,Q 3(0 HOHFWURO\VHUV WKHUH DUH WZR VWDQGDUG SURFHVV SUHVVX
HQWLDO 8QGHUEDODQFHG SUHVVXUH ERWK WKHDQRGHDQG FDWKRGH \
7KLV HQDEOHV WKH XVH Rl WKLQ PHPEUDQHV VSDFHUV DQG SRURXV OD\
WKH LQWHUQDO UHVLVWDQFH LV ORZ 7KH GUDZEDFNV RI WKLV PHWKRG \
QRW RQO\ SUHVVXULVHG K\GURJHQ LV SURGXFHG EXW DOVR SUHVVXULYV
WKH HTXLSPHQW LV PRUH H[SHQVLYH DV ERWK WKH DQRGH DQG FDWKRG
GLIIHUHQWLDO SUHVVXULVDWLRQ RQO\WKHFDWKRGH VLGH LV SUHVVXU
OD\HUV PXVW EHPDGH WKLFNHU ZKHQ FRPSDUHG WR EDODQFHG SUHVVXU
VXUH GLIIHUHQFH ZKLFK LQFUHDVHV LQWHUQDO UHVLVWDQFH DQG WK X\
W\SH RI VIVWHP LV ORZHU KRZHYHU

JRU WKLV UHSRUW D GHOLYHU\ SUHVVXUH RI EDU LV VHOHFWHG ZLWHk
DONDOLQH HOHFWURO\VLYVDQG EDUIRU3(0HOHFWURO\VLY EDVHG RQ V
WKH +\GURKXE ,QQRYDWAR RQRB® RIKIDPXOFWLRQDO XQLW RI WKH K\GURJHC
&HUWLI+\ E PRUHVRIQ WKLVYKK VHOHFWLRQ RID EDU GHOLYHU\ SUHVVX
QHHG IRU IXUWKHU FRPSUHVVLRQ ZKHQ 3(0 LV XVHG :KHQ DONDOLQH HOF
FRPSUHVVRULV XVHG WKLVUEVWXEYWDQWLDWHG LQ

( )

7KH %DODQFH RI30DQW RI 3(0O HOHFWURO\WVHUV DUH PRUH|FRPSDFW

JRUWKLV UHVHDUFK RQOVIRUWKH $:(HOHFWURO\WVHU WKHK\GURJH
FHQWULIXIJDO FRPSUHVVRU




AVSNIGXIGSRSQMGW

A4VSNIGX IGSRSQMGW

7KH SUHYLRXV VHFWLRQV GHVFULEHG WKH WHFKQLFDO DVSHFWV RI WKH
WKLV FKDSWHU WKH HFRQRPLFDO DVSHFW ZLOO EH GLVFXVVHG 3URMHF
VXFFHVVIXO UROO RXW RI DQ\ PDMRU SURMHFW LQFOXGLQJ WKH HVWDE(¢
HFRQRPLFV DVVHVV WKH ILQDQFLDO IHDVLELOLW\ DQG YLDELOLW\RID S
DQG UHWXUQV :LWKRXW D VWURQJEXVLQHVV FDVH LW LV XQOLNHO\ WKD
WKHGHYHORSPHQW RID K\GURJHQ HFRQRP\ ZLOO EH H[HFXWHG 7KLV LV E
UHTXLUH D FOHDU DQG FRPSHOOLQJ MXVWLILEDWLRQ IRUWKH ULVN WKDYV
,QDGGLWLRQ WR SURYLGLQJDILQDQFLDO IUDPHZRUN IRUGHFLVLRQ PI
WR LGHQWLI\DQG PLWLJDWH SRWHQWLDO ULVNV DQG FKDOOHQJHV )RU H
HQWLUH SURGXFWLRQFKDLQ FDQ KLJKOLJKW WKH SRWHQWLDO VDYLQJV
LVHVVHQWLDO IRUWKHVXFFHVVIXO UROO RXWRIDK\GURJHQ HFRQRP\ D
GHFLVLRQ PDNLQJ ULVNPDQDJHPHQW DQG VWDNHKROGHU HQJDJHPHQV
7KHHFRQRPLFDVVHVVPHQW PHWKRG XVHG IRUWKLV UHVHDUFK LV DQ L
PHQWY SHUIRUPHG E\6DGHJKL *KDQG@® RRGLYDY SDQUV 5@VWB@ERSRUWD QW
ILQDQFLDO LQGLFDWRULQ WKH K\GURJHQ HFRQRP\ LV WKH /HYHOLVHG &F
H[SUHVVHVY WKH FRVW RI SURGXFLQJD NJRIK\GURJHQ 7TKHMHITXDWLRQ IRU

LCOH =

M total

13& VWDQGV IRUWKH 1HW 3BUHVHQW &RVWV RI WKH K\GURJHQ SURGXFW
DQMbBots LV WKH WRWDO K\GURJHQ SURGXFWLRQ FDSDFLW\RYHU WKH OLIHW
LO

x
Miota = M;
i
7KH WRWDO FRVWV RYHU WKHOLIHWLPH RI WKH SURMHFW DUH FDOFXO
,Q WKLVPHWKRG WKHFDVKIORZVRYHUWKHOLIHWLPHRIWKH S SURMHFW D
QHWSUHVHQW YDOXHRIDIXWXUHFRVW LVHTXDOWRWKHDPRXQWRIPRQ
SURMHFW ZKHQ VXEMHFWHG WR WKH QRPLQDO LQWHUHVW UDWH 7KLV QR
WKDW FDQ EH HDUQHG RQ PRQH\ ZKHQ QRW XVHG IRUWKH SURMHFW 7KL
LVDOZD\VDQ DVVXPSWLRQ WKHUHIRUHLW LV LPSRUWDQW WR WHVW WKL
7KH 1HW 3UHVHQW &RVW IRURXO@GDLDERY VKRZQ LQ

G
@y

,Q WKLV HTXDWKR®@ LIHWLP K;RD WH W & H RWRRFINO F R VLW WIKQH\®I R RJLIM) IDA@IGQ W H L
UDWH 7KHUH DUH WKUHH PDLQ FDVK IORZV LQ WKLV UHVHDUFK &DSLWD
([SHQGLWXUHV 23(; DQGWKHG6DOYDJHYDOXH &$3(;DUHLQYHVWPHQWV \
RIDSURMHFW 23(; DUH SHULRGLF FRVWV RYHU WKH OLIHWLPH RID SURMF
ODLQWHQDQFH FRVWY 2 0 UHIHUULQJWR WKHELJJHVW FRQWULEXWLQJ I
DQDQQXDO FRVWY HTXDO WR D VHW SHUFHQWDJH RI &$3(; 6DOYDJH YDOX
RIDFRPSRQHQW DW WKH HQG RI LWV HFRQRPLF OLIHWLPH 7KLV LV DVVXP
ILQDO \HDU RI WKH FRPSRQHQW YV O LD\ LDFRT X1LKIHBRBAW X RRLEAIDWKH &$3(; :
DQG 6DOYDJH 9D @ RH DROW\FPRIERQHQW V

NPC =

XC

Cj= CAPEXj. + OPEXj. SVijic

$QHFRQRPLFDO DVVHVVPHQW LV LPSRUWDQW WR WHVW WKH IHDVLELO
DSURMHFW RQ WKH ZRUOG VKRXOG QRW EHIRUJRWWHQ $/LIH &\FOH $VV
DVVHVV WKHLPSDFWRIDJLYHQ SURMHFW RYHU LWV OLIH F\FOH 7KLV LV



OMJII']GPI %WWIWWQIRX

OMII"]GPI %WWIWWQIRX

$/LIH & FOH $VVHVVPHQW LV SHUIRUPHG WR DVVHVV WKH LPSDFW RI D SU
FDQEHPDQ\WKLQJV UDQJLQJIURPKXPDQ WR[LFLW\ WRVRFLDO LQMXVW
FKDQJH LV UHVHDUFKHG $VVHVVLQJ WKH LPSDFW RQ FOLPDWH FKDQJH L
WKH QHIJDWLYH LQIOXHQFH RID SURGXFW RQ WKH ZRUOG VKRXOG EH UHG)
IHDVLELOLW\VHQVH $WUHTXHVWRIWKH (XURSHDQ &RPPLVVLRQ DK\GUR
FDOOHG &HU® L$FFRUGLQJ WR WKLV FHUWLILFDWLRQ JUHHQ K\GURJHQ LV
IURP UHQHZDEOH VRXUFHV DV GHILQHG LQ WKH 5HQHZDEOH (QHUJ\'LUHFV
&) VPDOO B&sWEDE@MJI (LHV ) RWl4dkg COe/lkgH, 7KH HPLVVLRQV VKRXOG FRQVL
SURGXFWLRQ VWDJHV UHTXLUHG IRU SXULW\DQG ZLWK D GHOLYHU\ S
EDVHGRQD UHGXFWLRQZLWKUHVSHFW WR WKH 6WHDRIGHWRDGH 5HIR
ZLWK D @)gRIO,e/ MJ (LHV ) RLD9kg COe/kgH, ,1\RX FDQQRW FRPSO\WR WKLV VWD
SURGXFW ZLOO QRW EH VDODEOH DQG WKHUH ZLOO EH QR EXVLQHVV FDVH

OMIJI']GPI %WWIWWQIRX 7XERHEVH
TKHILUVW /&$ZDV SHUIRUPHG LQ E\WKH6RFLHW\RI (QYLUWRYKHQWDO 71
PHWKRG KDV EHHQ LPSURYHG RYHU WKH\HDUV DQG LV QRZVWDQGDUGLV|

RI6WDQGDUGLVDWLRQ XQGHU ,62 DQG &HUWLI+\ EZRUNYV
LVFRQVLVWHQW ZLWK ,62 DQG 7TKH/&$ SURFH@V LY RRBOWW&SJ Y Q IF

WKHUH ZLOO EHPXOWLSOH LWHUDWLRQV RQ WKHVH SKDVHV

4LEWI +SEP ERHWGSTIHIhRMXMSR

,Q WKHILUVW SKDVHRIDQ /&% WKH JRDODQG VFRSHDUH GHILQHG 7KLYV
DVVXPSWLRQV GXULQJWKHSURFHVVFDQEHXQGHUVWRRG $QLPSRUWDQ
8QLW )8 7KH WRWDO HPLVVLRQV RI D SURFHVV DUH GLVWULEXWHG DOR
HDV\ WR FRPSDUH GLITHUHQW SURFHVVHYV 7KH )8 VSHFLILHG E\ &HUWLI+
DQG DW D SXULW\ RI , WLV DOVR FRPPRQ SUDFWLFH WR GHILQH D SU
DSURFHVV WKDW SURGXFHV NJRIK\GURJHQ YV RQH WKDW SURGXFHV
GHILQLWLRQ PXVW LQFOXGHD GHVFULSWLRQ RIDOO SURFHVVHVY WKDW W
RXWSXWV 7KHPRVWFRPPRQ VFRSHY DUH GHVFULEHG EHORZ

&UDGOH WR7TKUBYHRSH VWDUWY DW WKHH[WUDFWLRQ RIUDZ PDWHUL
WKH ZD\ WR WKH GLVSRVDO RI WKH SURGXFW

&UDGOH WRRIDMMLY VFRSH WKHSURGXFWDVVHVVPHQW LV FRQFOXGH
VWHS LQ WKH OLIH F\FOH %\ HI[FOXGLQJ WUDQVSRUWDWLRQ XVDJH
VLIQLILFDQWO\ 7KLV VFRSH SURYLGHV LQVLJKWV IRULQWHUQDO SU|
SURGXFH UHVXOWYV TXLFNO\

*DWH WR :XHQH) SURGXFW XQGHUJRHV D YDULHW\RIYDOXH DGGLQJVW
OLJKW D VSHFLILF SDUW RI WKH SURFHVV E\DVVHVVLQJRQHRIWKHVH"
FKDLQ

‘HOO WR ZKKIIHWMOLV D VSHFLDO VI\VWHP ERXQGDU\VSHFLILFDOO\IRUHQF
 WLQFOXGHV DOO SURFHVVHV RIHIWUDFWLRQ RIUDZ PDWHULDOV XQ

7TKHVFRSHVKRXOGLQFOXGH ZKDW UHJLRQ ZKDW WLPH SHULRG DQG ZK
7TKHLPSDFW FDWHJRU\ FOLPDWH FKDQJH LV W\SLFDO &y EQ3kjHHY @®HG DV WK
7KH &) LV FDOFXIOODWHGENGLYLGLQJ WKH OL IEW IER AVKPILWIVIHRMQWH SURG XF
Mt RI WKH SURFHVYV

Eiite
CF = e
Mtotal
4LEWI -RZIRXSV]SIMRTYXW ERH SYXTYXW

7KH QH[W SKDVHLVWKHLQYHQWRU\RILQSXWVDQGRXWSXWV ,Q WKLV SK
RXW LQ DQ HQYLURQPHQWDO VHQVH ,QSXWV DUH PDWHULDOV WDNHQ IU
WKH SURGXFW DQG WKH RXWSXWV DUHDOO HPLVVLRQV DQG ZDVWH VWU
PDSSHG RXW E\ FRQVWUXFWLQJDIORZ GLDJUDP :KHQ DOO IORZV DUH PD



OMJII']GPI %WWIWWQIRX

DVVHVV WKH LPSDFW RI DOO WKHLQSXWV DQG RXWSXWV 7KLV GDWD FDQ
VWXGLHVY RURWKHU OLWHUDWXUH 7KHLQYHQWRU\SKDVH LV W\SLFDOO!
UHODWHG TXDQWLWLHV

4LEWI -QTEGX EWWIWWQIRX

,Q WKH LPSDFW DVVHVVPHQW SKDVH WKH IORZV RI WKH SUHYLRXV SKDV}
OHFWHG LPSDFW FDWHJRULHYVY )RUD FOLPDWH FKDQJHDVVHVVPHQW WKI
WEO,; HTXLYDOHQFH %\ SUHVHQWLQJ WKHLPSDFW RIGLIITHUHQW SDUWV R
FROQOWULEXWRUV WR WKHRYHUDOO LPSDFW FDQ EHLGHQWLILHG DQG VXE

4LEWI -RXIVTVIXEXMSR SJVIWYPXW

,Q WKH ODVW SKDVH RI WKH /&% WKHUHVXOWY DUHHYDOXDWHG 7KLV FD
SURFHVV WRWKHLGHQWLILFDWLRQRIWKHPRVWLPSDFWIXO SDUW RIWKHF
LVRIWHQ SHUIRUPHG WR DVVHVV WKHUREXVWQHVV RI WKHUHVXOWYV

7TDEOH5HYLHZHG /&$T1V &DUERKQ CRRMWEHLL@WQ Q FUDGOH WR JDWH EDVLVY 7KH/&$TV DUH GL
GLIITHUHQW SURGXFWLRQ WHFKQRORJ\ HQHUJ\ VRXUFH SURGXFWLRQ ORFDWLR

$XWKRU (OHFWURO\VHU (QHUJ\ 5HJLRQ 3URMHFW VWDUW
%DUHL% @W DO >3(0 *ULG *HUPDQ\

+DNHHW®@O0 >  $:( *ULG *HPDQ\

+DNHHW®@O0 >  $:( *ULG $XVWULD

&,&( @ 62 ( *ULG &DQDGD

&,&( @ 3(0 *ULG &DQDGD

&,&( @ $:( *ULG &DQDGD

*KDQGHKDULX@HW:DO > 'LQG &DQDGD 16

6DGHKJIJLH® DO >%:( &63 ,UDQ 1 6
6DGHKJIJL H@ DO >%:( 39 ,UDQ 16
"HLGQH@> 16 'LQG *OREDO
"HLGQH@> 16 'LQG *OREDO
"HLGQH®@> 16 39 *OREDO
"HLGQH@> 16 39 *OREDO

'"EVFSR*SSXTVMRX SJL]JHVSKIR

9DOHQWH ,ULEDUUH® ®GIRURNG B WKRURXJK VWXG\ Rl /&$JV DERXW
SURGXFWLRQ SDWKZD\V SHUIRUPHG EHWZHHQ DQG 7KHVH/&$TV DL
UHVXOWLQJLQ D FOLPDWH FKDQJH kPGMdr kg M,D Q@ RO HD VHOHFWLRQ RI
WKH /&$IV LV GLVSOD\HG $00 &DUERQ )RRWSULQWYV LQ WKLV WDEOH DUH
IRFXVHV RQ SDSHUV WKDW FRQVLGHU K\GURJHQ SURGXFWLRQ WKURXJK H
EHFDXVH LW FRQWDLQV D UDQJH RI GLIIHUHQW XVHG HOHFWURO\VHU WH
UHJLRQDO DQG WKH WHPSRUDO VFRSH DUH DOVR YDULHG WR JLYHDQ LG
DQG ORFDWLRQ

$ FOHDU WDNHDZD\ IURP WKH WDEOH LV WKDW XVLQJ WKH JULG DV DQ H
ZRUVH WKDQ JUH\DQG EOXH K\GURJHQ 7KH HVW L Pkg W®&k§ HRDDGH\ K\G UR.
RI EOXH K\GURWJE®e kg H, 7KH VXEVWDQWLDWLRQ IRUWKH FDUERQ IRRWS
K\GURJHQ FDQ EN HRXQG® QIQVKH FDUERQ IRRWSULQW RI D SRZHU JULG LV C
VKRXOG QR ORQJHU EH WKH FDVH EXW HYHQ IRU WKH IXWXUH VFHQDULR |
WKH /&$ RI %D UH®@%WKWHFO BERQ IRRWSULQW UHPDLQV DERYH WKH WKUHVk

$ VHFRQG FRQFOXVLRQ IURP WKH WDEOH LV WKDW K\GURJHQ RULJLQDW
FDUERQ IRRWSULQW WKDQ K\GURJHQ SURGXFHG ZLWK VRODU HQHUJ\ LQ
RI WKHVH SDSHUV D PL[EHWZHHQ ZLQG DQG VRODU HQHUJ\ LV UHYLHZHG
PLWWHQF\DQG LPSURYH WKH XWLOLVDWLRQ IDFWRU RI WKH HOHFWURO\\
DQG WKHOHYHOLVHG FRVW RI K\GURJHQ 1HDUO\DOO SDSHUVPHQWLRQ W
IDFWRU IRUWKHRYHUDOO FDUERQ IRRWS @ QWVHPDERHEXVGXQ DHIGR M P I
IURP ZLQG HQHUJ\ DQG WKH\ FRQFOXGHG WKDW RIWKH WRWDO FDUERC
RIWKH ZLQG HQHUJ\ VA\VWHP



OMIJI']GPI %WWIWWQIRX

7KH /&$ Rl &,&( H® PRPSDUHV GLIIHUHQW HOHFWURO\VHU WHFKQRORJL}
62( EHFRPHV FOHDU ZKHQ FRPSDULQJLW WR WKH &) RI 3(0 DQG $ONDOLQH
DSSUR[LPDWHO\ ORZHU WKDQ $ONDOLQH $:( ZKLFKLVVLPLODU WR W
EHWZHHQ 3(0 DQG $ONDOLQH RI 7DEDVISUHVHQWHG LQ

.H\WDNHDZD\V /LIH &\FOH $VVHVVPHQW

7KHHQHUJ\ VRXUFH LY WKHGHILQLQJIDFWRU IRUWKH&DUWERQ )RRW
7KH SURGXFWLRQ ORFDWLRQ LQIOXHQFHV WKH &DUERQ )RRRWSULQW
7TKHUH LV D ODFNRIUHVHDUFK H[SORULQJ K\GURJHQ SURGXFWLRQ W
6FRSHGHILQLWLRQLY YHU\LPSRUWDQW ZKHQ GLVFXVVLQJ WKH &DU

J/



BIWXPSGEXMSRW

BIWXPSGEXMSRW

$V H[SODLQHIGNMQWKH FDUERQ IRRWSULQW DQG FRVWV FDQ YDU\IURP SOD
ZHDWKHU FRQGLWLRQV 7KUHH WHVW FDVHV DUH VHOHFWHG ,Q WKH IRO!
SUHVHQWHG 7KH WKUHH WHVW FDVHV DUH VHOHFWHG EHFDXVH RI WKH G

(YUQ B8LI7YPXEREXISJ3QER

7KHILUVW ORFDWLRQ RILQWHUHVW LV WKH UHJLRQ DURXQG 'XTP LQ WKH
2PDQ OXOWLSOH ODUJH VFDOH JUHHQ K\GURJHQ SURMHFWYV LQ WKH 'XT|
ZHUH VLIQ} GG VLIQLINNLQJWKH VHULRXVLQWHUHVW RIWKHJRYHUQPF
DQGWKHDFWLYHUROHLW SOD\WLQVXSSRUWLQJWKHEXLOG XSRIDK\GUF
2PDQLVDYHU\SURPLVLQJORFDWLRQ GXHWRWKHKLJKUHQHZDEOH HQHL
WKDW FDQ EH DFKUMYHGNKB KRXUO\ &DSDELMUIDFWRUYV

ERWK VRODU DQG ZLQG DUH GLVSOD\HG RYHU D \HDU WLPH SHULRG $]
LQ YHUVLRQ DVMKRZWR FOHDUO\VKRZ WKH GD\ QLJKW IOXFWXDWLRQV
7KH FDSDFLW\ IDFWRU IRU VRODU LV KLJK WKURXJKRXW WKH \HDU ZLWK
LQ VXPPHU 7KH ZLQG SURILOH LV YHU\ ORZ LQ WK YD WRWKWM FRRWRE \HD
ELJ SHDN HYHU\ VXPPHU 7KLV FDQ EH XVHG WR GDPSHI WK cLs Lo WKH
SURILOH

JLIXUH :HDWKHU SURILOHV 'XTP 7KHJUDSKV VKRZ WKH FDSDFLW\IDFWRU RIVRODUDQG
-DQXDU\ WR -DQXDU\

+VSRMRKIR 8LI2IXLIVPERHW

$ VHFRQG LQWHUHVWLQJ ORFDWLRQ LV *URQLQJHQ WKH 1IHWKHUODQGV
(XURSHDQ 8QLRQ DV RQHRIWKH XQLRQ W KL&WPRUIHDVOW R DW\W EHUH LV VWUR
DQG VXEVLGLVDWLRQ IRUVHWWLQJ XS ODUJH VFDOH K\GURJHQ SURGXF
WKH SUHVHQW ZLQG IDUPV DQG WKH JULG FRQQHFWLRQV WR 1RUZD\DQG
WKHLU UHVLGXDO JUHHQHQHUJ\WR WKH 1IHWKHUODQGY 7KHUHLVDOVRD
VWRUD®H ¥KH VRODU \LHOG LQ *URQLQJHQ LV ORZ HVSHFLDOO\LQ ZLQW|
E\WKH KLJK SRWHQWLDO RIRIIVKRUHKZHLQG DV GLVSOD\HG LQ

JLIXUH :HDWKHU SURILOHV *URQLQJHQ 7KH JUDSKV VKRZ WKH FDSDFLW\IDFWRU RIVROD
-DQXDU\ WR -DQXDU\



BIWXPSGEXMSRW

(EOLPE ;IWXIVR 7ELEVE

7KH ODVW DUHD RI LQWHUHVW LV WKH DUHD DURXQG 'DNKOD LQ :HVWHU
UHJDUGHG DV RQHRIWKH FKHDSHVW ORFDWLRQV WR SURGXFH K\GURJHQ
GDQW VSDFH VXQ PQCGRURKFR ZKLFKFRQWUROV WKHDUHD KDV DQ DPEL
VWUDWHI\ ZLWK WKH DLP RQ WKH VKRUW WHUQ WR UHGXFH SURGXFWLR(
DPELWLRXV GHFDUERQ@ VD WKE@ ORROOOWWBHUP WKH DLP LV JOREDO WUDGH I
LWV RZQ LQGXVWU\ KHDWLQJDQG WUDQVSRUW 7KH VRODUHHYEHZLQG \L
\RXFDQ VHH WKDW ERWK ZLQG DQG VRODU HQHUJ\ SURGXFH FRQVLVWHQMW

JLIXUH :HDWKHU SURILOHV 'DNKOD 7KHJUDSKV VKRZ WKH FDSDFLW\IDFWRU RIVRODU D
-DQXDU\ WR -DQXDU\

 H\WDNHDZD\V 7HVW /REFEDWLRQV :

| 7TKH VRODU SURILOH LQ 'XTP GLVSOD\V KLJK SRWHQWLDO WKURXJKR?
VXPPHU 7KHZLQG SRWHQWLDO LVUHODWLYHO\ORZ EXW|GLVSOD\V
| 7TKHVRODU SURILOHRI*URQLQJHQ VKRZVY ORZ SRWHQWLDD LQ ZLQW't
LQJWKHUHVWRIWKH\HDU 7KH ZLQG SURILOH LV UHODWLYYHO\VWDE

| %RWK WKH ZLQG DQG VRODU SURILOHV LQ 'DNKOD GLVSOD\ KLJK DQC
WKH\HDU




11 XLSH

,Q WKLV FKDSWHU WKH PHWKRGRORJ\ LV GHVFULEHG WKDW LV XVHG WR L
WHUQV RQ WKH GHVLJQ RI K\GURJHQ SURGXFWRWR I B ARKZID RV W KBV VLHD
LV GHILQHG DIWHU ZKLFK WZR NH\ SHUIRUPDQFH LQGLFDWRUV DUH GHILQG
IRUPDQFH Rl WKH GLITHUHQW FRQILJXUDWLRQV $ ZLGH UDQJH RI VFHQD
WKH WKUHH GLIITHUHQW SURGXFWLRQ ORFDWLRQV ZLWK WKUHH W\SHV RI
7JRHIILFLHQWO\HYDOXDWH WKHVH VFHQDULRY DQ RSWLPLVDWLRQ PRGH
VWHS E\ VWWHS/L@JLQDOO\ DVHQVLWLYLW\DQDOV\VLV LV SHUIRUPHG WR
GHILQLQJIDFWRUV 7KHVH IDFWRUNM BUH SUHVHQWHG LQ

JLIXUH OHWKRG VWUXFWXUH RYHUYLHZ

7TGSTIHIhRMXMSR

7KHJRDORIWKLV UHVHDUFK LY WRVKHG OLJKWRQ WKHWUDGH RIIl EHWZH
GLIIHUHQW ODUJH VFDOH JUHHQ K\GURJHQ SURGXFWLRQ SDWKZD\V 7KL\
SURGXFWLRQ SDWKZD\LQ WKUHH UHJLRQV ZLWK WZR HOHFWURO\VHU WH
)RU DQ HIIHFWLYH FRPSDULVRQ LW LV XVHIXO WR GHILQH .H\ 3HUIRUPD:
DUH VHOHFWHG WKH 4D OGROH,RRYS WIMW/HYHOLVHG &RWRYHR]l +\GURJHC
%RWK .3,V UHODWH WR WKH )XQFWLRQDO 8QLW DQRWKHU PHWKRG RI HC

DKH VHOHFWHG )8 LV NJRIK\GURJHQ DW EDUDW SXULW\ $
EDULV FKRVHQ DV WKLV LV D W\SLFDO SUHVVXUH IRU K\GURJHQ SLSHOLQ]|
$PPRQLD SURGXFWLRQ 7KH SXULW\ RI LV D FKRVHQ DV ERWK 3(0 DQG
WKLV SXULW\RU SXUHU 7KHVH FKDUDFWHULVWLFV GH ELCQMQRIJW WHK HXUQ F W L
ZLWK RWKHU DVVXPHG SURMHFW FKDUDFWHULVWLFV $OWKRXJK WKHVH Y
FKRVHQ 7KHDQQXDO SURGXFWLRQ YDOXH RI NWRQ LV FKRVHQ DV WKL
ZLWKD *: HOHFWURO\VHU DW \HDU URXQG FDSDFLW\ ZKLFK LV FRQVL



7TGSTIHIhRRMXMSR

HOHFWUR@\VKHHBFRQRPLF OLIHWLPH RIDQ HOHFWURO\VHU IDF@OLW\ LV
DQG WKHUHIRUH \HDUV LV FKRVHQ DV SURMHFW OLIHWLPH 7KH FKRVHQ
SULFH VDOYDJHYDOXHDQG QRPLQDOLQWHUHVW UDWH DUHFKRVHQDIW]
DQG 78 '"HOIW $ GHOLYHU\ SUHVVXUHRI EDULV FKRVHQ DV WALV LV WKt
$ VDOYDJH YDOXH RI LV FKRVHQ LQ OLQH ZLWK WKH FRQY®QWKRQV RI W
QRPLQDO LQWHUHVW UDWH LV FKRVHQ VHSDUDWHO\ IRU HYHU\ FRXQW U\
5+'+9 %HFDXVH RIWKHELJLQIOXHQFHRIWKHLQWHUHVW UDWHRQ WKH U
LQ WKH VHQVLWLYLW\DQDO\VLV

7TDEOH 3BURMHFW FKDUDFWHULVWLFV

9DOXH 8QLW

3URMHFW 6WDUW
3URMHFW OLIHWLPH years
$QQXDO SURGXFWLR Kon/yr
"HOLYHU\ SUHVVXUH bar
"HOLYHU\ SXULW\
6DOYDJH 9DOXH

1RPLQDO LQWHUHVW WpRW H

7KHVFRSHDQG VA\VWHP ERXQGDULHV RI WKLV UHNKHNUVWFFRSUHHDERERIZ €\ §/
ERWK .3,V 7KH UHVHDUFK TXHVWLRQ GHILQHV WKH VFRSH DV FUDGOH V
IURP WKH JHQHUDWLRQ RI WKH HQHUJ\ XS WR WKH SRLQW ZKHUH K\GURJ
LQFOXGHG $V WKH GDWD WKDW LV XVHG IRUWKHHQHUJ\UHVRXUFHV GRH
WKHVHDUH SODFHG RXWVLGH RI WKH VFRSH

JLIXUH 6\VWHP ERXQGDULHYV



STXMQMWEXMSR QSHIP

3TXMQMWEXMSR QSHIP

7KHHITHFWV RIUHJLRQDO ZHDWKHU SDWWHUQV RQ WKHFRVWV DQG FDUEI
E\FRQVWUXFWLQJD VLQJOH REMHFWLYH/LQHDU 3URJUDPPLQJPRGHO 7}
EHHQ PDGH GXH WR WKH VLPSOLFLW\ RI WKH IRUPXODWLRQ DQG WKH VKR
WKH LQQHU ZRUNLQJV RI WKLV PRGHO DUH GHVFULEHGU TER® REH® IORZ
VHFWLRQ ZLOO EH VWUXFW X Wk G \LKQFWK RWIOH RHWKRQ IRU FROOHFWLRQ W
GDWD DQG WHFKQLFDO FKDUDFWHULVWLFV LV GHVFULEHG %HIRUH VWD
WR EH SURFHVVHG VXFK WKDW WKH RSWLPLVDWLRQ SUREOHR F¥FDQ EH FRU

7KHQVLQ WKH RSWLPLVDWLRQ SUREOHP LVIRUPXODWHG V
RSWLPLVDWLRQ WKH ODVW FRPSXWDWLRQVY DUH SHUIRUPHG WR FUHDW
"K\WKLV LVUHTXLUHG DIWHU WKH RSWLRPEVDWILRQROLVY VXEVWDQWLDWHG

JLIXUH RSWLPLVDWLRQ PRGHO IORZ

(EXE GSPPIGXMSR
7KHPRVW LPSRUWDQW GDWD IRUWKLVUHVHDUFK LVWKHUHJLRQDO ZHDV
IURP WKH ZHEV DW H ZKUFK LV WKHUHVXOW RIWKHVWXGLHV IURP WZ
E\3IHQQLQJHU DQ@®@ 6@ D3IHQQLQJHU DQG 6WDIIHO KDYH EXLOW WKLV ZHE
0(55$ >@ DQG 6$5%@ >7KH ORGHUQ (UD 5HWURVSHFWLYH DQDO\VLV IRU &
WLRQV WKH IXOO QDPH RIO0(55$ LV DGDWDVHW WKDW LV FUHDWHG E\ 1
LODWLRQ 21ILFH *0$2 DQG LW LQFOXGHV JOREDO FOLPDWH PHDVXUHPHQ
GDWDVHW SURGXFHG E\ WKH &0LPDWH ORQLWRULQJ 6DWHOOLWH $SSOLF
WLRQDU\ VDWHOOLWHY WKDW REVHUYH VRODU LUUDGLDQFH RI (XURSH $
DUDQJHRIGLIIHUHQW ZHDWKHU SKHQRPHQD FDQ EH H{WUDFWHG IRU VSH
SRWHQWLDO VRODUDQG ZLQG LQVWDOODWLRQV ,Q RUGHUFDOFXODWH R
WKH\LHOG RID 0:VRODUDUUD\LV H[WUDFWHG DQG WKH\LHOG RIDQ O0:
WXUELQH LV FKRVHQ DV WKLV LV WKH ELJJHVW DYDLODEOH WXUELQH LQ

DGGLWLRQ WKH ZH EWLOMH ZDNVWVKMHG IRUFROOHFWLRQ RIPHDQ ZL
IRUWKHFDUERQ IRRWSULQW FDOFXODWLRQV DQG WRILQG SRVVLEOH Wt
GDWD IURP WKH\HDUV DQG DUHFROOHFWHG IURP WKH ZHEVLWI

1SHIP MRTY XW
1H[W WR WKH ZHDWKHU GDWD D ZKROH UDQJH RI WHFKQLFDO HFRQRPLF
QHHGHG WR EH FROOHFWHG ORVW RI WKLV GDWD K DN$OOUW RIGY BBDMD 3V
FROOHFWHG WRJIJHWKHU ZLWK WKHZLQG DQG VRODU GDWD LQDVLQJOH |
S\WKRQ PRGHO ,Q WKLV VXEVHFWLRQ DOODGGLWLRQDO LQIRUPDWLRQ 1
, Q WKH39PRGXOHVSHFLILFFKDUDFWHULVWLFVDUHSUHVHQWHG V
DQG FDUERQ IRRWSULQW 7KH FKDUDFWHULVWLFV WKDWBSSOWVR DOO P
LVDVVXPHG WKDW HDFK PRGXOH LV RI WHKH WRKNWD IDPELYH QW P H QW & BN W
DOOUHPDLQLQIJ FRVW HOHPHQWY VXFK DV WKHUDFNLQJ SRZHU HOHFWUFT
UHTXLUHGIRUWKHFDOFXODWLRQ RIWKHFDUERQIRRWSULQW-RUWKHGL
7KLY YDOXH LY FDOFXODWHG ZLWK WKH GDWD IURP 3IHQQLQJHU DQG 6WD!
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7DEOH *HQHUDO 39 FKDUDFWHULVWLFYV

YDOXH XQLW

ORGXOH FR@W > of CAPEX
20> @ of CAPEX
/ILIHWLP® > years

| mean;Dugm kW h/ m2/ yr
I mean;Groningen kW h/ m?/ yr
I mean;Dakhla kW h/ m?/ yr

$O0O0 YDOXHV QHFHVVDU\ WR FDOFXODWH WKHEHKDYLRXU FDUERQ IRRYV
SUHVHQWHEIHQ7TKH LQYHVWPHQW FRVWV LQFOXGH DOO FRVWV IURP PDQX
ZRUNV SRZHU HOHFWURQLFV D@ G 7SKUHRINHHIFWH SBODVMROR QO WL SOH DVVXPSWL
,Q WKH ILUVW SODFH WKH UDWHG WXUELQH SRZHU 7KHVH YDOXHV DUH
DQG FRQYHUVDWLRQV ZLWK H[SHUWV LQ WKH ILHOG 7KH KXE KHLJKWV LC
WKH FKRVHQ FDSDFLW\ 7KH QXPEHU RI WXUELQHY SOD\V D UROH LQ GHW
SURGXFHG ZLQG HQHUJ\ DV FDQ EHANRHFHHMWKQUPLQH WKH DPRXQW RI WXUEL
IDUP WKH WRWDO FDSDFLW\ PXVW EH GLYLGHG E\ WKH VLQJOH WXUELQH
FDUERQ IRRWSULQW EHLQJ GHSHQGDQW RQ WKH GHWHUPLQHG UHTXLUHC
WKHRSWLPLVDWLRQ SUREOHP 7KLV ZRXOG OHDG WR QRQ OLQHDU EHKDY
IRU/LQHDU 3URJUDPPLQJ 7KHUHIRUHLW LY GHFLGHG WR WDNH WKH FDUE
PHDQV WKDW WKH PRGHO VLPXODWHV WKH ZLQG IDUPV DV LI WKH\ DUH EX
UHDVRQDEOHDV ZLQG IDUPV ELJJHU WKDQ *: DUH YHU\VFDUFHJOREDOO

7DEOH *HQHUDO ZLQG FKDUDFWHULVWLFV IRURQVKRUHDQG RIIVKRUH ZLQC

2QVKRUH 2IIVKRUH XQLWYV

5DWHG WXUELQH SRZHU MW
,QYHVWPHQW BRVWYV > $/ kW
20> @ of Investment
/ILIHWLP® > years
+XE KHLJKW m
7XUELQHV SHU *:IDUP turbines
Umean ; Dugm m/s
Umean ; Groningen m/s
Umean ; Dakhla m/s
,Q WKHQHFHVVDU\ FRPSRQHQWV IRUFRVWDQG FDUERQ IRRWSULGC

IHHG VWRFNDUH GLVSOD\HG ,WLVDVVXPHG WKDW FRROLQJZDWHUDQG ¢
FRVWY $00 FRVWV DQG HPLVVLRQV UHJDUGLQJ GHVDOLQDWLRQDQG ZDYV
JLYHQ EHORZ )RU WKLV UHVHDUFK WKH IHHGVWRFNDQG FRROLQJ ZDWH
VDPHIRUERWK WHFKQRORJLHV IROORZ®@QJ WKH UHVHDUFK RI *HUORII >

7DEOH )HHGVWRFN FKDUDFWHULVWLFV

9DOXH 8QLW

:DWHU Xv@a > 1/ kg Hz
&RROLQJ ZD@&HU > 1/'kg Hz
B3ULFH GHVDOLQD®HG ZDW/ihd >
&DUERQ )RRWSUL@W ZDWgOGe |
&DUERQ )RRODB UL @V kg CO,/ kg KOH

$00 FRHIILFLHQWY UHODWHG WR FRPSUHVVRU SHEBIRUPDQFH DQG FRVW
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7TDEOH *HQHUDO &RPSUHVVRU FKDUDFWHULVWLFV

(FRQRPLFV 9DOXH 8QLW
,QYHVWPHQW @RVWYV  $/kw
20> @ of CAPEX
/ILIHWLP® > year
2SHUDWIEGRQ >

(I"LFLHQFR® >

+ OHDNDJ@ >

OD[LQOHW SUH®V XUH >bar
OD[ RXWOHW SUI®VYV XU Hbar
, VHQWURSLF HII@FLHQF\ >
'"ULYHU HIILFL&AQF\ >

4Vl TVSGIWWMRK
%HIRUH WKH RSWLPLVDWLRQ FDQ VWDUW DOO QHFHVVDU\ FRQVWDQWYV
SUH SURFHVVLQJ SKDVH )LUVW WKH UHTXLUHG HQHUJ\ LV GHWHUPLQH
FRPSRQHQWY DUH FDOFXODWHG 7KHILQDO VWHS LV WKHFDOFXODWLRQ

(QHUJVKH WRWDO HQHUJ\ UHTXLUKG WV Fi7& AX00XID® WHTXLUHG K\GURJ
GXFWLRMQYe®@ LV VFDOHG XS WR DFFRXQW IRU K\GURJHQ OHDNDJH DQG V
FRQVXPSWLRQ RI W KdfeH IO W thR @ \ VUHHY X B\ L QUALhQyear @

Ereq = My, /(1 leakagey,) Plelec

7KH\LHOG RI WKH VRODU SDQHOV LV GHWHUPLQHG E\ WKB® GD’VNYVHW |U
\LHOG LV EDVHG RQ &G7H SDQHOV 7"ddhHd RUHHGK/ HAMBRGEH WHDGVODWHG W
39 WA\SH\YfRWG VWKLY LV GRQHMIXWLEZKHYUHAVWDQGV IRUWKHHIILFLHQF\RI W
B39 PRGXOHY¥RQMNDQGV IRUWKHHIILFLHQF\RI WKH &DGPLXP 7THOOXULGH F

pv
CdTe

7TKHZLQG HQHUJ\\LHOG FDQ DOVR EH FDOFXODWHG XVLQJWKH ZLQG GD
WLFV FTORPH 7KHHQHUJ\\LHOG IRUWKH GLITHUHQW HQHUJIYMWHFKQRORJLF

Yimwpy = YiMwicdTe

7DEOH $QQXDO HQHUJ\\LHOG SHU O0: LQVWDOOHG FDSDFLW\LQ 0:KIRU GLITHUHQW

'XTP *URQLQJHQ 'DNKOD

&G7H

&, * 6

ORQR F 6L
2QVKRUH :LQG
2IIVKRUH :LQG

&RVWHOO FRVW DQG FDUERQ IRRWSULQW YDO XMV PXVMVEH K 6 R X /D&
&DUERQ )RRWSULQW DUH HDVLO\DQG HTXD®O VHBIGDEKOH RA KHKL 8 WHHVTEKQ
PHQW WKH 1IHW 3UHVHQW &RVWYV 13& DWW DEDAMNRLVD GRKAOABW IBG/WRQ D SHL
FDOFXODWHG E\ ORRSLQJ WKURDIXCGWARD ¥ WRINIHF AW @L WARMHL P33 \HDU E\ \HL
PXOD IRNPGMWHLY VKRZ QA ¢KLVHTXDWLRQLVDQDGDSWDWLRQ RI WK
PHWKRG DV SUHMHQWHKRGIDQH[DPSOH RI D ZRUNHG RXW FDOFXODWLRQ RY|
SURMHFW LV SUHNKQMWHSG LQ

X c.
NPC = MW
Mw - ((1+ r)J



STXMQMWEXMSR QSHIP

&DUERQ )RRWSEHLEDW ERQ )R RMIG ([CEQW $SRUDOO UHQHZDEOH HQHUJ\ VRXUT
FDOFXODWHG SUH RSWLPLVDWLRQ 7KLV LV GRQH XVLQJ WKH PHWKRGYV F
>@>@ DV GHVFULEMGEE@VLQJ WKHVH HTXDWLRQV WKH HPLVVLRQV SHU X
IRXQG EXW IRU WKH RSWLPLVDWLRQ WKH HPLVVLRQV PXVW EH SUHVHQ

WKLV LV GRQH E\ PXOWLS O\ LMD hWEK\HWHKRHL I Q IQR(@\D MW ARG S H U
LQVWDOOHG FDSDFLW\DQG WKH SURMHFW OLIHWLPH

CFuw = CFuwh  Yimw N

,Q WKH DQQXDO SURGXFHG PDVV RI K\GURJHQ LV FRUUHFWHG E
K\GURJHQ OHDNV DZD\ +\GURJHQ LV QR *+* RQ LWV RZQ EXW WKURXJK L
DWPRVSKHUH KLQGHULQJWKHEUHDNGRZQ RIPHWKDQH K\GURMWHQ KDV D
$VWKHOHDNDJH SHUFHQWDJH LV RYEQY ZAX.O GWHMXDWEHG DV LQVLJIQ
LQ UHVSHFW WR WKH RWKHU FRQWULEXWLQJ FRPSRQHQWY DQG LV WKHU

7KH ORFDWLRQ VSHFLILF HPLVVLRQ IDFWRUV DQG WKH HOHFWURO\VHL
LQ ,Q (TXDWLP@WG WKH &DUERQ )RRW S U IlgQ@/ RVHH@ HY FDLAFX ODWH G
7KLV YDOXH VWD\V FRQV W D Q WGTOK @I WIH S Y WKIOQU LIS DIVQ J WKH UHVXOW YV |
HTXDWLRQV E\WKH SURMHFW OLIHWLPH DQG WKH ORFDWLRQ@BIQG WHFKQ
WKH &DUERQ )RRWSULQW SHU LQVWDOOHG 0: FDQ EH FDOFXODWHG 7KF

7DEOH &DOFXODWHG &DUERQ )RRWSULQWY SHU WHFKQRORJ\DQG UHJLRQ 7KH &DUERQ )RR
VSHFLILFDQGLY SUHVHQWHG DW WKH ERWWRP RI WKHWDEOH

CFMWh CFMW
'XTP kgCO,/ MWh tonCO o/ MW

&G7H

&, * 6
ORQRF 6L
2QVKRUH
*URQLQJHQ

&G 7H
&, * 6
ORQR F 6L
21IVKRUH
'DNKOD

&G 7H

&, * 6

ORQR F 6L
2QVKRUH
(OHFWURO\VHUV

$:(> @
3(0> @

&RPSUHVVKMHY ILQDO SUH SURFHVVLQJVWHSLVWKHFDOFXODWLRQRIWKH
WLRQV PHQWERQ@HEILUH DGDSWHG VXFK WKDW LW \LHOGV D FRVW SHU 0: R
FDSDFLW\ 7KH FRPSUHVVRU PXVW EH VL]HG VXFK WKDW LW FDQ KDQGOH
UHDOL]H 7KLV LV GRQH E\ PDNLQJ WKH PRODU IORZ GHSHQGDQW RQ WKt
, Q WKLV LV GLVSOD\HG 7KH SRZHU FRQVKRsWYRQSUHVKHE QRFW
MWh/ton@ DQG WKH PRODU P DWWOIRY KbG WRIWVQUIHNV XOW YV §QHI PRIOVWHG R Z

D yhol/( sSMW)

1 108 1
PCelec 3600 m H2

Om;Mmw;E

k Y4 Pdis.c (kNTl)
— Tsuc 0m;MW;E R = —

Pcompmwe = N
come k 1 isen Psuc



STXMQMWEXMSR QSHIP

Ccomp;MW;E = Ccomp;MW PComp;MW;E

7KHFRPSUHVVRU FRVWY DUH RQO\ SUHVHQW IRU WKH $:(VFHQDULRV D
WKH GHOLYHU\ SUHVVXUH RI EDU :KHQ SHUIRUPLQJ WKLY FDOFXODWLI

$/MWelec LV IRXQG %HLQJ OHVV WKDQ$/MWRL@KHVWPHQW FRVWYV RI WKH $
HOHFWUR@\WHKLY QXPEHU LV LQVLIJQLILFDQW

STXMQMWEXMSR
$00 SUHOLPLQDU\ FDOFXODWLRQV DQG GDWD SURFHVVLQJ VWHSV DUH F
IRUPXODWHGW QR DODWoLY HISODLQHG WKDW DQ RSWLPLVDWLRQ SUREOHP F|
WKH GHFLVLRQ YDULDEOHV WKH REMHFWLYH DQG WKH FRQVWUDLQWYV )
LQWURGXFHG IROORZHG E\WKH FRQVWUDLQWYV

(IGMWMSR ZEVMEFPIW ERH SENIGMZI

7KHHDVLHVW RSWLPLVDWLRQ DOJRULWKP LV VLQJOH REMHFWILRYMHW@OLQHD
7KLV UHVHDUFK DLP WR RSWLPLVH IRU ERWK FDUERQ IRRWSULQW DQG FR
7TKHUHIRUH WKLY PXOWL REMHFWLYH SUREOHP PXVW EH SKUDVHG VXFK V
DVRQH 7KLVLVGRQHE\QRUPDOLVLQJWKHREMHFWLYHFRQVWDQWYVY )R
DVLQJOH REMHFWLYH SUREOHP LV SURQH WR VXEMHFWLYLW\ 7R FRXQW
LVLOWURGXFHG WR WUDQVODWH WKH FDUERQ IRRWSULQW WR D FRVW ILC
EH VHHQ KQ DQG 7KURXJKLWHUDWLR@ RD FUHHR QMWL MDFFRVRVWUW UXFWHG E
WKH PRVW FRVW HIIHFWLYH DQG PRVW FDUERQ HIIHFWLYH GHVLJQ $ ZH
IRRWSULQW DQG D ZHLJKW IDFWRU R LIQRUHVY FRVW RSWLPDOLW\

[CFsolar ; CFwind ; CFEelectrolyser ]

CFw =[CFsolarw ; CFwingw ; CF w 1=
v [ Solarw Windw Flectrolyser ] W max ([CFSoIar ;CFWind ;CFEIectrolyser ])

) [Csolar ; Cwind ; Celectrolyser |

Cw = [Csolarw ; Cwindw ;C . =1
w = [ Colarw Windzw Flectrolyseraw I=( max ([Csolar ; Cwind ; CElectrolyser D

7KH RSWLPLVDWLRQ SUREOHP KDV WZR FODVVHVY RI GHFLVLRQ YDULDE
YDULDEOHV WKH FRPSR Qdd; ®w\d-;19d %y 4L DEEKOIHW UHSUHVHQW WKHFDSDFLYV
WKHVRODU SODQW ZLQGIDUPDQGHOHFWURO\WHU UHVSHFWLYHO\ 7KH\
YDULDEOHV DV WKHUH DUH WLPH VWHSY LQ WKH VRODU DQG ZLQG SRZHU
KRXUV 7KHVH YDULDEOKY DUMKGWERWHBVORQGLQIJ WR WKH KRXU 7KHVH
GHVFULEH WKH SRZHU OHYHO RI WKH HOHFWURO\WVHU LQ WKH FRUUHVSRQ

S = [Ssolar ; Swind ; SElectrolyser ]
7TKHREMHFWLYH IXQFWDLRQMVRGHKHEFREMIHFWLYH LVWR PLQLPLVH WKH V:
RIDOO FRPSRQHQWYV PXOWLSOLHG ZLWK WKHFRVWDQG FDUERQ FRQVWZELC

XC
min: (S¢ (CFwc + Cyw)) c2f Solar;Wind; Electrolyser g



STXMQMWEXMSR QSHIP

'SRWXVEMRXW

7KH GHFLVLRQ VSDFH RI WKH RSWLPLVDWLRQ SUREOHP LV UHVWULFWHG E
JXDUDQWHHY WKDW WKH HOHFWURO\VHU SURGXFHV HQRXJK K\

VXPHG WKDW WKH SRZHU OHYHO RI WKH HOHFWURO\VHU VWD\V FRQVWDQ

WR VXP WKH SRZHU OHYHO LQ 0: XS WR WNKWhH@ HOWJ F D B F X ODBWPHH® WV L Q >

25080
Pt = Ereq
t=1
7KH VHFRQG FRQ¥WWDE@MQVXUHYVY WKDW W KHRI RZKIH KDAHYHWURO\VHU Q
HIFHHGV WKH WRWDO BR4HD@BVRGXAHUJHVY WKH SRZHUD 0: LQVWDOODYV
DW KtRXW WKH HI[DPLQHG ORFDWLRQ

Ssolar  Psolart + Swind  Pwindt pe 0 8t2][1 ::;26280]

7TKHILQDO FROQX¥WWDRKRW WZR HIITHFW ,QWKHILUVWSODFH LWPDNHYV V)
RIWKHHOHFWURO\WHU QHYHU H[F Bfk&Nsd WS MDWIKRXWPIFIDHE WEPW\ WKH FRQV
PDNHVY VXUH WKDW WKHHOHFWURO\WHU LV VLIHG VXFK WKDW LW FDQ DFF}

Sklectrolyser pp 0 8t2]1; ::;26280]

(TXDWLRQV DQG IRUPWKHRSWLPLVDWLRQ SUREOHP 7KLV SUREO!
XVLQJWKH 3X/3 PRGXOH ZKLFKLQ WXUQ XVHV WKH &%& VROYHU 7KLV VR
DQG FXW DOJRULWKP %HIRUH WKH UHVXOWY FDQ EH SUHVHQWHG ILUVW
H[SODLQHG LQ WKH QH[W VHFWLRQ

4SWXTVSGIWWMRK

7KHUHDUH IRXU SRVW SURFHVVLQJVWHSVLQWKHPRGHO )LUVW WKHHOF
LQGHSHQGHQW FDUERQ IRRWSULQW FRPSRQHQWV DUHDGGHG DQGILQDC
DUHLQWURGXFHG

$ SURSHU VLPXODWLRQ RIHOHFWURO\VHU RSHUDWLRQ PXVW LQFOXGH
LQFOXGH WKLV LQ WKHRSWLPLVDWLRQ SUREOHP WKLV ZRXOG UHTXLUH L
GRXEOH WKH DPRXQW RI RSWLPLVDWLRQ YDULDEOHV $00LQ DOO WKLV
SRZHU DQG WLPH :KHQ UXQQLQJ ZLWKRXW WKHVH H[WUD FRQVWUDLQW'
FKRVHQ SRZHU OHYHOV OLH ORZHU WKDQ WKH SURGXFWLRQ FDSDFLW\ C
HOHFWURO\WVHU DV WKH 3(0 HOHFWURO\VHU KDV QR ORZHU SURGXFWLRGC
UHVXOWY EXW ODUJH HIIHFW XSRQ SHUIRUPDQFH WKH HOHFWURO\VHU C
LV VROYHG

7KH OLPLWV DUH LQWURGXFHG XVLQJ WKH IROORZLQJSRVW SURFHVVL

,GHQWLI\ SR pH WEKBDYWHOIVH EHORZ WKH SURGXFWLRQ OLPLW RI WKH H
5HGHILQH DOO SRZHU OHYHOV ORZHU WWD@®Q WKH SURGXFWLRQ OLPLW
6XP XS WKHQHZ SRZHU OHYHOV WR JHW WKH WRWDO XVHG HQHUJ\

6FDOH XS WKH ZLQG VRODUDQG HOHFWURO\WVHU VL]HV VXFK WKDW WK
HQHUJ\

BHFRQGO\ WKH VL]H LQGHSHQGHQW FDUERQ FRPSRQHQWY DUH LQWUF
FDUERQ IRRWSULQW DVVRF L B@H GDALGVKRRIOH. QHIHZ®WWHRIF 6V WKH IHHGVWRF
DUHUHODWHG WRWKHWRWDO SURGXFHG DPRXQW RIK\GURJHQ DQG QRW \
PRUHHIILFLHQW WR LQWURGXFH WKHP DIWHUZDUGYV

/IDVWO\ WKH VL]H LQGHSHQGHQW FRVW FRPSRQHQWYV DUHLQWURGXFH(
FRVWV RIWKHVWDFNV 7KHWRWDO VWDFNFRVWY FDQ EHFDOFXODWHG VF
7KLV VHHPV FRXQWHU LQWXLWLYH EXW LW KROGV WUXH (YHU\VWDFN KD
KRXUV DIWHU ZKLFK LW PXVW EH UHSODFEH G/ KLW AVQ EH KRIXQVLYHU VWDFI
$:(DQG KRXUV SHU VWDFN IRWB (0L 8WWIKH WRWDO DPRXQW RI VWDFNV
FDQ EH FDOFXODWHG 7KH DQQXMDQ )& URQMQYr$@ R G PHROMRGOLHG E\ WKH S
FRQVXPSWLRQ RI W Kdl IHEMM/RNOMRED \D @G WKLV LV GLYLGHG E\ W8H HOHFWUF



STXMQMWEXMSR QSHIP

LMW]@ :KHQ IXUWKHU GLYLGLQJ WKLV EhowvsKstack @ HWVRIXPIHH RV WK H L RVROEQY
RI VWDFNYV SlEkks) HDAKH FRVWYV RI RQH VW DIEPND WL RIOYSW\QFRPELQLQJ ERWK

HTXDWLRQV WKH VL]HRI WKHHOHFWURO\WHU FDQ EH GURSSHG UHVXOW
VWDFNV DV FDQEH VHHRQRAMEH ILQDO VWHS LV FDOFXODWLQJ WKH 1HW 3UF
RI'WKHVWDFN FRQWULEXWLRQ WR WKHNRWIRXWSURMHFW WKLV LV VKRZQ

M H 2 required pce 1
Se lifetime gtack

N stacks:annual =

Cstack =0:3 CeIectronser;MW SE

M H 2required Cpc
lifetime stack

Cstacks;j 0:3 CeIectronser;MW 8 2[1; ::;n]

X c ks
NP Cgtacks = —stacks)
L@+

$IWHU WKH SRVW SURFHVVLQJ VWHS WKHUHVXOWY DUH GRQH WKH

.H\WDNHDZD\V 2SWLPLVDWLRQ PRGHO ‘

| $IURQW EHWZHHQ WKH FRVW RSWLPDO FRQILIXUDWLRQ OQG WKH FL
VWUXFWHG WKURXJKLWHUDWLRQ RQ WKHRSWLPLVDWLRR 'XULQJV
LVFKDQJHG IURP WR

| "HLIKWIWFWRHVXOWVLQWKHFRQILIXUDWLRQEHLQJRSWLPLVHG VR
RI FRVWYV

| "HLIKWIWFWRHVXOWV LQWKHFRQILIXUDWLRQEHLQJRSWLPLVHG VR
RIFDUERQ HPLVVLRQV




STXMQMWEXMSR QSHIP

7YQQEV]SIEWWYQTXMSRW

$00 VFLHQWLILF PRGHOV DUH VLPSOLILFDWLRQV RI UHDOLW\
PRVW LPSRUWDQW DVVXPSWLRQV DUH GLVSOD\HG EHORZ VRUWHG LQ WK

(FRQRPLFV

(QYLURQPHQW

(QHUJ\

DQG WKHL

7KHRQO\UHYLHZHG HQHUJ\UHVRXUFHV DUH ZLQG DQG VR
7KH QXPEHU RI ZLQG WXUELQHV LQ D ZLQG IDUP DUH RII LQ
ZDNH HIIHFWV 7R NHHS WKH RSWLPLVDWLRQ OLQHDU WKL
RIIVKRUH 7KLV QXPEHU UHVXOWV LQ D ZLQG IDUP RI *:

:KHQ WKHUH LV DQ DEXQGDQFH RI UHQHZDEOH SRZHU PR
H[FHVV HQHUJ\ LV FXUWDLOHG DQG WKXV GRHVY QRW FRQW
7KH RSHUDWLRQDO SURILOH RI WKHi T0:, ZLQGHWXBEILQH HX
OLQHDUO\VFDOHG WR 0: WRDFTXLUHWKH 0:RSHUDWL

ODU HQHU.

IOXHQFH V
V QXPEHU |

JH WKDQ W
ULEXWH W
R 7 O f

RQDO SURI

\_

2SHUDWLRQ

|

$ PD[LPXP HOHFWURO\VHU RSHUDWLQJFDSDFLW\RI LV
\WHUV FDQ WHPSRUDU\ VFDOH XS WR 2SHUDWLQJ IRU
IDVWHU GHJUDGDWLRQDQG LV WKHUHIRUH H[FOXGHG
$OWKRXIKSURGXFWLRQOLPLWVYDUHUHJIJDUGHG WKHUHD
OLPLWDWLRQV

5DPSUDWHV RIWKHHOHFWURO\WVHUDQG FRPSUHVVRUV DU
WKH WLPH VWHS VLIH SUHVHQW LQ WKH ZHDWKHU GDWD
HUIRUPDQFH GHIJUDGDWLRQ RIWKHVHYHUDO FRPSRQHQ

DVVXPHG
D ORQJ WL

UH QR SOD(
HQRW WD N

WV DUH QR

\

(FRQRPLFV (QYLURQPHQW

6DOYDJH YDOXH IRUDOO FRPSRQHQWYV DPRXQW WR WHQ §
ZLWK WKHDVVXPSWLRQV RI WKH 8QLWHG 6WDWHY '"HSDUW
&RVWY RI XVHG DUHD DUH QRW LQFOXGHG

$VVHWV WKDW KDYH QRW UHDFKHG WKH HQG RI WKHLU HFH
VROG DW D SHUFHQWDJH RI WKH &$3¢(;
WKDW LV OHIW

,QWHUHVW UDWHV RQ SRVVLEOH GHEW RUHTXLW\DUH RXV

2SHUDWLRQDQG ODLQWHQDQFH LV DVVXPHG WR EH D FRQ

7TKHFRVWVDQG FDUERQIRRWSULQWRIIHHG VWRFNDQG FR

RIWKH ZDWHU FRQVXPHG
(IWHUQDO FRVWYV
LQWR DFFRXQW
7KH FRVWV XVHG IRU GLIIHUHQW FRPSRQHQWYV LV HTXDO |
YDOXHV ZLOO GLIIHU

HTXLYDOHQW WR W

ILODQFLDO UHSUHVHQWDWLRQ RI SRWH

SHUFHQW R
PHQW RI (G

QRPLF OLI
KH SHUFH:

VVLGH RI W
WDQW IUD
ROLQJRQC

1 QWLDO VR

RU WKH GL

\_




7TIRWMXMZMX] EREPIWMW

7TIRWMXMZMX] EREP]WMW
,QRUGHU WR IXUWKHU XQGHUVWDQG WKHLQIOXHQFHRIVHYHUDO DVSHFV
LV SHUIRUPHG 7KHELJJHVW FRVW FRPSRQHQWVY DUH YDULHG DV ZHOO D\
WRWDO FDUERQ IRRWSULQW 7K ¥ B U KBHVOIRZOWQIBUKLIKWHMHIQ@ ULRV IRU Z LG
HOHFWURO\WHUV DUH FKRVHQLQ OLQH ZLWK WKH IXWXUH IRUHFDVWV R1 ,5
LQD YDULD@LRQHVHQVLWLYLW\IRUZLQGLV EDVHG RQ WKH VSUHDG RI
NZ DV SUHVHQWHG LQ WKH ,5(1$ IXWBUH RKWRWRE N BQLDVDICRE RI WKH HOF
EDVHG RQ D VLPLODU UHSRUW EXW@ERUWR\WKRJINQ SH BB XRWWRQKH UDQJH
FRQVXPSWLRQ FDQ EHIRXQG )RUWKH &DUERQ JRRWSULQW YDULDWLRQ R
DUH YDULHG LQ OLQH ZLWK VHQVLWLYLW\DQDO\VHYV SHUIRUPHG E\5+'+9

7TDEOH 6HQVLWLYLW\YDULDEOHYV

6RODU 39 ORZ EDVH KLJK XQLW
&'7(> @ $/kW

&, * 6 >@ kW
ORQR F 6l@a> $/ kW
6RODU &)

LQG

2QVKRUK®> $/ kW
2IIVKRU K> $/kW
'LQG &) @

(OHFWURO\VHU

$:(FRVWV@ $/ kW
3(0 FRVW\wa> kW
(OHFWURO\VHU &)

$:(3RZHU FRQVXPSWLRQ > kwh/ kg Hz
3(0 3RZHU FRQVXPS®@®LRQ > kwh/kg Hz

*HQHUDO HFRQRPLFV
'LVFRXQW UDWH




6IWYPXWERH (MWG

,Q WKLV FKDSWHU WKH UHVXOWY ZLOO EH SUHVHQWHG DQG GLVFXVVHG
SUHVHQWHGWRDEDVH FDVHLV GHILQHG DQG XVHGWRH[SODLQ WKH GLIIH
ZLOODFWDVEHQFKPDUNWR FRPSDUHDOO GLITHUHQW VFHQDULRV WR )L
IROORZHG E\WKHGLIITHUHQW HOHFWURO\VHU VFHQDULRY 7KHQ WKH GLII!
UHVXOWY VHFWLRQ LY FRQFOXGHG ZLWK D GLVFXVVLRQ DERXW WKH HIIHI
FUHGLWY 7KHFKDSWHU LV FRQFOXGHG ZLWK WKH GEVFEXWVYLRQ RI WKH VFE

6IWYPXW FEWIGEWI

,Q WKLV ILUVW VHFWLRQ DEDVHFDVHLYVVHOHFWHG WRIXQFWLRQDV D E}
DUHUXQRQ WKHRSWLPLVDWLRQ PRGHO 7KHEDVH FDVHIRU WKLV UHVHD
$ONDOLQH HOHFWURO\VHU $:( XVLQJORQR FU\WWDOOLQH 6LOLFRQ 39 F
6XOWDQDWH RI 2PDQ ORQRF 6L FHOOV DUH VHOHFWHG EHFDXVH WKLV 3
JOREDO SURGXFWLRQ FDSDFLW®D & BRWXLHII WHRT W IKWH P$Q W IRU JRRG UHV X
DVRXQG XQGHUVWDQGLQJRIWKHPHWKRGDQG WKHGDWD YLVXDOLVDWLF
UXQ WLPHV ZLWK YDU\LQJ ZHLJKW/EDEWRUY. DN IGIKWE KD/AMMBUL Q UHVXOW
DVLQJOH REMHFWLYHFRVW PLQLPLVDWLRQ ZKHUHDV DW D ZHLJKW IDFW
LQ IDYRU RI WKH &) $ ZHLJKW IDFWRU RI ZRXOG PHDQ WKDW WKH &DUE
DVLPSRUWDQW DV WKH /HYHOLVHG &RVW RI +\GURJHQ 7KH ZHLJKW IDFW
PRUDO LQFHQWLYH WR UHGXFH FDUERQ IRRWSULQW

7KH GDWD LV YLVXDOLVHG WKURXJK IRXU FKDUWV HDIMGIEDQEHF XKVH® LV
WR FRPSDUH WKH &) DQG /&2+ SHUIRUPDQFH RI WKH GLIITHUHQW ZHLJKW II
VKRZV WKH GLVWULEXWLRQ RI WKH/HYHOLVHG &RVW RI +\GURJHQ DV IXQF
D VWDFNHG EDU FKDUW 7KH LQVWDOOHG FDSDFLWLHV RI WKH VRODU ZL
WKLV WKLV FDQIEHVHHEH@WKLUG W\SHIRIUFKDWWLPLODU WR WKH VHFRQ(
ZLWK WKH GLIITHUHQFH WKDW WKLV FKDUW GLVSOD\V WKH FDUERQ IRRWS
DQG FDQ EH XVHG WR LQVSHFW WKH EXLOG XS RI WKH /&2+ DQG &) Rl WKH
GHWDLOHG 7KH IRXUWK W\SH R¥XBKD,WAMGLWSRRYWRH \HDU URXQG SRZH
WKUHH GLITHUHQW ZHLJKW IDFWRUV ,Q WKLV FKDUW WKH SURGXFWLRQ Ul
WKH V\VWHP FDQ EH VHHQ )LUVW WKH 3DUHWR IURQW ZLOO EH GLVFXVVH:

$ 3DUHWR IURQW LV D SKHQRPHQRQ LQ PXOWL REMHFWLYH RSWLPLVDW
UHVHQWY WKH WUDGH RIl EHWZHHQ WKH GLIIHUHQW REMHFWLYHV $ORQ
OHDGY WR D GHFUHDVHG SHUIRUPDQFH Rl WKH RWKHU REMHFWLYH 7KH
LQ WKLY UHSRUW DUH WKH UHVXOWV IRUWKH GLITHUHQW ZHLJKW IDFWR!
SOD\HG ILQ 7KH ILUVW WKLQJ WR QRWLFH LV WKDW WKLV ILIXUH GRHYV (
3DUHWR IURQW 7KH M)XCPS/RIHALQ WKLYV JUDSK LV D UHVXOW RI WKH SRVW
8SWR ZHLJKW IDFWRU WKHUHLV QRLQVWDOOHG ZLQG FDSDFLW\ DIWH
WR ULVH 7KHUH LV DVKDUSLQFUHDVHLQ /&2+ GXHWR WKH XS VFDOLQJ F
SURFHVVLQXYWHS 2ZKLFK LV QHFHVVDU\WR PDNH WKH RSWLPLVDWLRC
1RWH WKDW WKLY RQO\KDSSHQV IRU $:( VFHQDULRY DQG LV QR LVVXH IRL



6IWYPXW FEWIGEWI

7KH3DUHWR IURQW FDQ EHUHDG DVIROORZV :KHQ LQFUHDYV
LQJ WKH ZHLJKW IDFWRU IURP WR WKH SRLQWYV PRYH XS
IURP WKH ERWWRP ULJKW FRUQHU ZKHUH WKH /&2+ LV ORZ WR WKH
WRS OHIW ZKHUH WKH &)LV ORZ )RUWKHVDNHRIDQDO\VLQJ WKH
UHVXOWYV IRXU SRLQWYV DUH GHMIQHHG DQG PDUNHG LQ

&RVW RSWLPDRISRLVYWKH VROXWLRQ ZLWK WKH ORZ
HVW /&2+ 7KLV VROXWLRQLV WKHUHVXOW RIDSSO\LQJ
w

&DUERQ RSWLPDIOLYRIMWKH VROXWLRQ ZLWK WKH
ORZHVW FDUERQ IRRWSULQW IROORZLQJWKHDSSOLFDWLRQ RI
w

&RVW HOEREZV SRLQW OLHV DW URXJKO\ WKH VDPH
/&2+ DV WKH FRVW RSWLPDO SRLQW EXW ZLWK D UHGXFHG
FDUERQ IRRWSULQW w7KH ERWWHHWER Z
FDUERQ IRRWSULQ Wy CO,él RgeD O -VHR) H
WKH MXPS DWLV LJQRUHG
JXUH SIDUHWR IURQW 'XTP $ONDOLQH

&DUERQ HOEKRY SRLQW OLHV DW UB%Q]FKIOMWWHVVJDB% GLVSOD\V WKH /&2+ D
&) DV WKH FDUERQ RSWLPDO SRLQ®%HUERUNDROIFW KI ¥ KHH/ GEXFTHIGRY IRU GLIIH!
/]&2+ 7KLV SRLQW FDQWEH IR X0Q/& [DQQFWRUV 7KH QXPEHUV FRUUHVSRQG WR W|
/&2+ R1  $/kg H> SRLQWYV

7KH GHQVH UHJLRQV RI WKH SDUHWR IURQW LQGLFDWH YHU\ OLW
WOH FKDQJH RI .3,V GHVSLWH WKH FKDQJH RI WKH ZHLJKW IDFWRU 7KF
DQG FDUERQ RSWLPDO SRLQW DUH DQ H[DPSOH RI WKLV 7KH FKDQJLQJ ?Z
WLRQ WRZDUGV WKH ORZHVW SRVVLEOH FDUERQ IRRWSULQW UHVXOWLQ.
kg COelkgH, DW D UHODWLYH KLJK FBRYW, L QFKIHHDW HY QR SRLQW LQ IXUWKHU
WKH  FDUERQ IRRWSULQW EH\RQG WKH FDUERQ HOERZ 2Q WKH ULJKW VLG
SODWHDX %HWZHHQ ZHLJKW IDFWRU DQG $/kivHeH Z&2© HQVFKHH RV HE EQ
JRRWSULQW UH&XEMHeykgH, 7KLV LV D VLIQLILFDQW GHFUHDVH RI FDUERQ
LQFUHDVH RI /&2+ 7KLV 3DUHWR IURQW VKRZV WKDW JRRG DOO URXQG SFH
ZKHQ SHUIRUPLQJ D VLQJOH REMHFWLYH RSWLPLVDWLRQ WRZDUGV HLWK
7KH VHFRQG FKDUW ILWVKRZQAQLVSOD\V WKH FKDQJH LQ OHYHOLVHG FR
SDFLWA\DV D IXQFWLRQ RI WKH ZHLJKW IDFWRU 7KH ZHLJKW IDFWRU LV Gl
RSWLPLVDWLRQ DW WKH OHIW KDQG VLGH WRZDUGV QR FRVW RSWLPLVD
GLVSOD\HG RQ WKH SULPDU\\ D[LV 7KH VWDFNHG EDU FKDUW FRUUHVSR
FROWULEXWLRQV RI WKH WKUHH PDLQ FRPSRQHQWY WIKKYRODUl ZLQG D
WKHSUHFLVHGLVWULEXWLRQ SHUIDFWRUFDQEHVHHQ 7KH39DQG :LQG
FRVWY 7KH (OHFWURO\VHU FRVWY FRQVLVW RI WKH &%$3(; 2 0DQG WKH V
FRROLQJ FRVWY 2Q WKH VHFRQGDU\\ D[LV WKH WRWDO LQVWDOOHG FDS
LQGLFDWH WKHLQVWDOOHG VRODU ZLQGDQG HOHFWURO\VHU FDSDFLW\

JLIXUH /HYHOLVHG &RVW RI +\GURJHQ 'XTP $ONDOLQH ORQRF 6L 7KH/&2+ SULPDU\\ DJL
FDSDFLW\ VHFRQGDU\\ D[LV OLQHJUDSK SORWWHG DJDLQVW WKH ZHLJK



6IWYPXW FEWIGEWI

FOHDUO\ GLVSOD\V WKH SULFH LPEDODQFH EWWZHNQWRWOWDU DQ

DQG ZLQG KDYH DQ HTXDO LQVWDOOHG FDSDFLW\ EXW WKH FRVWV RI LQ)\
FDSDFLW\ ,WLVJRRGWRQRWHWKDWDOWKRXJKWKHFDSDFLWLHV DUH HT
RI K\GURJHQ LV QRMW RIZOQBWDSDFLW\DQQXDOO\\LHOGMW RPIRUH HQHU
39 FDSDFLW\ 7KH HOHFWURO\VHU PDNHV XSWK IRV UWAKHHFRXYMHVMEDMR  ZDW
7KH DEVROXWH FRQWULEXWLRQ LV UHODWLYHO\VWDEOH UHGXFLQJE
DW $/kgH, 7KH SODWHDXV EHWZHHQ WKH RSWLPDO SRLQWYV DQG WKH HOE
GLVFXVVLQJ WKH 3DUHWR IURQW DUH FOHDUO\ GLVWLQJXLVKDEOH 7KH
SODWHDX DUH FOHDU $W WKH FDWERQ S OMKWHBRQ MW R UDW QR QUERIPUH O\ F
UHVXOWLQJLQ QR VLJIQLILFDQW GHFUHDVH RI &) $/ky®B W K G OMHRDDAQ W& 2H+ L Q
FRVW SODWHDWX EHWXGIBIQ WKH FRQILIJXUDWLRQ RI WKH SURGXFWLRQ F
7KH HITHFWV RI WKHVH FKDQJHV EHFRPH FOHDU ZKHQ ORRNLQJ DW WKH QF
7KH WKLUG FKDUW LY WKREQVWEKDUW LV VLPLODU WR WKH SUHYLRXV FKD
&DUERQ)RRWSULQWLQVWHDGRIWKH/HYHOLVHG &RVWRCBEKYRIHQ RQ W
&) UHGXFWLRQ DFKLHYHG DW WK#H FRVW SQDWBB® BEHY KLY JUDSK 7KL\
GLVSOD\VKRZELJWKHLQIOXHQFHRIWKHFKRVHQ HQHUJ\VRXUFHLVRQW
F 6L 6RODU SDQHOV DUH FOHDUO\ PRUH SROOXWLQJWKDQ WKH RQVKRUH
ZLQG DQG 39 FDSDFLW\ DUH DSSUR[LPDVEN®\39KPDNBIRHXBW RI WKH &DUE
JRRWSULQW ZLWK ZLQG DQG WKH HOHFWURO\WVHU FRQWULEXWLQJ DQC
RIWKHHOHFWURO\VHU DQG LWV RSHUDWLRQ PDWWHU OLWWOH FRPSDUH

)LJXUH &DUERQ )RRWSULQW 'XTP $ONDOLQH ORQRF 6L 7KH &) SULPDU\\ D[LV VWDFNHI
VHFRQGDU\\ D[LV OLQH JUDSK SORWWHG DIDLQVW WKH ZHLJKW IDFWF

JLIXUHWQG FDQEHUHDG E\IROORZLQJWKH FXUYH RIWKH\HOORZOLQ'
HOHFWURO\VHU FDSDFLW\ 7KH ZD\ WKH VL]LQJ RI WKH FRPSRQHQWYV FKD
VWDQGDUG FXUYHIRUPRVW VFHQDULRY )RXU GLVWLQFW UHJLRQV LQ WK

W > @+ 7KH VLIH RI WKH HOHFWURO\VHU UHGXFHV DV WKH FLC
LQVWDOODWLRQVDUHHTXDOLVHG 7KH HOHFWURO\WHU FDQ EH VL]HC
DQG WKHHIITHFWRILQWHUPLWWHQF\LVUHGXFHG 7KH &) UHGXFHV TX

wo > @+ 7KHHOHFWURO\WHU FDSDFLW\ UHPDLQV UHODWLYHO
JHWV JUDGXDOO\H[FKDQJHG IRUPRUH ZLQG HQHUJ\ 7KH &) UHGXFHV
W > @+ 7KH ZLQG FDSDFLW\ LV VFDOHG XS ZKLOH WKH VROEL

Xs 7TKHHOHFWURO\VHU FDSDFLW\H[SHULHQFHV DUDSLG VFDOH XS DV
ORRNLQJDWWKHZHDWKHU SURNLOHIRH'XI® GHIHVHIQWBGLRLOQORZHU &) W
VRODU HQHUJ\ EXW WKH SRWHQWLDO IRU ZLQG HQHUJ\LQ 'XTP OLHV ¢
EHLQJODUJHO\LQDFWLYHGXULQJWKHRWKHUVHDVRQV 7KHHOHFWU
RI WKH K\GURJHQ KDV WR EH SURGXFHG LQ D UHODWLYH VKRUW SHULR
LQFUHDVHG WR EH DEOH WR VXSSO\HQRXJK HQHUJ\ GXULQJ WKRVH SL
HOHFWURO\WHU PXVW IROORZWR HQVXUH DGHTXDWH SURGXFWLRQ 7
wo > @*7KHZLQG FDSDFLWA\LVUHGXFHG ZKLOHWKHHOHFWU
QRWGHFUHDVHPXFK E\WKLVDFWLRQ EXWRYHUDOO OHVV HQHUJ\ JH\
LQWKH QH[W FKDUW



6IWYPXW FEWIGEWI

7KH IRXUWK FKDUW GLVSOD\V WKH RSHUDWLQJ UHJLPH RI WKH HOHFW!
FXUWDLOHG SRZHU $VHFWLRQ RLWKHAHRH EDQEBDVEHIHYUHVHQWYV WKH
SRZHU 7KLVLVWKHVXPRIVRODUDQGZLQG SRZHUWKDWLVLQVWDOOHGI
LVWKHSRZHU WKDW LVEHLQJFRQVXPHG E\WKHHOHFWURO\VHU 7KH\HO
7KLVLVWKHGLIITHUHQFHEHWZHHQ WKHEOXHDQGWKHUHGOLQH 2QHRIW
VKLIWV IURP FRVW RSWLPLYVDWLRQ WR FDUERQ IRRWSULQW RSWLPLVDWL
WKH PRVW FRVW RSWLPDOWROPONWMVRQLOPHQW LV HTXDO WR RI WKH H(
K\GURJHQ SURGWXFW MWRIQL VMW UHGXFHG WR DQG DW WKW FDUERQ RSWLP
LVGRZQ WR 7KHGLXUQDO SDWWHUQ RI WKHVRODUHQHUJ\LVY FOHDUGC
JHQHUDWLRQ DWKLVY OHDGVY WR D ORW RI GRZQWLPH LQ WKH VI\VWHP RSH
DQRYHU VL]LQJ RI WKHHOHFWURO\WVHU DQG 39 FDSDFLW\LQ RUGHU WR K
UHTXLUHGDPRXQWRIK\GURJHQ ,QWKHPULKIEBENFWQROLRHOUWRK PDOOH )\
E\WKH PD[LPXP KHLJKW Rl WKH HOHFWURO\VHU SRZHU +HUH LW LV VKRZ
VRODU WKHHIIHFWV RILQWHUPLWWHQF\DUHUHGXFHG UHTXLULQJD OR

JLIXUH BURGXFWLRQ SURILOHV 'XTP $ONDOLQH ORQRF 6L 7KHSRZHUJHQHUDWLRQ EO’
UHG DQG FXUWDLOHG SRZHU \HOORZ IRUHYHU\KRXU EHWZHHQ ODUFKDQG -XQHDUH GLV



6IWYPXW VIKMSRWERHIPIGXVSP]WIVW

6IWYPXW VIKMSRWERHIPIGXVSP]WIVW

,Q WKH VFHQDULR RI ORQR F 6L 39 ZLWK $ONDOLQH
HOHFWURO\VLV LQ 'XTP ZDV H[SORUHG ,Q WKLV VHFWLRQ VL[YDUL
DWLRQV RQ WKLV VFHQDULR ZLOO EH FRYHUHG LQ WKLV FKDSWHU ,Q
WKHVH VL[ YDULDWLRQV RI WKH EDVH FDVH DUH SUH

VHQWHG ,Q WKLV ILJXUH WKH 3DUHWR IURQWV IRU ERWK 3(0 DQG
$:(LQ 'XTP 2PDQ *URQLQJHQ WKH 1HWKHUODQGV DQG
'DNKOD :HVWHUQ 6DKDUD DUH GLVSOD\HG )LUVW WKH UHJLRQDO
HITHFWV ZLOO EH GLVFXVVHG IROORZHG E\ WKH HIITHFWV RIHOHFWURO
\WVHU FKRLFH 7KH GHWDLOHG /&2+ DQG &) FKDUWV IRU WKH GLI
IHUHQW VFHQDULRVFEDQIBK IRXWQ & KA UHVXO WV
ZLOO EH GLVFXVVHG EHORZ

2l WKH GLITHUHQW UHJLRQV SURGXFWLRQ LQ 'DNKOD SHUIRUPV
EHVWRQERWK &DUERQ )RRWSULQWDQG /HYHOLVHG &RVW RI +\GUR
JHQ 7KH GLIIHUHQFH EHWZHHQ WKH FRVW DQG FDUERQ RSWLPDO
VROXWLRQ LV WKH ELJJHVW LQ WKH UHJJM%ERJ WT R r I gF;bLRQF 6LZLWK3((
GLIIHUHQFH EHWZHHQ 'XTP DQG WKH R W Kidb Wod H}bldg:Q{ DWUDSK G
WKHZLQG SRWHQWLDO LVORz|RUWKHBEJ@HV\Msammmwmmw&qumu
FDQ EH VHHQ LQ WKH ZHDWKWU B’ MWaKHHY L QCGLITHUHQW ZHLIJKW IDFWRUV
WRWDO DQQXMW\LBOGWVISHU

'HVSLWH WKHORZHU ZLQG\LHOG WKHSURGXFWLRQLQ'XTPDOVRVZLWI
DSSO\LQJ D KLJK HQRXJK ZHLJKW IDFWRU 7R KDUQHVV HQRXJK SRZHU
UHTXLUHG ZKHQ FRPSDUHG WR 'DNKOD DQG *URQLQJHQ UHVSHFWLYHO\
FRPSDULQJ WKH LQVWDOOHGXZIZEWR SDKH WQVDOOHG FDSDFLWLHV IRL
*URQLQJHQ VFHQDULRY 7KH'DNKOD)VEHMQD WKHFXDEMVYHHY E§QD\LQJ WK
RI*"URQLQJHQ LV SUHXYHQWO @& KB DSSHQGL[ )RUERWK *URQLQJHQ DQG 'D|
RI'ZLQG HQHUJ\ LV D@UHDWGEH TKALLUKIDDN RQO\D ZHLJKW IDFWRU R IRU *UR(
'DNKOD EHIRUH WKH HQWLUH HQHUJ\ PL[ LV VZLWFKHG WR ZLQG :KDW WK
LQFHQWLYHUHTXLUHG WR VZLWFK FRPSOHWHO\RYHU WR ZLQG HQHUJ\

-XGJLQJLEN DQG LW FDQ EH VDLG WKDW 'DNKOD LV WKH RSWLPD¢
ZKHQ XVLQJORQRF 6L ERWKLQ WHUPV RIFRVWV DQG &DUERQ )RRWSULQ"
K\GURJHQ SURGXFWLRQ LQ WKHRWKHU ORFDWLRQV (YHQ WKH ZRUVW VR
FRVW RSWLPDO VRO XWJ BMelkg MX OFRRZANWU WKDQ WKH &) RI EOXH K\GURJHQ
kg COelkg Hp ORZHU WKDQ WKH &) RI JUH\ K\G U Rd KQ.elxyvH, UPIYSGHFWLYHO\
$ VXEVWDQWLDWLRQ RI WKH JUH\ DQG EOXHI FDUE F&HRRWSIWDIOON &2V RLY
WKHVH UHVXOWV LV ORZ EHLQJQHDUWKHJOREDOUDQJHRIJUH\DQG EOX
$/kgH, IRUJUH\ DQG $/kgH, IRUEOXH K\G@RJIHQ >

JLIXUH &DUERQ )RRWSULQW 'DNKOD $ONDOLQH ORQRF 6L 7KH &) SULPDU\\ D[LV VWDI
VHFRQGDU\\ D[LV OLQHJUDSK SORWWHG DIJDLQVW WKH ZHLJKW IDFWF

7KH GLIIHUHQFH LQ SHUIRUPDQFH EHWZHHQ WKH WZR HQHAW WRKHVHU |
VFHQDULRYV XVLQJ 3(0 KDYLQJ D KLJKHU /&2+ ,Q 'DNKOD DQG *URQLQJHQ
XS ZLWKRXWLQWHUVHFWLQJWKH $:(VFHQDULR ,Q 'XTPWKHUHLVDQLQW



6IWYPXW 4: QSHYPIW

UHODWLYHPRYHPHQW RI WKH 3(03DUHWR IURQWV LV PDLQO\GLFWDWHG |

&$3(; 7KH &%$3(; RI WKH 3(0 HOHFWHROD\VHYLWHU WKD @/ MWKH U

WKH $:(HOHFWURO\VHU ZKLFKLQFUHDVHV WKH /&2+

6WDFNYXH 3(0 VWDFN OLIHWLPH LV KRXUV SHU VWDFN YHUVXV WK
RI $:( 7KLV OHDGVY WR PRUH VWDFN UHSODFHPHQWV RYHU WKH SURMH
KLIKHU /&2+

B3RZHU FRQVXPBRH.RQO\ HIIHFW WKDW SRVLWLYHO\LQIOXHQFHYV WKH |
SRZHU FRQVXPSWLRQ %HFDXVH WKH SRZHU FRQVXPSWERRQ RI 3(0 LV F
WKLV HITHFW LV QRW HQRXJK WR QHJDWH WKH SUHYLRXV WZR HIIHFWV
IRRWSULQW PRVW QRWDEO\LQ '‘XTP DVWKLV ORFDWLRQLVPRUHGHS

39 HQHUJ\
7KHLQFUHDVHG SULFHRIWKH 3(0 HOHFWURO\WVHU OHDGW LQ 'XTP WR Wk
%\ FRPSDULQJ HD QG WKH GLITHUHQFH LV FOHDU 7KH LQFOXVLRQ RI Z

WKHHIIHFWRILOQWHUPLWWHQF\DQG LQFUHDVHVY HOHFWURO\VHU XWLOL\
VLIHRIWKH HOHFWURO\WVHU FDQ DOVR EHORZHUHG GXH WR WKH ORZHU S
IDFWRUV WKH LQFOXVLRQ RI ZLQG OHDGV WR D KLJKHU /&2+ EXW DW WKHFE
FRQILJXUDWLRQ WKDW SHUIRUP EHWWHU WKDQ WKHLU $:( FRXQWHUSDUW
KLIK ZHLJKW IDFWRUV

2YHUDOO LW FDQ EH FRQFOXGHG WKDW SURGXFWLRQ WKURXJK 3(0 HO'F
WKH WLPH DQG RIITHUV OLWWOH &DUERQ )RRWSULQW LPSURYHPHQW 3(0
IOH[LELOLW\ EXWWKHWLPHUHVROXWLRQ XVHGLQ WKLVUHVHDUFKRI KI
UHVXOWY K\GURJHQ SURGXFWLRQ WKRXJK $ONDOLQH HOHFWURO\VLV VK

JLIXUH /HYHOLVHG &RVW RI +\GURJHQ 'XTP 3(0 ORQRF 6L 7KH/&2+ SULPDU\\ D[LV VWL
FDSDFLW\ VHFRQGDU\\ D[LV OLQHJUDSK SORWWHG DJDLQVW WKH ZHLJK

6IWYPXW 4: QSHYPIW

,Q WKH SUHYLRXV VHFWLRQ WKH SHUIRUPDQFH RI 3(0DQG $:(
ZHUH H[SORUHG IRU WKH GLIIHUHQW UHJLRQV ,Q WKLV VHFWLRQ
WKH SHUIRUPDQFH RI WKH GLIITHUHQW 39 W\SHV LV VWXGLHG 7KH
3DUHWR IURQWV IRU WKH GLIITHUHQW 39 W\SHV IRU DOO UHJLRQV DUH
SORWWHG 11O /RRNLQJ DW WKLV )LIXUH LW LV FOHDU WKDW
DOO 3DUHWR IURQWV RI D FRXQWU\ QHDU DSSUR[LPDWHO\ WKH VDPH
SRLQW DW 7KLV LV EHFDXVH LQFUHDVLQJWKH ZHLJKW IDF
WRU XS WRUHVXOWYV LQ QHDUO\ DOO FRQILJXUDWLRQV UHO\LQJ
VROHO\RQ ZLQG HQHUJ\ 7KH FDVH WKDW VWDQGYV RXW WKH PRVW
LV K\GURJHQ SURGXFWLRQLQ 'XTP XVLQJ&G7H 39 WHFKQRORJ\
7KLV VFHQDULR GRHY QRW DSSURDFK WKH VDPH /&2+ DQG &)
DVWKHRWKHU 39 WHFKQRORJLHV LQ 'XTP DW KLJKHU ZHLJKW IDF
WRUV 7KLV FDVH LV BEVEXWYRG LQ

BURGXFWLRQ LQ 'XTP DJDLQ GLVSOD\V GLIIHUHQW EHKDYLRXU
FRPSDUHG WR WKH RWKHU UHJLRQV *URQLQJHQDQG 'DNKOD GLV

SOD\ YHU\ VLPLODU EHKDYLRXU UHVXOWL(%J Lg 3DUHWR IURQWYV ZLWK
JLIXUB 3DUHWR TURQWY $ONDOLQH SHU 39
DQG UHJLRQ 7KLV JUDSK GLVSOD\V WKH /&2
SHUIRUPDQFH RI WKH VFHQDULRYV IRU GLIIH
IDFWRUV



6IWYPXW 4: QSHYPIW

VLPLODU VKDSHV IRUDOO 39 W\SHV 7KHUH LV KRZHYHU D ODUJH GLIIHUH
IRUPV EHVW LQ WHUPV RI FDUERQ IRRWSULQW ,W LV JRRG WR QRWH WKD)
WZR FKDUDFWHULVWLFV RI &G7H WHFKQRORJ\ 7KH WHAK QRYRID BOM® OF
EXW LW LV DOVR PRUH H[SHQVLYH WKDQ RWKHU WHFKQRORJLHV 7KLV JL®
w VFHQDULR UHVXOWLQJLQD ORZHU &DUERQ JRRWSULQW 7KHEHVW
7KH FORVHU D 3DUHWR IURQW LV WR WKH RULJLQ RI WKH JUDSK WKH EHW\
FDQ EH VDLG WKDW &, * 6 39 WHFKQRORJ\GHOLYHUV WKH EHVW DOO URXQ
7KH VFHQDULRV ZLWK &, * 6 WHFKQRORJ\ UHVXOW LQ D ORZHU /&2+ WKE
WLYHO\ORZ &DUERQ JRRWSULQW 7KH &) DQG /&2+ IRU &, *DRIE 'XTP DUH V
UHVSHFWLYHO\ 7KH ZD\WKH FRPSRQHQWY FKDQJH VL]H DV D UHVXOW RI V
WR WKDW RIORQRF 6L $NH\GLIIHUHQFHEHLQJWKDW ZLQG RQO\HQWHUYV
RI LV DSSOLHG 7KHLQFHQWLYH WR VZLWFK WR ZLQG LV DSSDUHQWO\
IDFW WKDW WKH FDUERQ | RR Vk§ CQOMWR IK&L,JK 1§ L WRQQ\WKH &DUERQ )RRWS
VKRUH ZLQG 7KH /&2(DQG &) RIHQHUJ\DUH LQGLFDWRUV IRUWKH SHUIRL
7KH &) DQG /&2( IRUWKH GLIIHUHQW WHFKQRORJLHV DQG URJLRQV DUH FD
$VPHQWLRQHG EHIRUH WKH SRLQW RI WKH 3DUHWR IURQW WKDW LV FOF
HVW WR WKH RULJLQ RI WKH JUDSK LV WKBEBH YW HDHUH R &FVINQRI \OFH QD QG |
%\ WKH VDPH ORJLF LW FDQ EH VDLG WKD\AﬁV\H@ﬁQgVW%@W IR W KHGLOIBYUHG
FORVHVW WR WKH RULJLQ LV WKH EHVW D00 URXEE EHIRRIF YT ERQILI
WLRQ IRUWKDW VFHQDULR 7R IXUWKHU LOVSHFW WRKHIHEHYW SHUIRUP
WKHVHFRQILIXUDWLRQV DU H BKHWH §RL-GMMID U Hgmwh kg CouMWh
IRXQG E\ FDOFXODWLQJ WKH GLVWDQFH WRSWKH RULILQ TURP HYHU\ SRLC
DQG VHOHFWLQJ WKH VPDOOHVW GLVWDQRH+ gKH ZHLJKW IDFWRU WRJHW
ZLWK WKH FRUUHVSRQGLQJ /&2+ FDUERQOIRRWSULQW SHUFHQWDJH RI
39 ZLWK UHVSHFW WR WKH WRWDO FDSDFLYRVRYBFHQWDJIH 39 WR WKH WR
JHOHUDWHG HQHUJ\ WKH SHUFHOQWDJH RI PSRN kbw L v EXUWDLOHG D
WKH WRWDO FRQWULEXWLRQV RI WKH HQH“EJGJ7\HP|_[WRZDUGV WKH /&2+ DQG
&) DUH GLVSOD\HG LQ WKH WDEOH
7KH FRQVLVWHQW ZLQG SURILOHV RI'DN;NO/QFQJQG*URQLQJHQ DUH UH
IOHFWHG E\ 39 HQHUJ\ PDNLQJ XS OHVV WKDKODR|I WKH HQHUJ\ LQ
WKH VIVWHP ,Q 'XTP DQ DYHUDJH RI RIGGQWWDOOHG FDSDFLW\
DQG RIWKHXVHG HQHUJ\FRPHV IURP 39&81RW RQO\LV WKH SHU
FHQWDJH RI 39 KLJKHU LQ WKH V\VWHP|RLPR>§*?§ G&KH WRWDO V\VWHP
FDSDFLW\ LV DOVR  WLPHV ELJJHU RQ D VLILQJ
LV UHTXLUHG EHFDXVH RI WZR UHDVRQV 7KH ILUVW UHDVRQ LV WKDW 39
KDV D ORZHU MW OGHIHUNLYH WR ZLQG $QG VHFRQG D V\VWHP ZLWK D KL
GHDO ZLWK LQWHUPLWWHQF\PRUH 7KHVDPHDPRXQW RIHQHUJ\PXVW EF
7KH 39 FDSDFLW\ FROXPQKRZY WKDW WKHUH LV D VWURQJHU SUHIHUHC
ZKHQ ZRUNLQJ ZLWK ORQRF 6L WKDQ ZLWK RWKHU 39 WHFKQRORJLHV (YH
DUH SUHIHUUHG RYHU ZLQG ORQR F 6L PDNHV XS RQO\ RI WKH WRWDO
SHUIRUPLQJ FRQILIJXUDWLRQ 7KLV EHKDYLRXU LV ORJLFDO DV LWV &) L
WHFKQRORJLHYVY DQG DW WKH VDPH WLPH QRW EHLQJ FKHDS

JLIXUH &DUERQ )RRWSULQW 'XTP $ONDIXXWHH /& YHOLVHG &RVW RI +\GURJHQ 'XTP $OND
7KH &) SULPDU\\ D[LV VWDFNHG EDU QGE& JKWDODHG EDBEDHFLWD[LY VWDFNHG EDU DQG
VHFRQGDU\\ D[LV OLQHJUDSK SORWWH®SDBPLQYVW WKRQEZGFRUKWDPLAMVAUQH JUDSK SORWW

ZHLIJKW IDFWRU



6IWYPXW 4: QSHYPIW

7KHODVW WZR FROXPQV RI WKH WDEOHVKRZWKDW WKHHQHUJ\VXSSO\L
JRRWSULQW RI WKH SURGXFHG K\GURJHQ ZKLOHEHLQJRQ SDU ZLWK WKH
/&2+ %HFDXVH WKH HQHUJ\ FRQWULEXWHY WR KDOI Rl WKH /&2+ DQG FR(
&) LW FDQ EH VDLG WKDW WKH VHOHFWHG HQHUJ\ VRXUFH LV WKH PRVW L
WKH K\GURJHQ SURGXFWLRQ FKDLQ

7TDEOH & KDUDFWHULVWLFV RI WKHDOO URXQG EHVW SHUIRUPLQJ FRQILJXUDWLR

z &) /&2+ T7RWDO LQVWDOOHG 39 &DSDFLW\ 39 (QHUJ\ &XUWDLOPHQW
‘XTP kg COx/kgH, $/kgH, FDSDFMW\ RI/&2+ RI &)
&G7H
&, * 6
ORQR F 6L

*URQLQJHQ
&G7H

&, * 6
ORQR F 6L
‘DNKOD
&G7H

&, * 6
ORQRF 6L

'"H8I MR (YUQ

7KH XVH RI &DGPLXP7HOOXULGH 39 PRGXOHV LQ 'XTP
SUHVHQWYV D VSHFLDO FDVH EHFDXVH WKLV LV WKH RQO\ VFHQDULR
ZKHUH WKH &DUERQ )RRWSULQW RI39 HQHUJ\LV ORZHU WKDQ WKDW
RIZLQG %HFDXVHRIWKLY ZLQG HQHUJ\LV SKDVHG RXWLQVWHDG
R139 ZLWK WKHLQFUHDVH RIWKH ZHLJKW IDFWRU %\ ZHLJKW IDF
WRU WKHZLQG LV FRPSOHWHO\SKDVHG RXW 7KH &) FRQWULEX
WLRQVDQG FRPSRQHQW VL]LQUIFDQIEH REVHUYHG LQ
7KH /&2+ FDQ EH IRXQG LQ WKH$SISHQGL[LQ

,Q LWLVHYLGHQW WKDW WKH VKDSH RI WKLV 3DUHWR
IURQW LV GLIIHUHQW ,W FDQfW WUXO\ EH FDOOHG D 3DUHWR IURQW DV
WKHUH DUH FOHDUO\VROXWLRQVWKDWSHUIRUP ZRUVHRQ ERWK .3,1V
WKDQ WKH QHLJKERXULQJ SRLQWYV %HFDXVH RI WKH LQWURGXFWLRQ
RI WKHHOHFWURO\VHU OLPLWV DIWHU WKH RSWLPLVDWLRQ QRQ RSWLPI
VROXWLRQV DUH FKRVHQ

6RPHWKLQJ WKDW GLIIHUHQWLDWHY WKH &G7H FDVH IURP WKH
RWKHU FDVHV IRU 'XTP LV WKDW WKH FRVW RSWLPDO SRLQW DQG
FDUERQ RSWLPDO KDYH D YHU\ QDUURLZX/%'LGEUJE)' BHURQWYV ‘XTP SONDOLQH ¢

$/kg H, 7KLV LV GXH WR WKH TXLFN HOLRKORWIRG R e e LR Ro Ly
HUJ\ DQG WKH QHDU VWDMDWLRQ SKDVH DIWHUIDFWRUV

JLIXUH &DUERQ )RRWSULQW 'XTP $ONDOLQH &G7H 7KH &) SULPDU\\ D[LV VWDFNHG EDU
\ D[LV OLQHJUDSK SORWWHG DJDLQVW WKH ZHLJKW IDFWRU



6IWYPXW 4: QSHYPIW

'EVFSR TVMGI

8S WR WKLV SRLQW D ZHLJKW IDFWRU ZDVLQWURGXFHG WRLQFHQWLYLVE
PRGHO WR FKRRVH D ORZHU FDUERQ FRQILJXUDWLRQ 7KH ZHLJKW IDF
WRU FDQ EH VHHQ DV D PRUDO RUWKHRUHWLF LQFHQWLYH VKRZLQJ ZKD\
SURGXFWLRQ FKDLQ GHVLJQV DUH SRVVLEOH ,Q UHDOLW\ LW LV XQOLN
WKDW LQGXVWU\ PRYHVY WRZDUGVY D PRUH H[SHQVLYH RSWLRQ E\ LWVHOI
MXVW EHFDXVH LW ZRXOG HQWDLO OHVV FDUERQ HPLVVLRQV 7KHUH QHH(
WR EHD FRVW LQFHQWLYH DV ZHOO ,Q WKLV VXEVHFWLRQ WKH ZHLJKW II
WRU LV UHPRYHG DQG LV UHSODFHG E\ F\FOLQJ IURP FDUERQ SULFH
$/ton CO, XS WR$/tonCO, 1RWH WKDW D FDUERQ SULFH RI

$/ton CO, LV Rl WKH FXUUHQW (76 FDUERQ SULFH DV DW
WLPH RI ZULWLQJ $MEHCOUEF® LW WKH HQG RI WKH
VXEVHFWLRQ WKH HIIHFWV RI D WD[VFKHPH LQVWHDG RIDFDUERQ SULFH
DUH GLVFXVVHG

o) WKH HIITHFW RI WKH FDUERQ SULFLQJLVY GLVSOD\HG IRU
DOO UHJLRQV DQG 39 W\SHV VHYHUDO Dv%?ﬁ\ v DM%&%@%%&%@%@%\@BR%R
WR WKH FRUUHVSRQGLQJ FKD UMW ZILW K ,DH1 &K leggQ DDV WKH /&2+ DQG &)
'XTP WKHFDUERQ RSWLPDO SRLQW RI WK k3DiH biiB B HM R QM HOEH ¥ UWREY KR &
&DUERQ )RRWSULQW DQG DW WKH VDPH WLPH KDWVDY KRQKHBH® 2+ 7KH
LQFUHDVH LQ /&2+ LV GXH WR WKH LQFOXVLRQ RIWKHFDUERQ SULFHLQ W
DVDFDUERQ SULFH ZRXOG EH SDLG E\WKH RIIl WDNHU LQ WKHHQG $QRWI
WKHRUHWLFDO FDUERQ RSWLPDXO SIRWUB W N W\OXOXYMIHDWWR E®l FRQVW U XF!
W\SH RI FDUERQ SULFLQJLV LQWURGXFH G/tdiYd30Q W5 D IFFDH E RV LSUH\WF K LRIIK H
WKDQ WKH FXUUHQW FDUERQ SULFH WKH WKHRUHWLFDO FDUERQ RSWLP
FDVHIRUDOO VFHQDULRVY WKRXJK DVDOOVFHQDULRY WKDW PRYHLQ D V\
$/tonCO, KDYH UHDFKHG WKH WKHRUHWLFDO FDUERQ RSWLPDO SRLQW )R
RI'XTP D FDUERQ SWMdAK®I KDV URXJKO\ WKH VDPH HIIHFW RQ WKH FRQIL
SURGXFWLRQ FKDLQ DV D ZHLJKW IDFWRU RI 7KH VL]LQJRI WKH EDVH
LVGLVSOD\HG LQ WKH $SSHQKGH[FIDUUERQ S BUEHCBI KDYLQJ WKH VDPH HITHF\
DW PHDQV WKDW HYHQ ZKHQ DQ XQUHDOLVWLF KLJK FDUERQ SULFH L
LVQRW DV LPSRUWDQW LQ GHFLVLRQ PDNLQJ SURFHVV DV WKH SURGXFW.L
YHU\H[SHQVLYH WR GHFDUERQLVH WKH SURGXFWLRQ FKDLQ LQ 'XTP

3ROLFLHV OLNH WKH (8 @®RWRWV KB 86D,QNODWLRQ 5H
GXFWLRQ $FW@ BY$H>RWKHU ZD\V WR LQFHQWLYLVH LQGXVWU\ WR
GHFDUERQLVH WKHLU SURGXFWLRQ FKDLQ (VSHFLDOO\WKH ,5%$WD[FUHG
VFKHPH JLYHV D FOHDU LQFHQWLYH IRUGHFDUERQLVLQJWKH SURGXFWLTF
FKDLQ DV WKH DPRXQW RI VXEVLG\ LV GLUHFWO\ UHODWHG WR WKH OLI
WLPH FDUERQ IRRWSULQW RI WKH SURGXFHG K\GURJHQ 7KH ,5%$ ZRUNYV
ZLWK D WD[ FRKIGLWREDUERQ )RRWSULQW EHORZ
kg COe/kg H, UHFHLYH R$/WyKHH WD[ FUHGLW IRU
KLJKHU &DUERQ )RRWSULQWY WKH SHUFHQWDJHY DUH UHGXFHG VWHS E\
VWHS (YHQ WKH VFHQDULRV LQ WKLV UHVHDUFK ZLWK WKH ORZHVW &) GF
QRW TXDOLI\IRU WKH KLJKHVW WD[ FUHGLW :KLOH WKLV FUHGLW VFKHF
LV RQO\DYDLODEOH LQ WKH 86 DQG WKXV GRHV QRW DSSO\ WR WKH WH V"
FDVHV RI WKLV UHVHDUFK WKHHIIHFW RI VXFK D VFKHPH LV GLVSOD\HG

LQ 7KHWD[FUHGLWV DUH GLVSOD\HG, L.Q WKH 1UDS V\[\y%%NDOLQH R
FLDOO\VIRU'XTP DQG *URQLQJHQ WKLV S yWﬂsﬁ%@@&uWRh%EKcm OHER KO R U
LQFHQWLYLVHLQGXVWULHYVY WR UHGXFH W KU \& DRKER 1Q LIFRR MOSWHIG WV K H F R

7TKHKHLIKW RIWKHWD[FUHGLWYV PLIKWEH QMR RKKY I KD GG ERAPKY GIKH (63 +
HQFHLQ*URQLQJHQDQG 'DNKOD EWWZHHQ\WK%—Q‘[‘IFWUV\FEQ%\M_;%(@, ERans
DQG FDUERQWRSWLSPRIOQW YV LV O H¥ kg WoK $Q
WD[ FUHGLW UHIOHFWLQJ WKLV GLITHUHQFH VKRXOG EH HQRXJK IRU WKH
GXFWLRQ 7KLV VXJJHVWV WKDW WKH WD[ FUHGLW LV PDLQO\ PHDQW WR
GHWHUPLQH ZKDW ILQDQFLDO WRROV ZRXOG ZRUN EHVW WR LQFHQWLY H\
LWV VHOI DQG ZLOO QRW EH GLVFXVVHG IXUWKHU



7TIRWMXMZMX] EREPIWMW

7TIRWMXMZMX] EREP]WMW

7KHPDLQUHVXOWY RIWKHRSWLPLVDWLRQ KDYHEHHQ GLVFXVVHG LQ WK
DQDO\WVLVLY SUHVHQWHG 7KHUREXVWQHVV RIWKHVROXWLRQV DQG WK
EHWWHU XQGHUVWRRG ZKHQ DSSO\LQJ D YDULDWLRQ )LUVW WKH JHQHUI
EHIRUHPRYLQJRQ WR WKH GLVFXVVLRQ RI WKHPRVWLQIOXHQWLDO IDFW
7TKHYDOXHV SUAVHQNDME DESOLHG WR WKHPRGHO WKHUHVXOWYV RI ZK
7TKH OHIW KDQG VLGH VKRZV WKH HITHFW RQ WKH &DUERQ )RRWSL
HITHFW RQ WKH /HYHOLVHG &RVW RI +\GURJHQ )RUDOO IDFWRUV D ORZ YV
UHSUHVHQWLQJ HLWKHU D GHFUHDVH RULQFUHDVH RI VDLG YDULDEOH
EDU WKHKLJKVFHQDULRDVDUHG EDU 7KHUHVXOWV IRUZHLJKW IDFWR
HIWUHPH SRLQWYVY DUH DIITHFWHG WKH PRVW 7KH UHVXOWY DUH UHSUH
VFHQDULRYVY DUH UHSUHVHQWH GIEAWMKHKRZIWWKLDW WKXGH DULDWLRQ RI
FRQVXPSWLRQ DQG WKH FRVWY KDYH WKH PRVW LQIOXHQFH RQ WKH RSW
J)LUVW WKH DSSOLHG VHQVLWLYLWA\UDQJH IRUWKHVH WZR IDFWRUV LV W
ELILQIOXHQFH RQ WKHHQG UHVXOW 7KH VHQVLWLYLW\RIWKHFDUERQ |
IXUWKHU GLVFXVVHG EHFDXVH RI WKH UHODWLYHO\VPDOO DQG RQH VLG
DQG WKH &)

JLIXUH 7RUQDGR FKDUW (IIHFW RIVHQVLWLYLW\DQDO\VLV 2Q WKH\ D[LVWKH VHQVLWLY

WKH HITHFWV RI WKH KLIJIKDQG ORZ VFHQDULRY UHW DQ® MBXH LEDIHNIFRQ WDIKWKDQJIH

FRQILIXUDWLRQV DUH SORWWHG 7KH OHIW SDQH GHVFULEHV WKH HITHFW RQ WKH &DUERQ )
/HYHOLVHG &RVW RI +\GURJHQ

JLUVW WKHFRVW VHQVLWLYEWWLHFOREWHRZIVGFEVWKE VEQVLWLYLW\RI W
SRZHU FRQVXPISWILR@KH GLITHUHQW VFHQDULRVDUHFRGHGLQ VDNHRIEU
DV &Y IROORZHG E\WKHILUVW OHWWHU RI WKH HIITHFWHG FRPSRQHQW D
7TKHORZVFHQDULR RIVRODU FRVWV LV WKHUHIRUH GHQRWHGDYV 71&6 1 W
1&( 7 )RUWKH VHQVLWLYLW\RIWKH SRZHU FRQVXPSWLRQ RI WKH HOHFW
XVHG



"'SWXW WIRWMXMZMX]

'SWXW WIRWMXMZM X]

,Q WKLV VXEVHFWLRQ WKH LQIOXHQFH RIORZHUDQG KLJKHU LQ
YHVWPHQW FRVWV LV LQYHVWLIJDWHG 7KH LQIOXHQFH RI WKH
YDULHG FRVWV LV VKRZQ IRUWKH EDVH FDVH RI 'XTP ZLWK
DQ $ONDOLQH HOHFWURO\VHU DIQG ORQR F 6L SDQHOV LQ
$V FRXOG EH H[SHFWHG WKH &DUERQ )RRWSULQW

RI WKH FDUERQ RSWLPDO SRLQW LV WKH VDPH IRU
DOO FDVHV DV WKH FRVWV GRQTW LQIOXHQFH WKLV FRQILJXUD
WLRQ 7KHPRVWVLJQLILFDQW FKDQJHV KDSSHQLQ WKH FRVW
RSWLPDO SRLQW

7KH ORZ VRODU VFHQDULR &6 LV WKH RQO\ VFHQDULR
ZKHUH WKH FDUERQ SHUIRUPDQFH GHFUHDVHV $ ORZHU
VRODU SULFH PHDQV WKDW LW EHFRPHV FKHDSHU WR RYHU
VL]H WKH HQHUJ\ VIVWHP 7KLV GRHV QRW KDYH WR PHDQ
WKDW D GHFUHDVLQJ VRODU SULFH ZRXOG DFWXDOO\ UHVXOW LQ
DKLJKHU FDUERQ K\GUIRY DS QOWHD X LV
VKRZQDWDQ /&25#K8H, ZLWK WKHHQG RI WKH
SODWHDX KDYLQJ D FRPSDUDEOH &) DV WKH EDVH FDVH DW
w 7TKHORZZLQG &: DQG KLJK HQ W UROMRWRQWY 'XTP $ONDOLQH ORQ
VRODU VFHQDULRYV &( DQG &6 VKRZAVP ARVINQYLIRFUD®WRRY 7KLV JUDSK GLVSOD)
LPSURYHPHQW RI URXJKO\ 7KLV E\/SEH'IBB&W’EFF'g(yﬁ}%ﬁVFHQDULRV'RUGL"HU
KLJKHU VKDUH RI ZLQG HQHUJ\LQ WKH LOLWLD O FREVYIXUDWLRQ
)RUWKH VRODU DQG ZLQG VFHQDULRV WKLV LV EHFDXVH ZLQG
EHFRPHV D PRUH DWWUDFWLYH RSWLRQV GXH WR WKH UHODWLYH FRVW U
VFHQDULR WKH QHHG IRULQWHUPLWWHQF\PLWLJDWLRQ ULVHV UHVXOW

JQVSHFWLRQ RI WKH FRQILIXUDWLRQ RI WKH SURGXFWLRQ FKDLQV DIW
YHDOV WKDW WKH VDPH EHKDYLRUDO SDWWHUQ RI WKH VIVWHP FDQ EH R
WKLV FKDSWHU EQKDW FKDQJHV LV WKDW WKH GLITHUHQW UHJLRQV DUH V
ZLOG VFHODIULRIHLOWR WKH EDVH EBVH L& ORRNV OLNH WKH VL]LQJ FXUY
IRUZDUGV 6WDUWLQJ KDOI ZD\ RI SKDVLQJ RXW WKH VRODU FDSDFLW\ 7]
ZLWK 39 HQHUJ\ EHL QWS UH VHMXWWSOLRH LQ WKH EDVH FDVH 7KLV FDQ EH
FRVWY DUH YDULHG LQ WKLV WHENERQWN EG DMD) WR SOD\D VPDOOHU UROH
ORZHOHFWURO\VHU VFHQDULRIL%GGHWSOBDAVGE QQ WKH HOHFWURO\VHU SUL
FXUYH LV PRYHG EDFNZDUGYV 7KH ZHLJKW IDFWRU DW ZKLFK ZLQG LV LQW
YRRWSULQW LV ORZHU WKD Q) L QXW K HEEB Db WH MXHULRLWLDO LQVWDOOHG |
HQHUJ\ LV ORZHU 7KH VRODU FDSDFLW\ LV ORZHU EHFDXVH LW LV FKHDS
FDVH HQDEOLQJWKHFRQILIXUDWLRQ WR KDUQHVV PRUH HQHUJ\IURP WK
WKH EDVH FDVH WKH HOHFWURO\VHU PDNHV XS RIWKH WRWDO /&2+ $ U
RYHUDOO SULFH GHFUHDVH RI +RZHYHU WKH /&2+ DFWXDOO\GHFUHDV
HITHFW RIRYHU VL]LQJ

JLIXUH &DUERQ )RRWSULQW /RZZLQGERX¥WHVFHYBOLRHBWRVW RI +\GURJHQ /RZ (OHFWL
'XTP $ONDOLQH ORQRF 6L 7KH &) SULPBRVYW NVHRNQDWDRNRIG'XTP $ONDOLQH ORQRF 6L 7
EDU DQG LQVWDOOHG FDSDFLW\ VHFBQ@QEPDU\ DDUYVOVYQYBBNBSKEDU DQG LQVWDOOHG FD

SORWWHG DJDLQVW WKH ZHLJKW \DPMIRUOLQH JUDSK SORWWHG DJDLQVW WKH ZH|I
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7KH 3DUHWR IURQWYV IRU WKH SRZHU FRQVXPSWLRQ VHQVLWLYLW\
DQDO\VLV DUH LO OXVMW UIXWI®ZBU FRQVXPS

WLRQ KDV D SURIRXQG LQIOXHQFH RQ WKH SURGXFWLRQ FKDLQ $V
PHQWLRQHG EHIRUH HQHUJ\LV WKH GHWHUPLQLQJIDFWRULQ WHUPYV
RIFRVW DQG FDUERQ IRRWSULQW 5HGXFLQJWKHUHTXLUHG HQHUJ\
SHU NJ RI K\GURJHQ FDQ WKHUHIRUH UHGXFH ERWK FRVW DQG FDU
ERQ HPLVVLRQV 7KH &)DQG /&2+ UHGXFWLRQ DV D UHVXOW RI

D SRZHU FRQVXPSWLRQ GHFUHDVH LV FOHDUO\ GHPRQVWUDWHG LQ
WKLV FKDUW $V PHQWLR@KG IFKDRVHU D IURQW

LV WR WKH RULJLQ WKH EHWWHU LW SHUIRUPV ,Q WKLV FKDUW LW FDQ
EH REVHUYHG WKDW ORZHULQJ WKH SRZHU FRQVXPSWLRQ VEDOHYV
WKH HQWLUH IURQW GRZQ PRYLQJWKH IURQWY WRZDUGYV WKH RULJLQ
%ULQJLQJGRZQ WKLV SRZHU FRQVXPSWLRQ ZLOOKDYHD ELJHIIHFW
RQ WKH IHDVLELOLW\ DQG FDUERQ IRRWSULQW RI K\GURJHQ SURGXF
WLRQ 7KH SRZHU FRQVXPSWLRQ YDOXHV XVHG LQ WKLV UHVHDUFK
DUH WDNHQ IURP WKH *: IDFLOLW\ GHVLJQ SUHVHQWHG E\ 3UR
JUDP ® $OWKRXJKLWLVVWDWHGLQ WKH SDSHU WKDW WKH SRZHU

FRQVXPSWLRQ UHSUHVHQWYV WKH HQ P IY K AR IR KAR RO 1XG B BANROLQH ¢
GXFWLRQ IDFLOLW\ 2WKHU UHSRUW® Jéb@é@%&%@&i%#%ﬁ%%gqé sﬂ8|RUPD

ZKHUH\NKHVHQVLWLYLW\GDWDFHHJMQDWHMdURﬂWNM@QM&H@M@MD@HDH
XHV 7KH HQHUJ\ XVH Rl WKH HQWLUH SKRGI%RANWSRIQHOWWEHWNKYHAHQDULRY
LPSRUWDQW PHWULF DVLWLVDPDMRU LQKPRHOELPROVERWKKAFIRHESEPRQDUL

DQG WKH &)

7YQQEV]SJVIWYPXW

, QWKLVFKDSWHUWKHUHVXOWY RIWKHRSWLPLYVDWLRQPRGHOKDYHEHH(
FKRLFHV DQG SULRULWLVLQJEHWZHHQ /&2+ DQG &) KDYHEHHQ H[SORUHC

VXPPDULVHG LQ WKH WH[W ER[EHORZ

Ve

5HILRQIVNNKOD LV WKH EHVW SHUIRUPLQJ UHJLRQ RQ ERWK
JHQ OHDGV WR D ORZHU &) WKDQ LQ 'XTP EXW KDV D KLJKH
"HDWKEBBQVLVWHQW ZLQG UHGXFHV WKH &) &RQVLVWHQW,
(OHFWURO\WHIMVH RI $:( LQVWHDG RI1 3(0 OHDGV WR D ORZ
LQIOXHQFHG E\ WKH FKRLFH RI HOHFWURO\VHU

39 PRGXOHWH XVH RI &G7H UHVXOWV LQ WKH ORZHVW &) EX
LVDOO URXQG WKH EHVW FKRLFH

'"HVLJQ FKRLKM FKRLFH IRU WKH HQHUJ\ VRXUFH KDV WKH
/&2+DQG &) 7TKHHQHUJ\VRXUFHFRQWULEXWHV RQDYHUD
WRZDUGV WKH &)

,PSDFMRU PRVW VFHQDULRY D WDQJLEOH FDUERQ UHGXF
FUHDVH

+\GURJHQ DOW HWHDHIPLUKABYRIHQ KDV WKH SRWHQWLDO WR
EOXHDQG JUH\K\GURJHQ 7KH &) RIJUHHQ K\GURJHQ IRU [
RXWSHUIRUPV WKDW RI EOXH DQG JUH\
J)LQDQFLDO LQSHQWEREBWBULFH SURYLGHY OLPLWHG LQFHQ
FUHGLWYV VKRZ PRUH SRWHQWLDO DQG HYHQ FRXOG EH W
7HFKQLFDO LPSURYHEBNOWLRQ RI WKH SRZHU FRQVXPSWL
/&2+ DQG &) LPSURYHPHQW

&) DQG /&2
U/&2+

VRODU 39
HU /&2+ 7K

W DOVR LQ

ELJIJHVW L
J H WRZD

VLRQ FDQ f

EHFRPH FI
00 SURGX

WLYH WR G
RR KLJK

RQ RI HOHF
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7KH DLP RI WKLV UHSRUW ZDV WR VKHG OLJKW RQ WZR PDMRU FKDOOHQJI
FRVW FRPSHWLWLYHQHVY FRPSDUHG WR JUH\ DQ EOXH K\GURJHQ DQG W
ZDV VWUXFWXUHG DURXQG WKHIROORZLQJUHVHDUFK TXHVWLRQ

S:KDWLVWKHLQIOXHQFHRIORFDO ZHDWKHU SDWWHUQV RQ WKH GHVL
SURGXFWLRQ FKDLQV ZKHQ RSWLPLVHG IRUD ORZ p/HYHOLVHG &RV’
JRRWSULQWT RQD FUDGOH WR JDWHEDVLV’

7TRDQVZHU WKLV TXHVWLRQ LWZDVVXEGLYLGHGLQWR WKUHHVXETXHYV
RIWKHTXHVWLRQ ,QWKHIROORZLQJ SDUDJUDSKVY WKHVHVXETXHVWLRQ

:KDW FRPSRQHQWYV RI WKH JUHHQ K\GURJHQ SURGXFWLRQ FKDLQ LQIOXH{
GURJHQ DQG &DUERQ )RRWSUKB \WRWKHLIRROWHQWLDO IDFWRU WR ERWK W
DQG WKH /HYHOLVHG &RVW RI +\GURJHQ LV WK HX HOWMKEN SISUHRBIRD Q¥R X |
RI WKH GLITHUHQW 39 W\SH VFHQDULRYV DUH LOOXVWUDWHG 7KH VHOHFW
3DUHWRIURQWY 7KHGLIIHUHQFHEHWZHHQ WKHFRVW RSWLPDODQG FDU
GLFWDWHG E\WKH ZLQG VRODU U D WL IRARI WKRHQAVR QL E XXVULIRQLARIQVK H HQ H U J
WRZDUGY WKH WRWDO /&2+ DQG &)LV VKRZQ 7KHFRQWULEXWLRQ RI WKH
GDQW ,Q'XTP WKHHQHUJ\UHVRXUFHV PDNH XS RIWKH /&2+ DQG R
WKH GLIIHUHQW HQHUJ\ VFHQDULRV 7KH HQHUJ\ UHVRXUFHV LQ *URQLQ
WKH /&2+ DQG RIWKH &DUERQ )RRWSULQW ,Q 'DNKOD WKHPHDQ FRQW
DQG RI WKH &DUERQ )RRWSULQW 7KH HOHFWURO\VHU KDV D VLJQLIL
EXW OHVV VR IRU WKH &DUERQ )RRW S UL QW X PKIL ¥KLN/ FFKOR-LIF 11 QR | LHOGDHKFAMMURDOY
KDV DVPDOOHULQIOXHQFHRQ WKHRYHUDOO VIVWHP SHUIRUPDQFH WKD

KDW DUH WKH PRVW LPSRUWDQW V\VWHP GHVLJQ FKRLFHV WKDW LQIOXH
HOLVHG &RVW RI +\GURJHQ DQG & DKHE R'Q PFRERMWSIU EBIWZHHQ SURGXFLQJ JUF
ZLWKDORZ/HYHOLVHG &RVW RI+\GURJHQRUDORZ&DUERQ)RRWSULQW L\
7KH PRVW LQIOXHQWLDO GHVLJQ FKRLFH LV WKH FRQVWLWXWLRQ RI WKH
ORRNLQJ DW KRZ WKH &) DQG /&2+ FKDQJH DV WKH 39 VORZO\ JHWV SKDVF
LQ DQG ,Q JHQHUDO VRODU HQHUJ\LV FKHDSHU DQG ZLQG H
7KLV VWDWHPHQW LV KHDYLO\ LQIOXHQFHG E\ WKH SURGXFWLRQ ORFDWL
DQG &DUERQ )RRWSULQW DUH GHSHQGDQW RQ WKH \LHOG RI WKH LQVWD
FRVWV DQG HPLVVLRQV RI WKH HQHUJ\ VRXUFHV DUH D GLUHFW LQIOXHQF
LQGLUHFW HIIHFW 7KURXJK SURSHU HQHUJ\ PL[ FRQVWLWXWLRQ LQWH!
ORZHU UHTXLUHG HOHFWURO\VHU FDSDFLW\ 'HSHQGLQJRQ WKH VHOHFV
ORZHU RYHUDOO FDUERQ IRRWSULQW 7KH VHFRQG LPSRUWDQW GHVLJQ



'SRGPYWMSRW

WHFKQRORJ\ &G7H 39 PRGXOHV DUH PRUH H[SHQVLYH WKDQ WKH RWKHU
WKH RYHUDOO OLIHWLPH HPLVVLRQV RI WKLY WHFKQRORJ\DUH VLJQLILF
I[ULHQGOLHU WKDQ ZLQG HQHUJ\ 7KH EHVW DOO URXQG SHUIRUPDQFH L’
&, * 639 WHFKQRORJ\ UHVXOWLQJD ORZHU /HYHOLVHG &RVW WKDQ D V\V\
JRRWSULQW ORQRF 6L SHUIRUPV ZRUVW LQ WHUPV RI/&2+ DQG &) 7KH U
WDQJLEOH WUDGH RII HIITHFW EXW UDWKHU D FOHDU SUHIHUHQGFH FRXSO
WKH FKRLFHIRU 3(0GLVSOD\V D VLIJQLILFDQWLQFUHDVHRIWKH /&2+ EXV

7KH WUDGH RIIl HITHFWV KHUH DUH VROHO\ EDVHG RQ /&2+ DQG &) ,QFO>
LFDOUDZ PDWHULDO XVH RUDYDLODEOH JOREDO SURGXFWLRQ FDSDFLYV
GHYHORSHU KDV WR PDNH

KDWLQIOXHQFHGR ZHDWKHU SDWWHUQV KDYHRQ /HYHOLVHG &RVW RI +\(
‘HDWKHU SDWWHUQV KDYH D SURIRXQG LQIOXHQFH RQ ERWK WKH /HYHOL
JRRWSULQW 7KH &DUERQ )RRWSULQW RIK\GURJHQ LVIRUDQDYHUDJH RI
DEOH HQHUJ\ VRXUFH 7KH &DUERQ )RRWSULQW RI HQHUJ\ VRXUFHV LV C
\LHOG RI WKHLQVWDOODWLRQV $VLGH E\ VLGH UHYLHZCR1 WKH &)QHUJ\ \L
HTXDWLRIRQG DQG WKH /&2(DQG &) RI HQHUBVNHRPFKHY D FOHDU SLFWXUH
LUUDGLDQFH DQG ZLQG VSHHGV DUH DQ LQIOXHQWLDO LQGLFDWRUV IRU
1RW RQO\LV WKHDYHUDJH ZLQG VSHHG RU LUUDGLDQFH RI LPSRUWDQFH
KDVDELJLQIOXHQFHDV ZHOO 7KHLGHDO FRQILJXUDWLRQ RI WKH SURG X
VPDOOHU WRWDO LQVWDOOHG FDSDFLW\WKDQ WKHLGHDO FRQILJXUDWL
*URQLQJHQ ODFNV FRQVLVWHQW VRODU \LHOGV EXW WKLV LV FRPSHQVI
ODFN RI FRQVLVWHQW ZLQG VSHHGV DOVR LQIOXHQFHV WKH GLITHUHQFH
WLRQ DQG WKH FDUERQ RSWLPDO VROXWLRQ DV LV WKHFDVHLQ 'XTP 7K
ZLQGY OHDGVWRDORZHU&DUERQ)RRWSULQW ZKHUHDV WKHDYDLODEL®¢
OHDGVWRDORZHU/HYHOLVHG &RVW RI +\GURJHQ 'DNKODEHLQJWKH SUL

&RPLQJEDFNWR WKHRYHUDUFKLQJUHVHDUFK TXHVWLRQ WKHIROORZ
SDWWHUQV VLIJQLILFDQWO\LQIOXHQFH WKH GHVLJQ RI ODUJH VFDOH JU}
PLVLQJIRUD ORZ &DUERQ )RRWSULQW DQG D ORZ/HYHOLVHG &RVW RI +\C
ERWK VRODUDQG ZLQG GLFWDWH WKH &DUERQ )RRWSULQW DQG /&2( Rl W
RQ VLWH 7KLV PDWWHUV DV WKH UHQHZDEOH HQHUJ\ VRXUFH LV WKH E
DQG &) RIK\GURJHQ :KHQRSWLPLVLQJIRUD/RZ/HYHOLVHG &RVW RI +\GU
"KHQ RSWLPLVLQJIRUD ORZ &DUERQ )RRWSULQW DEXQGDQW ZLQG HQHL
D ORZ/HYHOLVHG &RVW RI +\GURJHQ DQG DQ ORZ &DUERQ )RRWSULQW D
ZLQG HQHUJ\ LV UHTXLUHG 7KHLQWHQVLW\RIWKHDYDLODEOH VRODU D
FRQVLVWHQF\RI WKHVH SDWWHUQV PDNH D SURMHFW IHDVLEOH

$00 LQ DOO LW LV FOHDU WKDW WKH &DUERQ JRRWSULQW RI K\GURJHC
K\GURJHQ GHPDQG UDPSLQJ XS WR OWRQ SHU \HDUENIQ DV BRIGDGH V
YRRWSUL@YOOMRKg H, ZLOO QRW EH JRRG HQRXJK 7KH UHVXOWV RI WKLV U
&DUERQ)RRWSULQW RIK\GURJHQ FDQEHLQIOXHQFHG VLJQLILFDQWO\E\ :
VHOHFWLQJ WKH ULJKW 39 WHFKQRORJ\ *RYHUQPHQW DFWLRQ LV UHTXL
VXEVLGLHV FDQ EUHDN WKH FRVW FDUERQ WUDGH RII E\ SURYLGLQJ WK
GHVLJQ D ORZHU FDUERQ SURGXFWLRQ FKDLQ 7KH WRSLF RIWKH K\GURJ
DJHQGD RI DOO K\GURJHQ SURMHFW GHYHORSH UM W RHWHRDERK WKH JOREDC



6IGSQQIRHEXMSRWJSVIJIYXYVIVIWIEVGL

6IGSQQIRHEXMSRW JSVIJYXYVIVIWIEVGL

7KHUHDUH PDQ\WRSLFV WKDW VKRXOG EHUHVHDUFKHG WKDW FDQ FRQV
WLRQ RIWKH /&2+ DQG &) R K\GURJHQ ,Q WKLV VHFWLRQ D VHOHFWLRQ R
LVILYHQ

,QFOXGH 21l WDNHU7KQWVWREBMBDUFK IRFXVHV RQ WKH FUDGOH WR JDWH /§
WKHUH DUH PDQ\ FRVW DQG FDUERQ FRQWULEXWLQJ DFWLYLWLHYVY EHWZ
DFWXDO RIl WDNHU 7KHUHIRUH WKH RSWLPLVDWLRQ PRGHO RI WKLV UH
VFRSHWRFUDGOH WR JUDYH 7KLVLQFOXGHV WKHK\GURJHQ FDUULHU V't
XVH RI WKH K\GURJHQ 7KH/HYHOLVHG &RVW RI +\GURJHQ DQG WKH &DUET
FRPSOHWHO\GLIITHUHQW LI WKH K\GURJHQ LV XVHG DV PHWKDQRO LQ 6HR

,QFOXGH 3URFHVV VLPXODWLRPSURWRH WRGHMHYHO RI GHWDLO RI WKH S
PRGHOOLQJ ZLOO LPSURYH WKH YDOLGLW\ RI WKH PRGHO 7KH PRGHO LQ
EDODQFHEHWZHHQ JHQHUDWLRQ DQG FRQVXPSWLRQ ,QFOXGLQJSURFH\
DQG ERWWOHQHFNV RI WKH SURFHVVHV ZLOO GHOLYHU PRUH UHDOLVWLF
RI WKH HOHFWURO\VHU D ZHDWKHU GDWD VHW ZLWK D KLJKHU WHPSRUD
RSHUDWLRQDO G\QDPLFVDQGLWV HIIHFWRQWKHFDUERQIRRWSULQW DQ
D PLQXWHLQWHUYDO ZRXOG EH HQRXJK WR GLVWLQJXLVK WKH G\QDPLF

,PSURYH RSWLPLVDWDR®QKRRGH¥HDUFK D VLPSOH VLQJOH REMHFWLYH/LC
LV XVHG 8VLQJ D OL[HG ,QWHJHU 1RQ /LQHDU 3URJUDPPLQJ RSWLPLVDYV
FDSDELOLWLHVRIWKHPRGHO 8VLQJWKLVRSWLPLVDWLRQ PHWKRG ZLOC
VWHSVDQG HQDEOHV WKHLQFOXVLRQ RI SRZHU FRQWURO VWUDWHJILHV L

([SDQG VFHQDIRRWWKHU LPSURYH WKLY UHVHDUFK PRUH UHJLRQV DQG
FOXGHG LQ WKHPRGHO 6RODUDQG ZLQG DUH ZLGHO\DYDLODEOH EXW W
HQHUJ\ RUDQ\RWKHU UHQHZDEOH HQHUJ\ VRXUFH ZRXOG EH D JRRG DGG
VLRQRIPRUHHQHUJ\RSWLRQV ZLOO LPSURYH WKH TXDOLW\RIWKH GHVLJ
QHZUHJLRQV FDQEHLQFOXGHG ZLWKLQ PLQXWHV 7KHVHW XS RIWKHP
FRXOGEHDGGHG ZLWKLQ DIHZ KRXUV

SURMHFW HFRQ® PMKAAW UHVHDUFK WKH 1HW 3UHVHQW &RVW PHWKRG LV FK
DVSHFWV RI K\GURJHQ SURGXFWLRQ 7KH 13& UHSUHVHQWY ZKDW IXQGYV
EHIRUHWKHVWDUWRIWKHSURMHFW WRDFFRPPRGDWHDOO FRVWYV GXUI
UHDOLVWLFILQDQFLDO UHSUHVHQWDWLRQ $PRUHHODERUDWH PHWKRG
WKDW LQFOXGHV WKH HITHFWV RI HTXLW\DQG GHEW IXWXUH FDVKIORZYV |

ORUH /LIH &\FOH $VVHUYRPHQMWMWQHZDEOH K\GURJHQ /&$TV KDYH WR EH SHI
WR XQGHUVWDQG WKH FDUERQ IRRWSULQW RI K\GURJHQ EHWWHU 7KH IR
SROQHQWY FROQWULEXWH WKH PRVW DQG ZKDW DUHDV FDQ EH LPSURYHG
SHUIRUPHG IRUPXOWLSOH UHJLRQVDQG SURGXFWLRQ SDWKZD\VLQ RUG
K\GURJHQ SURGXFWLRQ SURFHVVHV PXVWEHLQYHVWLJDWHG DV ZHOO D
FRPLQJ\HDUV

KLOH WKH IRFXV RI WKLY UHVHDUFK ZDV RQ WKH FDUERQ IRRWSULQW R
WKLV LV RQO\RQH RI D ZLGH UDQJH RI HQYLURQPHQWDO LPSDFW FDWHJI
LVWKHGHSOHWLRQ RI FULWLFDO UDZ PDWHULDOV HVSHFLDOO\IRU 3(0
LPSDFW WKH VRFLDO DQG HFRQRPLF LPSDFWV VKRXOG DOVR EH LQYHVW
SLFWXUH

6WXG\HIIHFWV FDUERQ SULFLQJ RFKBHUHHFWIEH@EHWWDQG VRFLDO IDLUQH
ILQDQFLDO LQFHQWLYLVLQJ WRROV PXVW EH UHVHDUFKHG 7KH WRSLF R
LV EULHIO\ PHQWLRQHG 7KH UHVXOWY VKRZ WKDW DILQDQFLDO UHJXOL
FKRRVH ORZHU FDUERQ SURGXFWLRQ PHWKRGV :KDW WRROV FRXOG EH L



6IGSQQIRHEXMSRWJSVIJIYXYVIVIWIEVGL

SD\IRUHPERGLHG FDUERQ HPLVVLRQV" +RZGR\RX UROO RXW D JOREDO F
PRUHTXHVWLRQV VKRXOG EHDQVZHUHG

BRVVLEOH VIQHUHHLENVW DOO URXQG SHUIRUPLQJ FRQILIJIXUDWLRQV UHV
EHWZHHQ 7TKLVLVDODUJHTXDQWLWA\RIHQHUJ\WKDW SRWHQWLDOO\ I
ZKDW FDQ EH GRQH ZLWK WKLV HQHUJ\ LV QRW RQO\JRRG LQ WHUPV RI WK
SRWHQWLDO EXVLQHVYV FDVH DV LW FDQ EULQJ LQ DQRWKHU FDVK IORZ

LOQGXVWU\RU GHVDOLQDWLRQ SODQWV IRUGULQNLQJ ZDWHU RUDJULFXC

6XVWDLQDEOH (QHUJ\ 7THFKQRORSVLBHURRIPPHDOAMRPPHQGDWLRQVY UHODW
VHDUFK SHUIRUPHG IRU WKLV UHSRUW WKHUH DUH D IHZ UHFRPPHQGDWI
QDWXUH )XUWKHU GHYHORSPHQW RI WKH FKDUDFWHULVWLFV RI WKH UH
\WHU ZLOO UHVXOW LQ ORZHU FDUERQDQG FKHDSHU K\GURJHQ ,PSURYHP
IRUD IXWXUH ZLGHVSUHDG UROO RXW 5HGXFLQJ SRZHU FRQVXPSWLRQ F
DQG &DUERQ )RRWSULQW RIUHQHZDEOH HQHUJ\ VKRXOG EH WKH IRFXV



\Y

\Y

61JIVIRGIW

@ $MDQRYLF 0 6D\HU DQG5 +DDV 37KHHFRQRPLFVDQG WKHHQYLUR
FRORUV RI K\GUBWHIQQDWLRQDO -RXUQDO RI +X®URJIJHQSRHUJI &

661 2,
@D\ %DUHL% HW DO 3/LIH F\FOH DVVHVVPHQW Rl K\GURJHQ IURP SURW
HOHFWURO\VLV LQ IXWXUH 86 UG \QMODRY - ,Q SS + 661

|27
@ KULVWLDQ %DXHU HW DO 332Q WKH FOLPDWH LPSBRWW RILEDXGHK{Q UR
HUJ\ DQG ) XHDOW SS t ,661 V2%

@R\FH+ & %RVPDQV /RXLVH& 'DPPHLHU DQGODUNS$ - +XLMEUHJWYV 3
RI XWLOLW\ VFDOH SKRWRYROWDLF | DFYOURQPIKNOWW IKCH YEREDBP R MAW
6HSW ,661 "2

@O0l %RVVHO DQG %D @MU {GLBVRRKQ (FRQRP\

@&/,0$ & 8SFRPLQJ (8 +\GURJHQ %DQN 3LORW $XFWLRQ (XURSHDQ &RPP
DPS FRQGI$WMIRQV 857

YyLsva W HIGVR Q

@UXQD &KDQGUDVHNDU DQGORGIHOW D Q WKN \WIDHNEHOH RSHUDWLRQ RI |
K\GURJHQ SURGXFWLRQ LQ D ORZ B®»UERQ BQHUTIb VAMWHIP

@&, & ( HWEDWERQ ,QWHQVLW\RI +\GURJHQ 3URGXFWLRQ OHWKRGV 6XSSR
HJ\

@RVHPDU\&ROFLDJKLHW DO 3/HYHOL]HG FRVW RI ZDWHU DVVHVVPHQ\
EDVHG RQ IRUZDUG RVPRYQM BURAROMHUMLRQ DQG ORRBJIHPHQW
661 ‘2,

@UD]HU 1DVK &RQVXOWDQF\ 3IXJLWLYH K\GURJHQ HPLVVLRQV IXWXUH

@DEOR. &RUQHMRHW DO :&DUERQIRRWSULQW RIZDWHU UHXVH DQG C

JDV HPLVVLRQV DQG HVWLERREWQRBQ RIRP®NHU SHXVH DQG 'HVDOLQDWL

SS + 661 'R

@RXLVH &KULVWLQH 'DPPHLHU -R\FH+ & %RVPDQV DQGODUNS$ - +XLN\

KRXVH JDV IRRWSULQWYV RI WKH JOREDQZOQG QG RV /HHME (RRORJ\
SS + 661 2,

@@PEHWBWDUERQ SULFHEWSMIFNHUS8S/
YRLVEWHG RQ

@6 'HSDUWPHQW RVYXHPSWLRQV DQG BBRX QG U X® HV.

YKVLWHG RQ
@ $ )D]DODQG6DHHG5XEDLHH 33URJUHVV RI 39 FHOOWHFKQRORJ\ )
FRVW SHUIRUPDQFH BROGNWQEELGX®\ ,Q SS + ,661 :
2,
@OULN JURIGBRHWR EXLOG ZRUOGYTV ODUJHVW HOHFWURO\]HU PDQXID
SRZHU WR ; FPISBFLW\857

@ HOHQD *DVSDUV :LHORFK *3URMHFW 1HW 3UHVHQW 9RERMWHDWLPDV
(XURSHDQ -RXUQDO RI2SHUDWDRIQV 5H\BIBDUFK ,661 "2,



61JIVIRGIW

\Y

@LLNODV *HUORII 3&RPSDUDWLYH /LIH &\FOH $VVHVVPHQW DQDO\VLYV
WHFKQRORJLHV ZKLOH DSSO\LQJ YDULRXV HQHUJ\ VFHQDULRV IRU D
-RXUQDORI (QHUJ\6WRUDJH,661 ;R

@DPDQH *KDQGHKDULXQ DQG $PLW .XPDU 3/LIH F\FOH DVVHVVPHQW R
GXFWLRQ LQ tHVWHU®WHYR®WLR@DO -RXUQDO RI +DEQHRIHQ (QHUJ\
SS + 661 'R

@+*UJHQ )ULHGULFK +DNH HW DO 37RZDUGV D /LIH &\FOH 6XVWDLQDELO
(OHFWURONHVI\,RQURFHGLD SS + ,661 'R,

@LUL +HGUBHQV +\GURJHQ GHYHORSHUV KROG RIl FEAYWUXFWLRQ |
85/

YLVLWHG RQ

@REHUW : +RZDUWK DQG ODUN = -DFREVRQ 3+RZ (QHUD B¥LEOXHIK\G L
(QILQHHULQJ SsS + '27 HISU K Q W
815

@\GURP 85I/
YEVLWHG RQ

@ ($ (OHFWURO\VHU\85/7UIDEN, L QJ
YL VLMBH/G R Q

@($ 6RODU WUBFHNLQJ
YLVLWHG RQ

@($ 7KH )XWXUH RI +8GURJIHWQ

@($8WLOLW\ VFDOH39LQYHVWPHQW FRVWVWUXFWXUHEWBBRPSRQHQW

Y VKW H GRQ

@ ($:LQG85/ YL\BLWH G

RQ

@ KH ,QWHUQDWLRQDO 5HQHZDEOHX@NUM BIMRED B SISRWRYROWDLF
LQYHVWPHQW WHFKQRORJ\ JULGLQWHJUBWLRB®OG VRFLR HFRQRPI

@ KH ,QWHUQDWLRQDO 5HQHZDEOH XQWKUH RIEDEG,5GIHSOR\PHQW LQY
WHFKQRORJ\ JULGLQWHJUDWLRQDQG \SRFLR6BWHRRQRPLF DVSHFWV

@ KH,QWHUQDWLRQDO 5HQHZDEOMUBHQ N SIURIFQRREW 5HGXFWLRQ
XS K\GURJHQ WR PH&I ®/OLRBWH *RD 6% 1 85/

@ KH,QWHUQDWLRQDO5HQHZDEOKHQHDDESIHORY FBYUHQHUDWLRQ FRV

6% 1 851/
@ KH ,QWHUQDWLRQDO 5HQHZDEOH RQOBGI(GHHQFIUDQSLWLRQV 2XWOF
f& 3DWKZD\ 3UHYL6PE1L 85/

@HOLQGD 0-GH -RQIHH HW®HFDUERQ HIILFLHQF\RI 'LUHFW $LU &DSWXU
K\GUR[LGH VEBBEHQWYV

@RDTXLP -XH] /DUUp HW DO *$ GHWDLOHG FRPSDUDWLYH SHUIRUPDQT
RI QDWXUDO JDV DQG K\GURJHQ L@OWKHQBWKRQDO OREXU Q,I)0 R| +\G UR
661 ‘2

@ $ .KDQ HW DO 37KH 7HFKQR (FRQRPLFV RI +\GHIRUHDQ,2RBEEHVVLRQ"
(5$725 7(&+1,&$/ %5,()6 SS + ,661 8 51/



61JIVIRGIW

\Y

@QGUHM /RWULPp HW DO 3/LIH F\FOHDVVHVVPHQW RI K\GURJHQ WHFKQ
UDZPDWHULDOVDQG HQG R QW HIHQYDWWILIRQHDIL HR/X U@DO RIGD&FURJIHQ (Q
SS + 661 'R,

@ROO\ 0 DUMOKHOK\GURJHQ FKHDSHU WKDQ *UHHQ + LQ DOO PDUNHWYV |
JDV SULFHYV -%Q{) 85/

YLV EWH GIR Q

@ 6FRWW ODWWKHZV &KULV 7 +HQGULFNVR/QIHD QG ®H'ISYQIDDVPIHED W k
AXDQWLWDWLYH $SSURDFKHV IRU '"HFLVLRQV 7KD8/O0DWWHU OFDWH]'

@ 0 OXOGHU 3 PSOLFDWLRQV RI GLXUQDO DQG VHDVRQDO YDULDWLRC
IRUODUJH VFDOH HQHYU BH/QHZWDEIDH 6 XQVWDLQDEOK (QHUJ\2,
85/

@5LFKDUG 0O ®BXUIDWHO®RODU 5DGLDWLRQ 'DWD 6HW +HOLRVDW 6%$5
‘2, 85/

@LLFN 1L DQG :XGURJIHQ VWRUDJH VROXWLRQ IRU DQ LQWSBIWPLWWHQW
85/

@ORULDQ 1LJEXU ODUWLQ 5RELQLXNY BDQIGVBIBWARMWW RUHKQEBURJIHQ O0DN
DSSOLFDWLRQ RI WKH /&2+ FRQFHSW PR UHS$FR B/ QWH DI DIQGCEHR U K X\
85/

@ OKDP2XU\DHWDO 3$VVHVVPHQWRIJUHHQ K\GURJHQ SURGXFWLRQ LC
VRXUFHV 39DQG ZQWBUQPWLRQDO -RXUQDO RI +\6®RJIHQ (QHUJ\
'
@WHIDQ 3IHQQLQJHUDQG ,DLQ 6WDIIHOO 3/RQJ WHUP SDWWHUQV RI (X
YDOLGDWHG KRXUO\UHDQDO\(QHDQ\G YBWHOOLS/EH GDWD~ ,661
D
@DUUH 3URFWRU 3*('HYHORSLQJ 0:2/IVERDHUIP@GDFUELQH  ,Q
85/ YLADLW HG
RQ
@ \GURKXE ,QQRYDWARQ ZDWWDPHHQ K\GURSBQ’SIOD QW

@:& $QDO\WLQJ WKH IXWXUH FRVWSREBI *URHQ #\G YR IHQ

YLVLWHG RQ
@:& *UHHQ K\GURJHQ HFRQRP\ SUHGLFWHG GHYHWOGRSGPHQW RI WRPR!

YOVEWHG RQ

@PMDG $0O 4DKWDQL HW DO 38QFRYHULQJWKH WUXH FRVW RI K\GURJH
PRQHWLVDWIRQLH® (QHUDYQ 661 ‘2

@LFKHOH 0 5LHQHFNHU HW DO 30(55$% 1$6$fV PRGHUQ HUD UHWURVS
DQG DSSOLFDWLDRIM O,R| &OLPRKOH SsS + 661

|2,

@HIIHUVRQ $ 5LHUD 5LFDUGR O /LPD DQG 2PDUO .QLR 3$ UHYLHZ RI
VXSSO\ FKDLQ PRGHOLQJ DQ® RS$WDMWDRRQRQ -RRUQDO Rl +\GURJHQ
661 2,

@ RKQ HUNKRYHP 5RBEKDEZQOO&RVW LPSOLFDWLRQV RILPSRUWLQJ U}
K\GURJHQ DQG K\GURJHQ FDUULHUV LQWR WKH 1HWKHbODQGV IURP D



61JIVIRGIW

> @DUWLQ 5RWKEBDBWRHWDMR GHDO ZLWK LQWHUPLWWHQF\ RI UHQHZD|
SS + "2

> @KD\DQ 6DGHJKL 6DPDQH *KDQGHKDULXQ DQG ODUF$ 5RVHQ 3&RPSI
F\FOHDVVHVVPHQW RI VRODU EDVHG K\GURJHQ SURGXHWILRQ IRURLO
2FW ,661 R,

> @ 6GDQJKLHWDO 3*5HYLHZRIWKHFXUUHQW WHFKQRORJLHVDQG SHUI
IRUVWDWLRQDU\DQG DXWRPRIWINZDE®DFHOLGFO WX RWDBLQQEOH (QHUJ\ 51
0DU Ss + 661 Y2,

> @HGGLT 6HEEDKLHW DO 3$VVHVVPHQW RI WKH WKUHH PRVW GHYHORS
$ONDOLQH :DWHU (OHFWURO\VLV 3URWRQ ([FKDQJH OHPBDDQH DQG €
WHULDOV 7RGD\ 3URFOHGLQHBS + 661 "2

> @DLQ6WDIIHOODQG6WHIDQ3IHQQLQJHU 38VLQJELDV FRUUHFWHG UH
ZLQG SRZHU RXWQISHU W 1,RY SS + 661 >

> @RKDPPDG 5H]D 7DKDQ 35HFHQW DGYDQFHV LQ K\GURJHQ FRPSUHVVR
QHZDEOH HQHUJ\ LOWHNHDQWDRWQRQRO -RXUQDO RI +2BWRJHQ (QHUJ\
Ss + 661 'R

> @ KH3LSLQJ 7DON )HE 851
YUV OWHG RQ

> @DbUW: 7XLQHPD HW DO 3:0RGHOOLQJRIODUJH VLIHG HOHFWURO\VH!
RI WKH SRVVLELOLW\ RIITUHTXHQF\ VX$BRHJQ\A—|EI\DI—V\D.I—RK}NUIRIQ\X/I-PULVVLIQ
'LVWULEXWIOR® SS * ,661

> @QWRQLR 9DOHQWH 'LHJR ,ULEDUUHQ DQG -DYLHU 'XIRXU 3+DUPRQL
SDFW Rl UHQHZDEOH REURDPX| &QHDQHU BBRG X FW LSRR
661 "2,

> @KULVWRSKHU 9DUHOD ODKPRXG ORVWDID DQG (GZLQ =RQGHUYDQ =C
\WLV IRU SRZHU WR [ DSSOLFDWLRQV S$OWHKUGXWLRODOSBROBDRO R +
(QHUJ\ )HE SsS + 661 v,

I+

> @HFWHXU GH 7TUDQVLWLRQ eQHUJpWLTXH HW GH &URLVVDQFH 'XUDEO
URFF&5/

> @QUDQFLVFR9LIJDORQGRHWDO 33RVLWLRQ SDSHUHVGURIHQIODODOH\V

> @LOO:HLGQHU 9LFWRU 7XOXV DQG *RQ]JDOR *XLOOpQ *RVIiOEH] 3(QYl
PHQW RI ODUJH VFDOH K\GURJHQ SURGXFWLRQ XVLQQVBHNRYBWEWRQDID
-RXUQDO RI+\GURJHQ@QHUJ\ SS + 661 "2

> @QGU]JHM :LWNRZVNL HW DO 3&RPSUHKHQVLYH DQDO\VLV RI KA\GURJHC
SRUWDWLRQIURPWKHUPRG\QDPLEQBQB VBHIHW\ DVSHFWW ,Q
,661 ‘2,



'SQTPIQIRXEV] OMXIVI

% ,JHVSKIR

+\GURJHQ D FRORUOHVV RGRUOHVV DQG KLJKO\IODPPDEOH JDV KDV JU
WKHWUDQVLWLRQ WRZDUGV D PRUH VXVWDLQDEOH HQHUJ\IXWXUH 7KH >
JDLQHG DWWHQWLRQ LQ UHFHQW \HDUV GXH WR LWV DELOLW\ WR SURGXF
UHGXFH JUHHQKRXVH JDV HPLVVLRQV DQ® L WX UILKH K \W Q HW K\HAHHQLWL BVQ B Q ¢
K\GURJHQ GHPDQG Rl OWRQ PD@QaHRWALDODO/WKLY K\GURJHQ LV TJUH\
LWLV SURGXFHG XVLQJIRVVLO IXHOV PRVWO\SURGXFHG WKURXJK D SUR
DQG WKH VXEVHTXHQW :DWHU *DV GEKLIW L 76 TUKHHDFURIERIH P LV
WKDW WKLV SURFH VRg OGL8 kyDHy V@

CHs+ H,O CO+3H; $

CO+ H,0 CO,+ H, $

7KHK\GURJHQ WKDW JHWV DWWHQWLRQLQWKHODVW\HDUV LVFDOOHC
ZKLFKLVY SURGXFHG WKURXJK ZDWHU HOHFWURO\VLV XVLQJUHQHZDEOH |
VHHQ L® WKLV SUBRGHRW/ RMVMRKHU JUHHQ KRXVH JDVVHVY DUH HPLWW

1
H,O! H,+ 502 $

*UHHQ +\GURJHQ KDV D ELJ UROH WR SOD\LQ WKHHQHUJ\ VA\VWHP RI WK
GHPDQGFDQEHIXOILOOHG E\HOHFWULFLW\ +\GURJHQ ZLOO SOD\D UROH
LQGXVWULDO SURFHVVHV VXFK DV V@& H AKRHUAHGCDRHPWHRORAH FFIXDICCDIHQ JHYV UHJ
ODUJH VFDOHDGRSWLRQRIJUHHQ K\GURJHQ QDPHO\SURGXFWLRQFRVW
ZLOO IRFXVRQ WKHHPLVVLRQVDQG RQ WKH FRVWYV

% 6IGMTVSGEXMRK ZW GIRXVMJYKEP GSQTVIWWSYV

$VPHQWLRQHG EHIRUH WKHUHDUHWZR FRPSUHVVRU W\SHV DEOH WR KD
WKH UHFLSURFDWLQJ FRPSUHVVRU ZLOO EH GLVFXVVHG DQG WKHQ WKH |
FKDUDFWHULVWLFV DUH FRPSDUHG

7TKHUHFLSURFDWLQJFRPSUHVVRU RUSLVWRQ W\SHFRPSUHVVRU LV W
7KHYROXPHLVY GLVSODFHG LQ SKDVHVY E\WKHOLQHDUPRYHPHQWRIDSLYV
EHFODVVLILHG E\GLIIHUHQW FDWHJRULHVY GHSHQGDQWRQ WKH GHVLJQ
IRXQG LQ WKH SDSH@ RKHDKDNXH PRVW UHOHYDQW FRPSUHVVRU W\SH LV C

OXOWLVWDJH GRXEOH DFWLQJ PXOWLSOH[ KRULJRQWDO W\SH UHFLSUF
PRQO\ XVHG UHFLSURFDWLQJ FRPSUHVVRUV IRU ODUJH VF@ROH BB SOLFD\
FRPSUHVVLRQ KDSSHQVLQ PXOWLSOHVWDJHV DV WKHFRPSUHVVLRQ UDW
WRDQLQFUHDVHLQ WHPSHUDWXUH 7KHFRPSUHVVRUEHLQJPXOWLSOH|]



% '"EVFSR*SSXTVMRXL]JHVSKIRTVSHYGXMSR

RULHQWDWLRQ LV KRUL]JRQWDO IRU LQGXVWULDO SXUSRVHVY DV WKH YHU
N :

YLIXUH $9DUJH VL]H KRULJRQWDO W\SH UHFLSURFDWLQJ
FRPSUHVV@&RU >
JLIXUH & HQWULIXJDO FRERSUHVVRU >

7KH VHFRQG PRVW XVHG FRPSUHVVRU LV WKH FHQWULIXJDO FRPSUHVVI
RIHQHUJ\RI PRYLQJLPSHOOHUV WR WKHJDV LQ WKH IRUP RI YHORFLW\ D
KLQGHUHG E\WKHPROHFXODU ZHLIJKW RI K\GURJHQ ZKLFKLVQRLVVXHIR
FRPSUHVVRU )RUK\GURJHQFRPSUHVVLRQ EDUUHO W\SHGRXEOHIORZFR
SUHYHQWYV OHDNDJH ZKHQ KDQGOLQJORZPROHFXODUZHLJKW ZKLOH WK
IORZ UDWHYV

7ZR LPSRUWDQW FKDUDFWHULVWLFVY DUH WKH FDSDFLW\ DQG WKH FRF
KDQGOH 5HFLSURFDWLQJ FRPSUHVVRUV WASSINFB/OOYKBQHKBPIGWH LUIXR D
FRPSUHVVRUV FDQ KD GE@NHMPONR ZERSVWRXIK WKH IORZ UDWH LV KLJKHU F|
SUHVVRU QHHG PRUH VWDJHV WR JHW WR KLJK SUHVVXUHV DV WKH FRPSU
RIFHQWULIXJDO FRPSUHVVRUV RYHU UHFLSURFDWLQJ FRPSUHVVRUV LV \
RLO LV QRW SRVVLEOH ZLWK K\GURJHQ FRPSUHVVLRQ EHFDXVH WKH RLO
WKH VWUHDP 2LO IUHH UHFLSURFDWLQJ FRPSUHVVRUV H[LVW KRZHYHU
PHQW 7KLV LV EHFDXVH WKH ODFN RI RLO FDXVHV D QRQ XQLIRUPLW\ LQ
WHDU &HQWULIXJDO FRPSUHVVRUV DUH WA\SLFDOO\ RLORQHAB X & NWWEDIW
WKH FKRLFH IRU FRPSUHVVRU W\SH LQ LQGXVWU\LY PDLQO\ EDVHG RQ W
IORZV RI NJ VUHFLSURFDWLQJ FRPSUHVVRUV DUH XVHG )RUIORZYV
WULIXJDO DQG UHFLSURFDWLQJ FRPSUHVVRUV DUH XVHG DQG IRU KLJK
FHQWULIXJDO FRPSUHVVRUV DUH XVHG &HQWULIXJDO FRPSUHVVRU KDYl
UHFLSURFDWLQJFRPSUHVVRUV DV H[S @D lYHG BQ:WW NIKZDOLFRW DOH ¥V R
OHVV IRXOLQJ UHTXLUHV OHVV PDLQWHQDQFH KDV OHVV OHDNDJH DQG
VLQJOH FRPSUHVVRU FDQ KDQGOH KLJKHU IORZ UDWHYV UHGXFLQJ WKH R
GRZQVLGH LV WKDW LWLV QRW FOHDU LI WKH WHFKQRORJ\LV UHDG\IRU G

c ™

&HQWULIXIJDO FRPSUHVVRUVY DUHDEOH WR KDQGOH KLIKHU IORZYV
2SHUDWLRQ FRVWV DUH ORZHU IRU &8HQWULIXJDO &RPSUH[VVRUV
SHFLSURFDWLQJ FRPSUHVVRUV DUH EHWWHU XQGHUVWRHKRG DQG DOL

7KLV UHSRUW ORRNV DW K\GURJHQ SURGXFWLRQ E\ DOG WKHUHI
VHOHFWHG

% 'EVFSR*SSXTVMRXL]JHVSKIRTVSHYGXMSR
7KHFDUERQIRRWSULQW RIK\GURJHQ GHSHQGV RQ WKH SURGXFWLRQ SDW
LV WKDW LW KDV D ORZHU FDUERQ IRRWSULQW WKDQ fJUH\T1 DQG TEOXHT
WKHVH SURGXFWLRQ SDWKZD\VDUHVXEMHFWRIGHEDWHKRZHYHU ,Q WK
IRRWSULQW RI'WKH GLITHUHQW K\GURJHQ FRORUV ZLOO EH SUHVHQWHG ZL
ZRUN ZLWK GLIIHUHQW YDOXHV IRU FDUERQ IRRWSULQWYV

,Q WKH FDUERQ IRRWSULQW IRU GLIIHUHQW SURGXFWLRQ SDWK?Z
LV WKH SURGXFWLRQ RI K\GURJHQ WKURXJK JULG HOHFWULFLW\ LQ WKL\



% '"EVFSR*SSXTVMRXL]JHVSKIRTVSHYGXMSR

JLIXUH $\GURJHQ &DUERQ )RRWSULQW IRU GLIIGBUHQW SURGXFWLRQ SDWKZI

HOHFWULFLWC®e SHUNNLE:K LV XVHG 7KHHPLVVLRQV RIEOXHK\GURJHQ SUF
E\ ZLWK UHVSHFW WR JUH\ K\GURJHQ ,I| WKH K\GURJHQ LV XVHG IRU V
WKLV UHVXOWYV LQ KLIKHU HPLVVLRQV WKDQ ZKHQ WKH JDV RU FRDO Z
FROQWULEXWRU WR WKH HPLVVLRQV RI' JUH\DQG EOXH K\GURJHQ DUH WKH
VWXG\ DUHODWLYHO\KLJK FDUERQ IRRWSULQW IRUJUH\DQG EOXH K\GU
WR WKH JUHHQ K\GURJHQ ZKLFK KDV D ORZ FDUERQ IRRWSULQW FRPSDU
DUHODWLYHO\ KLIK PHWKDQH OHDNDJH SHUFHQWDJH RI LV DVVXPHG
YDULHV SHU SURGXFLQJ SDUW\DQG SURGXFWLRQ ORFDWLR®@ ™KHHK LV IXL
UHVXOWYV RI WKLV VWXGN DUHHSUHVHQWHG LQ

JLIXUH §PLVVLRQV DVVRFLDWHG ZLWK JUH\DQG EOXH K\GIHR JHRL M R URGL UBIW H § \U G & 86 LFPHS
KRUL]R@V >

,Q DUHDOLVWLF UDQJH ICOSEBIYWRWH GD WHHR | &&6 LV DOVR YDULL
ORZDQG KLIJIK FDSWXUH UDWH VFHQDULRY ZKHUH WKH ORZ VFHQDULR Ul
SODQWV DQG WKH KLIK FDSWXUH UDWH UHSUHVHQWY SRVVLEOH IXWXUH
WKHFKRVHQ WLPH KRUL]RQ DV WKH *:3 RIPHWKDQH LV KHDYLO\GHSHQGL
DWPRVSKHULF OLIHWLPH RI URXJKO\ \HDUV 7KH FDUERQ IRRWSULQW F
RSWLPLVWLF VFHQDULR QHDULQJ WKH FDUERQ IRRWSULQW RIJUHHQ K\G

7KH VHOHFWHG SURMHFW VWDUW \HDU LV DOVR LQIOXHQFHYVY WKH RYH!



% 'EVFSR*SSXTVMRX L]JHVSKIRTVSHYGXMSR

JLIXUH & DUERQ IRRWSULQW GLIIHUHQW SURGXFWLRQ SDWKZD\VDWDFRPELQHG FDSWXUH

> @

GHFDUERQLVH WKURXJK HOHFWULILFDWLRQ DQG LPSOHPHQWDWLRQ RI L

HPLVVLRQV UHVXOWLQJIURP WKH SURGXFWLRQ RI EXLOGLQJP
EH VHHQ. UQUH $7KE@GH, OHDNDJH UDWH LV QRW VSHFLILHG IRU W
JLIXUHZRXOG SODFH LW DURXQG WKH

$V LWLV XVHIXO WR FRPSDUH WKH UHVXOWLQJ FDUERQ IRRW
IRUWKLY UHVHDUFK D FDUERB QO RIH UNVQW IRG LQOLQH ZLWK $

DWHULDO\
KLV UHVHD

SULQW RI ¢
@ 4DKWDQ

DQGDSSUR[LPDWHO\WKH *:3 YDOXHVRIWKHIXUDHRNBEDKWAHGDRIR®

D & &6 FDSWXUH UDWH LV DVVXPHG UHVXOWgQgQO.ERIHFDUERQ

IRRWSULC

.H\WDNHDZD\V &DUERQ )RRWSULQW +\GURJHQ SURGXFWLRQ

| 7TKHVFRSHDQG DVVXPSWLRQV RIDQ /&% KHDYLO\LQIOXHQ

Il )XJLWLYH PHWKDQH HPLVVLRQV DUH YHU\ SROXWLQJ DQG
WKH WRWDO FDUERQ IRRWSULQW

| %OXHK\GURJHQ LV RQO\LQ WKHPRVW RSWLPLVWLF VFHQI
JUHHQ K\GURJHQ

| %OXHK\GURJHQ LV PRUH SROOXWLQJ ZKHQ XWLOLVHG IRU

| JRU WKLV UHSRUW *UH\ +\GURJHQ KDV RgRID:EE @, RIRQ\CS %
K\GURJHQ KDV D FDUER (kg R&¥IQWHL QW R

FH WKH UH
VKRXOG Q

DULRV LQ W

KHDW GHO
OXW R
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& 4VSHYGXMSR GLEMR QSHIPMRK

&RQVWUXFWLQJ WKH HQWLUH SURGXFWLRQ FKDLQ IRU K\GURJHQ UHTXLL
DVXEVWDQWLDO DPRXQW RI FDUERQ HPLVVLRQV $V D UHVXOW LWLV F
WKH PRVW HIILFLHQW GHVLJQ DQG VHWXS WKDW PLQLPLVHVY ERWK FRVW!'
QXPHURXV WUDGH RIIVDQG YDULRXV IDFWRUV LQIOXHQFLQJ WKH .3,V V
ZKHUH RSWLPLVDWLRQ PRGHOV FDQ EHRIJUHDW XVH

2SWLPLVDWLRQ PRGHOV DUH PDWKHPDWLFDO WRROV WKDW FDQ ILQG W
7KH SUREOHP LY SUHVHQWHG E\DVHW RIHTXDWLRQVDQG FRQVWUDLQWYV
RSWLPLVDWLRQ PRGHOV FDQ EHXVHGWRLGHQWLI\WKHRSWLPDO FRQILJ
WLRQ SDWKZD\ WKDW PLQLPLVHVY ERWK WKHFRVWDQG WKHFDUERQ IRRW
SRVVLEOHWRHYDOXDWHWKHLPSDFWRIGLITHUHQW GHVLJQ FKRLFHV VX
VLILQIJRIHQHUJ\UHVRXUFHYVY RQ WKHFRVWDQG FDUERQ IRRWSULQW RI1V

,QWKLVVHFWLRQ WKHRSWLPLVDWLRQDQGPRGHOLQJRIWKHJUHHQ K\
JLUV W HLEQ GLUWHUHQW ZD\V RI UHSUHVHQWLQJ D SK\VLFDO SURGXFWLR
DUH SUHVHQWHG 7KLV VXEVHHWLRQIKHIRDGRIZHGHQIW RSWLPLVDWLRQ |
GLVFXVVHG (DFKPHWKRG KDV SURTVDQG FRQYVDQG WKHVH ZLOO EH UH"

ALIWMGW QSHIPPMRK
7TKHUHDUHVHYHUDO GLIITIHUHQW DSSURDFKHV ZKHQ PRGHOLQJD K\GURJH(
EHVWDSSURDFKODUJHO\GHSHQGVRQWKHJRDO RIWKHPRGHO :KHQ UHV
DGHWDLOHG HOHFWUR FKHPLFDO HTXDWLRQ PLIKW EH WKH EHVW RSWLF
VLPSOH HTXDWLRQ FRQYHUWLQJ SRZHU WR NLORJUDPV RI K\GURJHQ PLJk
DSSURDFKHG ZLOO EH KLJIKOLJKWHG LQ RUGHU WR FKRRVH WKH EHVW PHYV
7KHSDSHURI&KDQGUDVHN RWHB@EH HWWHY DKW PRGHO GHVLIJQ FKRLFHYV
EXLOGLQIJ DQ HOHFWURO\WHU PRGHO 7KH ILUVW FKRLFH LV ZKDW SURF#}
SK\WWLVFV PRGHOLQJ GRPDLQV DUH SRZHU HOHFWULFDO WKHUPDO HOHI
:KDW GRPDLQV WR LQFOXGHLQ WKH PRGHO GHSHQGYVY RQ WKH OHYHO RI G
RI WKH PRGHO DQG WKH FRPSXWDWLRQDO FDSDFLW\ WKDW LV DYDLODEC
VPRRWKO\ VRPH VLPSOLILFDWLRQVFDQ EHPDGH WKDW HQDEOH H[FOXGL
WKLY UHVHDUFK WKH SURFHVV FDQ EH VLPSOLILHG WR D SRZHU EDODQFH
SRZHU UHTXLUHPHQWY RI WKH HOHFWURO\VHU
7TKHW\SHRIPRGHOLVWKHOQH[WFKRLFHLQ PRGHO G&\WIGHQEKLD DWW K H |
GLITHUHQW PRGHO W\SHYV

(PSLULFDO RU VHPL HPSLAKURADW\BRIGRH®P\RGHO XVHVY SDUDPHWULF HTX
ILWWHG RQ H[SHULPHQWDO GDWD 7KHVH PRGHOV DUH UHODWLYHO\
VHQW PDWKHPDWLFDO RU SK\VLFDO UHDOLW\ 7KH HTXDWLRQV DUH K
SHUIRUPHG H[SHULPHQW 6HPL HPSHULFDO PRGHOV LQFOXGH VRPH Sl
PDQFH (PSLULFDODQG VHPL HPSLULFDO PRGHOV GR QRW DOORZ VFD



& 4AVSHYGXMSR GLEMR QSHIPMRK

$QDO\WLFDO PR-GWHORNRGHOV DUH EXLOW XVLQJ SK\VLFDO ODZ HTXDWL
VLPSOLILHG WKHRUHWKLFDO UHSUHVHQWDWLRQ RIUHDOLW\

OHFKDQLVWLF PREBHHORRGHOV XVH SK\VLFDO ODZ HTXDWLRQV DQG HO
PRGHOV DUH FRPSXWDWLRQDO KHDYLHU EXWJLYH D PRUH GHWDLOHG

$V WKH DLP RI WKLY UHSRUW LV LQYHVWLIJDWLQJ ODUJH VFDOH K\GURJ|
FKRLFH IRUDQ DQDO\WLFDO PRGHO LV EHVW DV LW RIITHUV VFDODELOLMW
KHDY\IRUUXQQLQJD ORWRIGLIITHUHQW H[SHULPHQWYV

STXMQMWEXMSR QIXLSHW

2SWLPLVDWLRQ FDQ PHDQ D ZLGH UDQJH RI WKLQJV ,W FDQ EH WKH PD[LF
WKH SURILWDELOLW\ RU WKH PLQLPLVDWLRQ RI VRPHWKLQJ QHJDWLYH
LW PHDQV ILQGLQJ WKH RSWLPDO WUDGH RIIl EHWZHHQ PXOWLSOH RI WKF
VXEMHFWLYH 6XEMHFWLYLW\FDQ FRPH WR SOD\LQ WKH IRUP RI ZHLJKW
FRPHWR SOD\LQ WKHGHILQLWLRQ RIRQH RIWKHVH REMHFWLYHV )RULP
VWDWH WKHDVVXPSWLRQV DQG FKRLFHV PDGH GXULQJWKH SURFHVV DV W
UHPDLQLQJVXEMHFWLYLW\LGHQWLILDEOHE\WKLUG SDUWLHV 7KHUHLYV
7JRFOHDUO\H[SODLQ WKLV LWLVEHVWWRVWDUW ZLWKWKHGHILQLQJRS
FRQWDLQV WKUHH PDLQ FRPSRQHQWYV

2EMHFWLYH IXREWILR @ KH JRDO Rl WKH RSWLPLVDWLRQ IRUPXODWHG
OLQHDU RUQRQ OLQHDU IXQFWLRQ

'"HFLVLRQ YDUMOHAOHNMUH WKH GHJUHHYVY RITUHHGRP RI WKH PRGHO DQ!
WKHGHFLVLRQV WKDW WKH PRGHO PDNHYV

&ERQVWUDKBGIWN FROQWDLQ WKHFRQGLWLRQV WKH VROXWLRQ KDV WR V!

7KH PRVW VLPSOH RSWLPLVDWLRQ PHWKRG LV /LQHDU 3URJUDPPLQJ /
IXQFWLRQDQG WKHFRQVWUDLQWYV DUHDOOOLQHDUDQG WKHYDULDEOH\
RUWKHFRQVWUDLQWY DUH QRQ OLQHDU WKHRSWLPLVDWLRQ LV FDOOH!
DOWHUDWLRQ LQFOXGHV LQWHJIJHU GHFLVLRQ YDULDEOHYV 7KLV UHVXOW!
0,/3 0,1/3 $ UHDVRQ WR LQFOXGH LQWHJHU GHFLVLRQ YDULDEOHV LV
VIVWHP WKDW FDQ EHWXQHG RQ RURII RUZKHQ WKH VROXWLRQ VKRXOG
RUH[FOXGHG LQ D SURGXFWLRQ FKDLQ

7TKH PRVW FRPPRQ PHWKRG IRU RSWLPLVLQJ D K\GURJHQ SURGXFWLRQ
LQ WKH K\GURJHQ RSWLPLVDWLRQ UHYLHZ UHB®RUKLRILYLEX D WRPWK P QG|
FRPSXWDWLRQDO FDSDFLW\ UHTXLUHPHQWY RI OLQHDU SURJUDPPLQJ D
FKRLFHV UHTXLUHV WKH XVHRILQWHJHU GHFLVLRQ YDULDEOHYV 7KHUHD
0,1/3 DV ZHOO $OWKRXJIJK WKLV LV FRPSXWDWLRQDO PRUH KHDY\ /LQHD
RSWLPLVDWLRQ PHWKRG RI FKRLFH 7KHWUDGH RII'lRUFKRRVLQJ WKH RS
HYWLPDWLRQ RI UHDOLW\ WKDW UHTXLUHY OLWWOH FRPSXWLQJ SRZHU |
FRPSXWDWLRQDO KHDY\ 7KLVUHVHDUFKIRFXVHVRQ WKHURXJKHVWLPD!
K\GURJHQ SURGXFWLRQ FKDLQ DQGWKHUHIRUHQHHGY QRW WR EH D GHW
WKHVHOHFWHG PHWKRG UHTXLUHV PDQ\RSWLPLVDWLRQV LQ VHTXHQFH
OLJKWPRGHOOLQJPHWKRG EHVW VXLWHG 7KDW LV ZK\/LQHDU 3URJUDPI

( N\

3K\WLFVPRGHOOLQJFDQEHGRQHWKURXJKYDULRXVPHWKRGYV UDQJ
WR YHU\OLJKW ,Q FRPELQDWLRQ ZLWK DQ RSWLPLVDWLR{ WKH FKRL
RSWLRQ DQHQHUJ\EDODQFH
6LQJOH 2EMHFWLYH /LQHDU 3URJUDPPLQJLV VHOHFWHG DV RSWLPL\
SXWDWLRQDO FRVWYV




& 4VSNIGX IGSRSQMGW INEQTPI

& 4VSNIGXIGSRSQMGW IN\EQTPI

,QRUGHU WR XQGHUVWDQG WKH 1IHW 3UHVHQW &RVW FDOFXODWLRQ PHWI
O R R N DB HHUH WKH 13& FDOFXODWLRQ IRUDQ RQVKRUH ZLQG IDUP LV G
DW WKH HQG RI D FRPSRQHQWYV OLIHWLPH RI'LWY RULJLQDO YDOXH LV
7KLV LV WKH VDOYDJH YDOXHDDD FD$MWEWKHHQG®RI WKH SURMHFW LI DQ D
UHDFKHG WKHHQG RI LWV HFRQRPLFOLIHWLPH LWLV DVVXPHG WKDW LW
OLIHWLPH WLPHV WKH &$3(; 7KLVDVVXPSWLRQLVY PDGH GXH WR WKH IDF
DQG WKHUHIRUH LW LY UHDVRQDEOH WKDW WKH\ZLOO EHUHXVHG LQ DQR

7DEOH %3& H[DPSOH RQVKRUH ZLQG IDUP

\HDU 23K$/MW] &$3(k$/MW] 7RVEKEEBIW]

7TRWDO

& 3TXMQMWEXMSR QSHIP

*RRG UHVHDUFK LV UHSOLFDEOH 7KDW LV ZK\ WKH PRGHO FUHDWHG IR
IROORZLQJ ZHENLLWH
2Q WKLV ZHEVLWH WKH PRGHO DQG WKH DFFRPSDQ\LQJILOHV FDQ EH GF
5($'0(ILOH DV LW KLJKOLJKWY KRZWR UXQ WKHPRGHO DQG WKH DGGLWL
VHFWLRQ H[SODLQLQJKRZWRLQFOXGH QHZUHJLRQV QHZ WHFKQRORJLF
,Q WKH WH[WER[ EHORZ WKH UHTXLUHG VRIWZDUH LV OLVWHG

4 )

S\WKRQ 7KH YHUVLRQ RI WKH VRIWZDUH ODQJXDJD XVHG|ZKHQ FUHLEL
OLFURVRIWEWMAHODV LQSXW IRU WKH 3\WKRQ PRGHO
3X/3D/LQHDU 3URJUDPPLQJPRGHOOLQJ3\WKRQ SDFNDJH
1XPS\DJHQHUDO SXUSRVHDUUD\ SURFHVVLQJ3\WKRQ SDFNDJH
3DQGIVGDWD PDQLSXODWLRQDQG DQDO\VLYV 3\WKRQ SDFNDJH
6FLSD VFLHQWLILF FRPSXWLQJDQG WHFKQLFDO FRPSXWL|IQJ 3\WKRQ
ODWSOROMDDWWD YLVXDOLVDWLRQ 3\WKRQ SDFENDJH
2VDQ RSHUDWLQJ VA\VWHP LQOWHUDFWLRQ 3\WKRQ SDFNDJH
7LPHD WLPH WUDFNLQJ 3\WKRQ SDFNDJH




'SQTPIQIRXEV]6IWY

' 'SQTPIQIRXEV] VIWYPXW

,QWKLVVHFWLRQ DOOJUDSKVIURPWKHGLITHUHQW VFHQDULRV DUH SUH)
IHUHQW 39 W\SHV DUH SUHVHQWHG ZLWK DONDOLQH HOHFWURO\VLV ,Q W
ZLWK ORQR F 6L 39 PRGXOHV DUH GLVSOD\HG IRUDOO UHJLRQV

' (YUQ %POEPMRI
1SRS GVIWXEPPMRI7MPMGSR

JLIXUH &DUERQ )RRWSULQW 'XTP $ONDOLQH ORQRF 6L
SULPDU\\ D[LV VWDFNHG EDU DQG LQVWDOOHG FDSDFLW
JUDSK SORWWHG DIJDLQVW WKH ZHLJKW IDFWRU

JLIXUH 8DUHWR IURQW 'XTP $ONDOLQH ORQR
F 6L 7KLVJUDSK GLVSOD\V WKH /&2+ DQG &)
SHUIRUPDQFH RIWKH VFHQDULR IRU GLITHUHQW ZHLJKW
IDFWRUV

JLIXUH &HYHOLVHG &RVW RI +\GURJHQ 'XTP $ONDOLQH OR
/&2+ SULPDU\\ D[LV VWDFNHG EDU DQG LQVWDOOHG FDSES
\ D[LV OLQHJUDSK SORWWHG DJDLQVW WKH ZHLJK)



' 'SQTPIQIRXEV] VIWYPXW

'"EHQMYQ 8IPPYVMHI

JLIXUH &DUERQ )RRWSULQW 'XTP $ONDOLQH &G7H 7KH !¢
\ D[LV VWDFNHG EDU DQGLQVWDOOHG FDSDFLW\ VHFRQC
SORWWHG DIJDLQVW WKH ZHLJKW IDFWRU

JLIXUH 8DUHWR IURQW 'XTP $ONDOLQH &G7H
7KLV JUDSK GLVSOD\V WKH /&2+ DQG &)
SHUIRUPDQFH RI WKH VFHQDULR IRU GLITHUHQW ZHLJKW
IDFWRUV

JLIXUH &HYHOLVHG &RVW RI +\GURJHQ 'XTP $ONDOLQH &
/&2+ SULPDU\\ D[LV VWDFNHG EDU DQG LQVWDOOHG FD S
\ D[LV OLQHJUDSK SORWWHG DJDLQVW WKH ZHLJK\

'STTIV-RHMYQ +EPPMYQ 7IPIRMHI

JLIXUH &DUERQ )RRWSULQW 'XTP $ONDOLQH &, * 6 7KH &
\ D[LV VWDFNHG EDU DQGLQVWDOOHG FDSDFLW\ VHFRQC
SORWWHG DJDLQVW WKH ZHLJKW IDFWRU

JLIXUH 8DUHWR IURQW 'XTP $ONDOLQH &, * 6
7KLV JUDSK GLVSOD\V WKH /&2+ DQG &)
SHUIRUPDQFH RI WKH VFHQDULR IRU GLITHUHQW ZHLJKW
IDFWRUV

JLIXUH &HYHOLVHG &RVW RI +\GURJHQ 'XTP $ONDOLQH &
/&2+ SULPDU\\ D[LV VWDFNHG EDU DQGLQVWDOOHG FD S
\ D[LV OLQHJUDSK SORWWHG DIJDLQVW WKH ZHLJK\
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