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Abstract

For the last two decades; Sustainable Developménhas emerged as an important
concern all over the watl While echnology innovation is prompted and accelerated much
faster in modern societyt is believed that appropriateanagemenpolicies for emerging
technologies play a significant role in the transitiowardsustainableociety

To support strateg policy making, a framework for developing technology
introduction straggies is proposedn this framework, avisualized analysischemewhich
can comprehensivelyassessa combination of multiple technologiesas developedThis
frameworkhasadvantagein (1) helpng our understanding of performance and behawior
technoloy introduction scenarijo(2) identifying the relationshipsand tradeoffs among
different evaluation indices, and (3) visualg various technology introductioscenarios in
whichtime frame is taken into account

Two case studies orthe design of energy systems were carried out: (1) a
hydrogenrelatedl technology in Taiwan, an@2) an electricity sysem in Japan.The
applicability ofthe proposedramework was demonstratethesecase studies represent two
distincttypes of systems design: grassroots and retrofit desidgnishrequire different tasks
in thedesignprocess.

Finally, this developed frameworks represented by an activity model usiag
standardized activity modelingethod(IDEFQ). By this activity model practicactivities
with information flows in executing the process of strategic decision makisg
hierarchically clarified The collaborationrelationshig among three types of stakeholders
i.e., management, assement, and developmenhvolved in generating new technology

strategiesis described bythe model withthe information flowsamong threandividual



activity models.



Table of Contents

ADSIIACT oo e et e e st e e [
TaDIE Of CONENTS. ...ttt e e err et e e s b e e e e iii
IS A o T =P Vi
LISt OFf TADIES et eei ettt e smme et e s e e ean viii
CHAPTER 1 INTRODUCTION ..ottt eeeee ettt e et e e e e e eernban e smme 1
1.1 Strategies for sustainable deVelopmMENL..............ooiiiiiiicce e 1
1.1.1 Technological innovation iN the SOCIELY..........cccoiiiiiiiiiiei e 1
1.1.2 Strategic management of technology iNNOVALION.........cc.cceeiiiiiiiiiii e, 3

1.2 RESEAICN NEEUS.....cuiiiiiiiie i eee et re e e e e e e e nens e e e e e e e e e e e ana 8
1.3 TRHESIS STATEIMEILL. .....eeiiiiiiieeii it ree e eens e e e e e e e e s s enenssb e e e e e e eeeeas 13
S I (1T [ U Tod 1] =T 14

CHAPTER 2 SCENARIO ANALYSIS FOR FUTURE TECHNOLOGY INTRODUCTION

....................................................................................................................... 17

P20 R [ o1 (0 To [ o3 1T o F OO P P PUPPPTUPUPPRPN 17
2.2 Scenarios in life CYCle asSSESSMENL......ccccciiiii i i 18
2.3 Scenario analysis for future StUAIES.............uuviiiiiiiieeee e 22
2.4 SUMIMIAIY oottt oottt et et ettt ettt e et e e e an e e e e e e e e e e e e e e e ens 27
CHAPTER 3 VISUALI ZATION METHOD FOR TECHNOLOGY INTRODUCTION ....... 29
I A 1 11 {0 o [T 1[0 W TP POPPPPPPPPPPRR 29
3.2 Visualized scenario performance and behaviors of technadd@guction...................... 31
3.2.1 Method of developing the graphical representation..............cccoooeeiiiiiiiiiiiieeeneeeenns 31
3.2.2 a0 [Tor= 1 o ] £~ 40
3.2.3  Contribution of technology innovation/breakthrough..............cccccvvvvviiiiiiiniinnn. 42



3.3 Visualization of tradeffs of different evaluation iINAICES..........ocovvveiriiiiriieeeeiee e 44

3.4 Projection of future CONAITIONS.........uuuuuiiiiiiiiiiieme e eeeer e 48
3.5 Discussion and limitations of the visualization method................cccvvieeciiiiiceiinen. 48

G TN G 1 111 = o2 SRR 50
CHAPTER 4 APPLICATION TO THE DESIGN OF ENERGY SYSTEMS ...............o. 53
o R [ 011 0T U110 o PRSP OPPPPPPPPPPRPI 53
4.2 Case study on Taiwanese hydrogen SYSIEIML.........uuiiiieeiiiiccerieieiiiiieree e e e e e eseeee e 54
4.2.1 [T Tod (o [ (o 11 ] o 54
4.2.2 Define technology dOMAL...........c.ooviiiiiiiiiiic e e 56

4.2.3  Calculate environmental impact of selected technologies and their potential...57

4.2.4  Generate graphical repreSENtBHO.............cceiieiiiiiiiiiiieie e e 64
4.3 Case study on Japanese €electriCity SYSLEML........ccooviiiiiiiieeeiieiiiceeeeee e emmeeeenennd) 69
431 BaCKgroUNd.... ..o 69
4.3.2 Define technology OMAIN..........ooviiiiieieee e 70

4.3.3  Calculate environmental impact of selected technologies and their potential...72

4.3.4  Generate graphical repreSentations. ..o 73
4.3.5  Cost optimization Of POWET MIX......cceeeieeeeeeee e 81
4.3.6  Visualized relation of environmenhd economy in electricity system.................. 84
A4 SUMMIBIY . c.ciieiieee ettt eee e e rmme ettt ettt ettt e e et eeeeeeesamnna s s e e e e e e e e e e e e eaaeeeaeeend 89

CHAPTERS5 METHODOLOGICAL FRAMEWORK FOR TECHNOLOGICAL DECISION

MAKIN G oo et e ettt e e erae e e e e e e e et e e e e e e et na—— e e e ettt e e aeeeeetrennan 91
ST A [ 11 {0 [0 Tox 1o o SO PPPPPPPPPRPPRPI a1
5.2 Relations among stakeholders in decigiaking................ooovieeriiiiiemminiiiniie 93
5.3 lllustration of method under IDEFO representation..............ooooeeeieeeciieiiiiiiiiiiiiiiiieennd 96

531 IDEFO: Activity modeling technique..........coooooiioiiiin 96
5.3.2 Framework regrsented by activity modeling............cccoooeeiiii, 99



o U 0] 4= o 110

CHAPTER 6 CONCLUSIONS AND DISCUSSIONS.......cooiiieee 111
CHAPTER 7 RECOMMENDATIONS FOR FUTURE WORK ... 113
NOMENCIATUIE ..ttt e e et e e smme e e e e e e e e e e e e nnneens 115
ADDIEVIALIONS ...t ans 116
REFERENCES ... .ttt eeeee e e e e e ettt e e e e e e e st bmmme e e e bbb e e e e e e eesreannnns 117
AP P EN D X e e —— et e e ama e e e e e e et e e e e eerran 127



List of Figures

Figure 1-1 Three dimensions of sustainability functioning by technical system (adopted from Assefa &

L 1011 (= | I 0 PR 11
Figure 12 Thesis structure and the relationship between each chapter..........cccccooociivenee s 15
Figure 21 The LCA procedure and appliCation..............ueevieeiiiriiiimieeee e esiiiieeeee e s s ssenneeeeeeeeeesennnes 19
Figure 22 Two approaches to scenario development in life cycle assessment research.............. 21
Figure 23 Conceptual diagram of a scenario funnel (Mahmoud et al., 2009)...........ccccccevveeverrinns 23
Figure 24 Issues belong to different dimensiagmsustainable energy System...........cccccvvveeevriinnnns 25
Figure 25 Example of issues correlated with introduce of ensayng strategy..........ccccvevvreeeeviinnnns 25

........................................................................................................................................................ 30
Figure 32 A graphical representation of individual teChnNolOgY..........ccveeviiiciiiiiiire e 32
Figure 33 Method of developing graphical methodology within the LCA framewaork..................... 33
Figure 34 Visualization of environmental performance described by equaidie 3-6 at M=4 and N=4
........................................................................................................................................................ 37
Figure 35 Variation of impacts by implementing production technologies.......c..cccocccvvivvvieeeeiiinns 38
Figure 36 Scheme of indtators applicable to graphical representation...........ccccccoveccvviieeeeeeeeiinnns 41
Figure 37 Scheme of evaluation in technology inNOVvatian.............cccccoevviciiiieeee e 43
Figure 38 Visualization of variation of impact by implementing production technolagies.............. 44

Figure 39 Visualization of relationship between two indices (cost and environmental impact as examples)

........................................................................................................................................................ 46
Figure 310 Scenario grouping for supporting decision making..........ccccccoeeccvvieeiieeee e 47
Figure 311 Visualization of different environmental iNdeX............uuvvvieeiiiiiiiiiiiee e 50
Figure 41The simulation of wind speed distribution over one year.............cccovvvveeeeevicciiieeee e 59
Figure 42 Measured and modeled characteriStiC CULME..........cc.vvviieeieeiiiciiiieeeee e 60
Figure 43 Minimum (left) and maximum (right) environmental impact patterns of S1................... 65

Figure 44 Scope of assessed hydrogen technologies iradestudy. Here, the cradiegate of hydrogen
production technologies (ex. wind turbine manufacturing and installation) are considered, while in
utilization domain, only fuel replacement is conSIdered..............oocvvvieiiiie e 66

Figure 45 Comparison of S1 (solid lines) and S2 (dotted lines) with minimum environmental impact

0= 11 =] o PSSR PPPRPP 67
Figure 46 Comparison of indicators between S1 (left) and S2 (right).........ccccceveeeiiiiiiiiiieee e 68
Figure 47 System boundary of the case study of Japanese energy System..........cccccvveereeeeeeinnns 71
Figure 48 Graphical representation of power sygplJapan in year 20 (P curves).........cccccceeeeeenn. 75

|



Figure 49 Graphical representation of power supply in Japan in year 2050 (P curves)................ 75
Figure 410 Graphical representation of power demand in Japan in year 2050 (U curves)........... 76
Figure 411 Comparison of graphical representation of the energy system between years 2010 .arél 2050
Figure 412 Visualization of electricity generation with time frame...........cccccvveeve e 77
Figure 413 Comparison of scenarios with defined operatimmditions (Power generation basis)..... 78
Figure 414 Visualization of reference and no nuclear power scenarios (Power capacity. basis)... 80
Figure 415 Visualization of PV introduction without nuclear option (Power capacity basis).......... 80
Figure 416 Visualization of PV fluctuations (Power capacity basis)..........cccccceveeviiiciiiiieeee e 81

Figure 417 Relations of power generation cost and GHG emission when 986TWh is supplied... 85

Figure 418 Fractions of technology combinations undecHfc conditions.........ccccccovvcvvviierieeeeeiinns 86
Figure 419 Cost minimization profile and three regions of technology operations in the energy sysiem
Figure 51 Information flows and characteristics/interactions among actQrs............ccccvcvveeeeeeennns 94
Figure 52 Syntax and semantics of an IDEFO MOdel.............cccviiiiiie e 97
Figure 53 Expansion of tofactivity AO t0 SUBACHIVITIES.......cc.ceviiceiiiieiie e 98
Figure 54 Cooperation and relationship among three stakeholders in generating new technology strategies
...................................................................................................................................................... 101
Figure 55 Top-activity STAO0: Make strategic technology introduction decisions.............ccccceee..... 102
Figure 56 Main-level of activity of S1A0 (overview of the propsed framework).............cccccevveeenne 106
Figure 57 Activities A11-A14 of the model S1: sufictivities of the activity Al.......cccccoevccvviveeeeennn. 107
Figure 58 Activities A41-A44 of the model S1: subctivities of the activity Ad............cocccvvveeeeeennn. 108
Figure 59 Activities A51:-A57 of the model S1: subctivities of the activity AS5............oeecvvveeeeeennn. 109
Figure 71 The scheme of graphical representation with ARWEPOSE.........ccovvcvvvviiereeeeiiiiieeeeee, 114

Vii



List of Tables

Table 11 Characteristics of environmental technology sssent in different stages of technology

L0 1=3Y 7] o] o] g 1T o | RSP 5

Table 21 lllustration of the key factors for generating scenarios (adapted from Wilson,.1998)..... 26

Table 31 Summary of equations to generate boundary conditions of attainable regions.............. 46

Table 41 Selected domain technologies fOr tWO SCENANOS.......cuveevviiciiiiiriee e 56

Table 42 Life cycle inventory results of hydrogen related subdomain technologies (production and
U111 2= 11 ) S 64

Table 43 Inventory results of fidomain technologies (Imamura et al., 2010; Kato et al., 2010Q).... 73

Table 44 Settings in evaluated SCENANIOS............uuuiiiie et e e s e e e e e e e e nnrereeeeas 78

Table 45 Comparson of cost and C{emission within alternative options............ccccccceveeevvvcccineneen. 87

viii



CHAPTER 1 INTRODUCTION

1.1 Strategiesfor sustainable development

1.1.1Technologcal innovation in the society

For the last twadecades; Sustainable Developménhas emergd as an important
concern all over the world A wide range ofnongovernmem and governmental
organizationshasembracedhe sustainability concepats a new paradigm indevelopment
(Léle, 1991; Hammond, 2000; Clift, 20068Nithin the discussion,he mostwidely used
definition of sustainable development the one developedby the National World
Commission on Environmental amevelopmentdevelopment that meets the needs of the
present without compromising the ability of future generatimnmeet theirown needs
(WCED, 1987) In order to satisfyfuture needs, it is importamd find effective methodsto

lower environmental load and redeiconsumption of resoursat present

Due to he growing interestin achievinga sustainald society fasterinnovatian in
technologiesis neededin modern societyFor example,electric, hybrid, and hydrogen
vehicles are beingdevelopedand introduced into the market, aiming teduce the
dependencen fossil fuelsandto easdhe stress of global warmirand thushumansociety
is transforming the transport system into a more energetically sustainabldyone
implementingeffective energy technologie§Johnson & Chertow, 2009; Williams et al.,

2011; Williams et al., 2012)The developnent and deployment afdvancedechnobgies



have been, and will be continuadvarious fields. These innovatioafow the delivery of
much more efficientservices Especiallyin the energy areaenergy suppliehave been
expandedhrough improved exploration arektractiontechniquesTechndogy innovations
have increasethe efficiency of energy conversion and ease,as well as thevailability
and quality of energy serviceSloreover,the environmental impacts of energy extraction,
energyconversion, ancgenergyuse have beenreduced(Saga & van der Zwaan, 2006)
These technology innovations can be categorized into two. peselates to traditional or
fossil fuetbased energy sougesuchashigh-efficiency andow-emission coafired power
generation technologylhe other correspondgo alternativeor renewableenergysources

such as wind, solaandbiomass

Innovation broadly refers to the use of new gaimprove the currenivays of
satisfyng somerequirementsHowever, as our demandgpproachto the environmental
capacity the unsustainable aspects of many development practices have become apparent
Through technology innovation,new or improved technologies are developed and
implemented in sociefythus innovatioris relevantto policy making Policy hasinfluence
onthe direction of technology innovation by encouragimigfacilitating the adoption of new
ideas and practices; howevpaliciescan impede adoptioof new technologies as welt is
believed that amppropriatepolicy making formanagemendf emerging technologs can
play a significant role in the transition to sustainabteiety not only in regional (Rees,
1988;Karngv & Thissen, 200@ut alsoin national levelgBarker & Smith, 1995; Saritas,
Taymaz, & Tumer, 2007; Yasunaga et al., 2009)ese studies suggeed that strategic

management of technologynovationis necessaryoward a sustainable future.



1.1.2Strategic managementof technology innovation

One of the important disciplines inthe strategic managementof technology
innovationis technology asssment.Technology assessment (TA) iswell-establised
conceptDecker, Ladikas, & Eds., 2004; Garud & Ahlstrom, 1997; Uotila & Ahlqgvist, 2008)
andis an effectiveool for contributing better technologyovernanceand acceleratiom a
broadfield. TA enables the evaluation afjgregate capacity of aechnology andstrategic
technology planningkor instanceTA has considerablpotential to enhancenovationin
agriculture ando assist agriculturahdustriesin becoming more efficient, more sustable
and more socif acceptabléVanclay, Russell, & Kimber, 2013%everal alternativpower
generationtechnologiesare alsoevaluatedby TA frameworkto support develapent of
“clean and greérenergy Application of TA to water resource managemédmts been done
by comparingdifferent sanitationtechnologes and could identify appropriate wastewater
treatment options for various decisioraking situatiors (Kalbar, Karmakar, & Asolekar,
2012) Those studies suggest th@A can help decision makersdedde appropriate

technologes

Various stagescan be distinguished ithe “life” of a technology from invention
through innovationcommercialization diffusion, and finally maturation(Klepper, 2011)
Generally technolog that has beerdeveloped earlieor has attainedlower cost compared
to that of existing technologiegan be introduced to the markeOnce a technology is
technically and economically readgnvironmental assessment of such technploguld be
addressed | f s dbcytechhosogydoes dot meetcertainenvironmental requements,
additionalimprovementvould be consideredHoweversuch assessment tends tocheried

out at the final stage of technology developmémtvironmental consideratiomsave gained



less prioriy amongvarious olfectivessuch as economic feasibiljtglespite the fact thahe

technoloy has been developed feenvironmentaf r i end!l i ness” .

As ome researchei@$ieinzle & Hungerbihler 1997; Ruiz, 2000have pointed out
there could be clear advantage if environmietietzhnology assessment can be carried out in
earlier stages of technolpglevelopmentbecause ohigher feedom of desigmprovides
chances of improvemenflable 1-1 summarizes the characteristics of environmental
technology assessment in different stages of technology developmeshiowsin the table,
guestionsaddresse in each stageould be quite different. In the earlier stages, questions
could be diected to technolgiesthatare required tduild a final praluct and its lifecycle
stages. The amount of information available for environmental technology assessment is less
in the earlier stages, thus studies in this pathefablearefew. However, as emphasized
t he collumpmr oofe m'e n therecold lmegreatet chance of improvemeny(
environmental performance) if such environmental technology assessméahtpeovide
feedback to the development of the emerging technoldgyesvercominguncerainties and

lack of information



Table 1-1 Characteristics of environmental technology assessment in different stages of technology development

breakthroughs are more criticatd
urgent?

Technology dvelopment - . Development |Improvement |Information .
Stages Typical questions addressed flow chances available Studies
“How can we reducthe environmenta
Retrofit impacts associated with this proddct? mature Small Large NUMETroUs
) “Does this abatement technology
Market penetration actually reduce (or minimize)
(subsanceof existing | environmental impacts?
product)
“Should we save energy, or save
material?
Product / Process Desid Which raw material should be uséd?
“Should we increase durability, or
shouldwe increase recyability?”
“If realized, does this technology hav
good chance to reduce environmenta
impacts?
Research & “What would be the actual botteline
Development efficiency of this technology? Earl
arly
“Which of the many possible stage Large Small Few




Sincethe amount of available informatioimcreases as the technologydsvebped,
more informatiorcan be incorporated into tlaecision makingprocessFor examge, when
a production process fa certain material is investigated, choices in processes will be
limited oncethe raw materials are fixed. Howeveas research and delpment (R&D)
regardingsuch materialmatures there will be a selection of promising raw materials,
therefore, combinations of processes and raw materials can be explored, and the optimal
combination of raw material and processould be chosenAs a reslt, pre-assessment
becomes cruciahnd urgent inmodern society, because it can 1) provide researchers of
environmentdy friendly technologies at earlier stagesth information onenvironmental
impact, possible barriers, and botttimes of the technolgies, and 2) allocate R&D

resourcsin a strategic manner according to the importance of such technologies.

To assistappropriate implementation «fustainable technolegs, comprehensive
tools andapproaches that play an essential role in strategic ypdiécision have been
presented(Robert, 2000; Robeért et al., 200&JacDonald, 2005) By carrying out
environmental assessmentthe R&D stage higher degrees of freeam with regard to
changesn designof technologycan be achieved. This hagen highlifptedin a previous
studyin which a stochastic methodology to deal with associated uncertaitfiemann,
2001) Moreover,the perceptionthat engineers have a responsibility rootly to their
employersor clientsbut alsoto societyas a wholas gradudly being accepted in recent
years (Clift, 2006). The method of evaluating theffectiveness ofdifferent cleaer
technologies and how engineers can contrilimtthe methochave beerillustrated (Clift,
2006). As seen above, plaers and engineers are ledlto design solutions with a wider

scope in project and produde cycles. Nowadays, everesearchers in laboratories working



on small parts of process systems are asked to team ugoasderimplications to
technology development fronsystemwide sudies of designswith different aspects

(Fukushima et al., 2011)

In the case of mulobjective designijdentifying major tradeoffs and nmnimizing
them through eliminatiof inferior alternatives have significant effeétssrecommended
(Gibson, 2013)While there are numerous aspects in the assessment of technology, in regard
to the environmental aspect, life cycle assessment (LCA) is considesedseful tool for
studying systemwide environmental impacts of respective technologiBaumann &
Tillmann, 2004) LCA is a methodology, which is used to analyze the environmental
impacts associated with goods and services directly and dtglingithin a products life
cyce The concept of product ihtbitivdlyeoy meyaphbred can
human being using thephrase¢* cr adl e t o grave”. That is, a
its “cr adl ethetexractipn afawenateriélg, thraugh production, use, recycling,
and to the final disposal. There is an international standard for h@®#ists the following
applications: identification of improvement possibilities, decision making, choice of
environmental performance indicators and market claf@®@O 14040, 1997) The

standardized methodology providesuseful guideline for quantifying the environmental

impact induced from products and services.

LCA has been acceptedas an environmental management ttwlevaluate and
comparedifferent products, as well as for process selection, design and optimizahmn
method can helpdentify opportunities for reducing the impacts associatdth wastes,
emission and resource consumptiok. also provides possibilities to compare the

improvement oftechnologies enabling strategic decision makingh environmentaland



economic aspec(®Rkule, Worth,& Boyle, 2009;Zhang et al., 2010)

1.2 Research needs

Although the abowenentionedassessment taolhave played significant roles in
developing effective solutions for a sustainable society, there are still challenges remaining.
Since a single product is Honger sufficient to cope with thrdynamicmarket environment,
moreintegration ofproductsandserviceshas beermfferedto the marketEconomic, social,
and technological changes make the system much more complicated than ever before.
Furthermore,uncetainty that resultedfrom various socioeconomic reasons ofteakes
trends of the futurdifficult to predict Three main challenges are illustrated in the following

paragraphs.

A Challenges 1interactions betweencorresponding technologies aremitted

During a completeanalysis, the product and every stage of its life cycle are explicitly
analyzed When more than one produetndeliver the same functigor more than onédife
cycle pathways are in the scope of the study, restikachcombination of chizes (often
defined as scenarios) are presentesiclaimed abovedjowever, assessirggsingle product
and service without considering theinteractions between corresponding technologies

belongng to the system boundary usually insufficient

Regardingto system boundary selection and inventory data compilation, two
approachesire usednamelyattributionallife cycle assessment-(a&CA) and consequential

life cycle assessment-{cCA), respectively(Ekvall & Weidema, 2004 ;Ekvall & Andrae,



2006) Both alLCA and cLCA can be utilized to support decisioimaking aLCA
highlights the environmental impacts associated wiité product As demonstrated in
analyzingcarbon and water footprint activitieg;LCA is useful for communication and
identification of impovement opportunities of existing producks addition to the direct
consequences induced by decisinaking,c-LCA aims to describe the indirectly induced
consequenceas well.By integrating economic models to incorporate market information
c-LCA is dso ableto describemarginal environmental consequences associated with a new
action. As shown ithereview byEarles & Halog (2011)c-LCA has emerged as a tool for
capturing possible effectsn policy-making and strategic environmental plannungder
physical, technological, economic or political constraintSor the purpose of
changeoriented assessment for né@wplemented technologies, 4+ CA would be an
appropriate approach to support strategic pat@king and toidentify the environmental

consequeres regarding technical changes.

However, a general framework for modeling the interrelatlmetsveentechnologies
is yet to be established. Ftie primary indirect effects, market mechanisms and cost
projections can help simulagert of the technologynteractions by assuming that market
penetration occurbased orthe cost minimization principle. Power generation technologies
such as solar cellgukushima & Kuo, 2008)wind turbinegKuo & Fukushima, 2009)and
fuel cells(Fukushima, Shimada, Krainddirao, & Koyama, 2004have beerevaluated by
this approachln these studies, techiogy innovations arelefined ascost reduction, which
drives market penetration under constrained resource, social/political setting, and projections
of various key fact@. These studies also assessed which existing technologegd be
replaced by new technologgnd competition relationshippetweentechnologiesfrom

economic perspectivis presentedAs to the secondary indirect effectdertwich (2005)



pointed out that behaviorchangedriven bytechnology introduction can induce nonlinear
changes in the achieved environmental impact reduction, and that accompanying benefits
and negative side effects of technical change should not be neglected. §eaatahtive

modds alsohave beemroposed, but none of thesicomprehensive enough to cover akt
secondary indirect effecte-LCA has attracted attentiorecently due to its ability to
describeboth primary and secondary indirect effects; howeaastandardized peedure is

still under development (Earles and Halog, 2011).

A Challenges 2 Numerous factors and trade-offs in technology managementfor

achievingsustainable society

Despite numerousvorldwide actions calling for adaptation of moresustainable
strategies,iftle has been done on a practical levidiis can be explained by tle@mpleity
of the issuesSustainable developmetiiat guidesustainable planning in different fisldan
be attributel to three dimensionenvironmentgleconomic, and social systaespectively
(Al-Sharrah, Elkamel, & Almanssoor, 2010; Azapagic & Perdan, 200€)ally these
issues are not staradone, thus distinguishing partial sustainability does not equal to
reaching whole sustainability. Moreover, traafés exist everywheren the decision making
process ldentifying and minimizing major tradeffs through intentionallyelimination of
bad alternatives have demonstrated significant eff€itsson, 2013)As shown inFigure
1-1, quantitativeassessment of technical systeechur i ng t he “research a
and “pl anni n g phasesds important tot identifyinggahd prioritizing overall

contributions to sustainabiliyAssefa & Frostell, 2007)

10



Social
Sustainability

Technical System
- Research & Development
Planning and structuring

Economical
Sustainability

Environmental
Sustainability

Figurel-1 Three dimensionef sustainabilityfunctioning by technical syste(adopted from
Assefa & Frostell, 2007)

A Challenges 3 Uncertainties for predicting future situation

Thefutureis full of complexity anduncertainty which only enhanceshe difficulties
for developinga sustainable futureMany types of uncertaintiebave been classifiedtata
uncertainty, model uncertaintygompletenessuncertainty, statistical variation, inherent
randomness systematic errors, parameter unagmy, scenario uncertainty and so on
(US-EPA, 1989;Morgan & Henrion, 1990Bevington & Robinson1992;Huijbregts, 2001
These different types afncertaintyalso form levels thatelatesto the role of the person
experienig the uncertainty (Huijbregt & Huijbregts, 2004).Scientiss may feel
uncertainty on the value of a certain parameter, while decision makers may feel utycertain
on the decision to benade This kind of recognition differencemay be of critical

importance irterms ofchoice of methds to deal with uncertainty.

11



There are manwpproachedo deal with deal with uncertaintiesor the decision
makers a systematic analysis approach should be offerelteethe uncertainty problems
and response to better management in poldgvelopmen In this approach a more
transparenand operational framework for stakeholdassrequiredto fill the gaps within
decisionmaking for developing technology introduction strategies the future
Furthermoresincethe sistainable system at presentnist assureé to be sustainable in the

future time aspeashould also be treated as a significant factor in technology introduction

12



1.3 Thesis Statement

This thesisaims to presenta practical framework for developing technology
introduction strategieBom comprehensive viewpoints includ) environmentgleconomic
and with longterm perspectivesTo attain this objectivethis dissertationfocuses on
development of aovel graphical representation thed usedto visualizeconsequeces of
technology introduabn and support decisiommaking processesBecause complexity and
uncertainty increase the difficulti@s developing future policies, scenario analysis approach
is usedto systematically assess the consequences of technology implementation under
various onstraints.Case studiesn which two types of systemdesign are demonsteat,

provethe applicability othe framework witlthe proposed graphical representation method.

The expecteddmefits from the proposed method and framevewekas follows

1 Visualization of the theoretical range of environmental consequevitesa
set of technologies in the same doma&nmplemented The visualization
enablesdecision makerso coverand identifyall potentialconsequences of

technology combinations

1 Identification of detiled technology combination byisualiang tradeoffs
betweendifferent evaluation indiceand operational optimuraf eachindex.
It helps decision makersto have a birts-eye view in the scenario

development.

1 Clarification of required actities, information, tools and resourdessupport

strategic policy making.
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1.4 Thesis structure

The structure of this thesend relationship among thehapters ar@resented in
Figure 1-2. In Chapter 1, thecurrent siuation in sustainable developmemd challenges to
achieve itare describedBased on thénvestigation of existing studie#)e objectiveof this

studyis declared

After a generalintroductionthe principle of scenario generation arbw scenario
analsis is applied tothe development of future decisions and reseaoh reviewed in
Chapter 2. The key factors for generating scenarios atenmarizedand categorizedand
they can serve as a framework fatentifying external forces when generating future

scenarios

In Chapter 3 a novel graphical representatiorethodto support the systems design
is described The methodvisualizes the consequence of the implementation of target
technologies and their corresponding technolod@ies different evaluating spects i.e.
environmental and economic aspects within a certain time fr&yevisualizing the
tradeoffs between differenindiceswith detailedinformation of technology combinations,

effects of technology introductions can be quantified at the eadg stf system designs.

After the introduction of visualization methowa cases studiemre demonstrated in
Chapter 4. The graphical representation methquoposed inChapter 3 is applied to
grassrootsand retrofit system designs The value and applicallity of the developed

methodology is discussed.

Based orthe methodand case studies proposed distussedrom Chaptes 2 to 4,a

framework that consides the cooperationof different stakeholds in decisioamaking

14



processis presented irChapter 5. An activity modelingmethod typezero methodof
Integrated Definition Language (IDEFQ¥ usedto incorporate management, assessment,
and development underhierarchical basisvhich can be utilized by different stakeholders
All required activities, infor@ation, tools and resources duritige decisiormaking process

arestructured andlarified to support thstrategicdechnologyintroduction

Chapter 6 is the conclwsion ofthis thesisA summary of thestrengthsand limitations

of the methodology is prestd

In Chapter 7 otherpossibleapplications byutilizing the methodologys discussed

and some recommendations for future wairk raised

Ch.1 Introduction

= S

Ch.2 Scenario analysis for future technology introduction

Ch.5
Methodological
framework for
technological
decision
making

Ch.3 Visualization method for technologyintroduction
A Visualization of environmental consequence
A Visualization of tradeoffs of different evaluation indices
A Visualization of system transitions in a giving time frame

Ch.4 Application to the design of energy system

Ch.6 Conclusions

2
s 2

Ch.7 Recommendations for future work

Figurel-2 Thesis structure and the relationship between elaapter
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CHAPTER 2 SCENARIO ANALYSIS FOR
FUTURE TECHNOLOGY INTRODUCTION

2.1 Introduction

To develop strategiesor future technologyintroduction numeroustechnology
assessmeraspectshould be considereffor examplemarket mechanissandcosteffective
optmization method, are often used for technology implementation planmhgndesignng
energy system®uring such decision plannintpe combination of technologies in a system
affected bynot only economig but also environmental, social and technalafjconstraints
and driving forcesln order todeal with such coplicated situations in decisiemaking,
“scenar i os fragunently ysedinsthis studyto develop robust strategic plans by

simplifying the impacts of potential consequences.

In this chapter, how snario analysis is integrated with LCA studiasd the
principlesof scenario generation adéscussed firstThe applicationof scenario analysifor

future research idescribedn the following section.

17



2.2

Scenarios in life cycle asssment

Life cycle assessmer(LCA) is a methodhat assesss environmental impactat all

the life stages of a product(i.e. startedfrom raw material extractigrthrough materials

processing, manufacture, distribution, use, repair and maintenance, gubadior

recycling) Nowadays, LCA is awell-accepted environmental management tool to

systematicallyquantify environmental burdens ambtential impacts over thentire life

cycle of a product, process or activifijhe typical LCA procedure and applicath are

summarized irFigure 2-1. The framework of LCA includes the following steps:

i

Goal and scope definitioThe productand the purpose of the studye definedin
this step This is a key step tdefinethe catext of the studyas well as how and
whom the results are to be communicatéde system boundaries and types of
environmental impacts being considered shouldlearly defined herdefore being

applied tothe whole study.

Life cycle inventory analysif_Cl): When constructing quantitative flow modein

this stepsystem boundaries should be defined according to the goal and Kdspe
necessary to colle@bventory data for all the activities (processes and transports) in
the product system. Thinventory data include inputs and outpis of respective
activities,such agaw materials and energy usage, yield of products, amount of solid
waste and emissions to the environment. Finally, the environmental interventions of

the system in relation to tluefinedfunctional unit are calculated.

Life cycle impact assessment (LCIA): this step aims at describing the environmental

loads quantified in the inventory analysis. This objective is achieved by translating
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the environmental load from the inventorguéis into environmeal impacts, such
as themes (g. global warming, acidification, zbne depletion) and damagesd(

effect on biodiversity, human health, g¢tc

Interpretation: in this step, results acquifezm the LCI and LCIAareorganized in

the most appropriateform in order to deliver recommendationsThis includes
identification ofsignificant issues (e.g. important environmental findings and critical
methodological choices) and evaluasdn establish confidence in the results via
sensitiviy and uncertainty analyseSccasionally a project has to be terminated after
interpretation but inmostcases the product systdracomes bettarnderstoodthus

elaborated analysesn benitiated by going back to the previous three steps.

Life Cycle Assessment Framework

Goal and Scope >
Definition

A

y

Direct Application:

v

» - Product development

Life CycleInventory

. "| Interpretation and improvement
Analysis(LCI) 1« - Strategic planning
7y - Public policy making
- Marketing
Life Cycle Impact >

A

Assessment (LCIA)

Figure2-1 The LCA procedure and application
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Although e LCA frameworkdefined adSO 14040s broadly applied to calculating
environmental impacts associated with a fumaiounit of product and serviceystem
dynamics with“time framé are less consideredl'herefore,by predicting possible future
situations both explicit and implicit scenarios are important for the application of LCA
(Martinot, Dienst, Weiliang, & Qimin, 2007; Spielmann, Scholz, Tietje, & H&40Q5;
Weidema et al., 2004Methodologies with structured framework for scendrased LCA
have beempresented according(frukushima & Hirao, 2002suggestingntegrationof LCA
with scenarioanalysis is an important factéor bringing life cycle persgctive into final

decisionmaking.

As identified by The Society of Environmental Toxicology and Chemistry (SETAC)
EuropeWorking Group there arewvto principal approachesor scenarios in the context of
LCA studies whatif scenarios and cornerstorseenaios, respectively(Weidema et al.,
2004) Whatif scenarioanalysiscompars two or moreoptions in a welknown situation
whenthe researcher is familiar with the decision problem ianable todefine a scenario
based on existing data akdowledge.This is especially useful fostudies where specific
changes within the present systaged to beested and their environmental impaceed to
be studied For example resuls of a whatif scenario analysis can suggésatalternativeA
is better than alteative B by x%.However number of scenarios increasgien complex

future situations are discuss#uk decisiormakingbecome unmanageable.

The cornerstonescenaricapproactprovides several options get anoverall view of
the studied field andervesas a basis fothe future This approachis usually usedto
increaseunderstandingor long-term studies providing strategic information for making

decisiors. The cornerstone scenario approach camtpoiit a potential direction fduture
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developmentCornerstone scenario analysis actsaaeol for longterm planning, and the
information obtained ismore strategic tharhat obtained throughthe whatif scenario
approach.Figure 2-2 summarizesthe cornerstone andvhatif approache showingthe
complexity and timedimensions ofthe application arean LCA studies.If the research
problem isspecific and covers a short to medium time frame, whapproachesare
typically usedOncethe timeaxisis elongatedind theproblemarea beomes more complex,

cornerstone approach might be more suitable.

) Cornerstone approach
Time - New, unknown field of research
- Usually applied in lonterm studies

Long term

Medium term

Short term

at-if approach
- Co parison\of existing system

Complex'ity

Figure2-2 Two approaches to scenario development in life cycle assessment research

(Adaptedfrom Weidema et al., 2004
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2.3 Scenario anaysisfor future studies

The developmentof future policy is full of complexity. In addition up the
development of future policys uncertainies and unpredictabilies For example by
implemening energyefficient technologies on thalemand side andessemission
technologies on theupply side many optionscan lead tothe samesustainable energy
system.Becamethe future of society and environmelatrgely dependson population,
economic growth, technological change or environmental policiesuticertanty and
unpredictabiliy of thesekey determinantsvill contributeto numerous pathwayswardthe

future state.

In order to deaWith such complicatedituatiors, scenario analystzas been used to
manage riskand develop robustrategicplans while facing anuncertain futue (Hannah &
Gabner, 2008; Mietzner & Reger, 2005cenario analysidas helped tdadentify the
relationship between theast, present and futur®oreover, ithighlightsthe opportuities,
risks, and tradeffs duringpolicy plannirg. In addition,scenario analysisanfocuses on the
areaof greatest uncertainty for a country or an operatamd systematicallydevelop
alternativepathway in which the operation midtbe implementedhen furtherdetermires
how these alternative pattays would be affecied decisionmaking Many nationallevel
policies havamplemenedthis analysis method to malstrategic decisiong:or examplejn
order to help policymaking, severdiuture renewable energcenarios have been reviewed
to exploretheamount ofaccessibleenewable energ{Martinot et al., 2007; Prakash & Bhat,
2009) The role of policymaking for future developmenis also pointed ouby the
IEA-WEO by which states*policies to facilitate the integration gariablerenewables into

networks are important. Such policies can range filwgtter planning for transmission
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projects to development of smart grids, the creation of demand response mechanisms and

the promotiorof storageechnologies( “ Wor I d Ener gy Outl ook, ”

In the enviromental studies,scenario% have been defined dsnages ofthefuture,
or alternative futurésthat areneither predictions ndorecasts, but an alternative image of
how the future might unfoldPCC, 2008) Thereforeas illustrated irFigure 2-3, scenarios
provide a dynamic view dhe future by exploring various trajectories of chanigatlead to

a broadening range of plausible futsre

Altemative
futures

Today Time Future
Horizon

Figure2-3 Conceptuatliagram of a scenario funn@lahmoud et al., 2009)

Scenario analysisased on the curresituationis used forboth makng shortterm
decisionsandplanning over long time horizonsong-term planning is especially important

when making decisions regarding the interactamtorsand human faors that may impact

23
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the future(Godet & Roubelat, 1996; Slaughter, 1996)other words, future scenariauld
differ according to not only economical but also environmental, social and technological

constraints and driving forse

Table 2-1 illustratedthe key factorghat influence scenario generatiorwhich are
sodal, economic, political, technologicaln@ environmental (SEPTEJhe table can serve
as a framework foridentifying external forces when generating future scenarkas.
examplenumerousssues should be taken into consideration to achisustainable energy
systemon shown inFigure 2-4. These ar@otissuesat national leved such as energy policy,
globalwarming, but also micro levelsuch apersonal uséehavioror spending patterrsf
consumes. For instance, if ggovernmentecidesto introduceelectricvehicles or fuel cell
vehicles into asociety it is not only at the policy level but also affecting research and
development of the technologlurthermore, theeissues mightink to each otler. Some
can speed up the developmest a driving forcewhile tradeoffs and competitionsmight
alsoexist. As shown inFigure 2-5, many optionsareavailableto bechosen for introducing
an energysaving strategyHowever,a comgicatedsituationcan also turrworse ifa wrong

decision is made.

Although scenario analysis providasystematic methodology framework to assess
and construct different modebf future situatios, the compexity and huge amount of
informationbring challenges tadecision makexwhen trying todistinguishthe importance
and relationship amongariousissues. After all, an effective technological decision is still

not easy to be made.
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Personal
Life style

Use of new technology

Making decision on buying
energyefficient machine

Ecgnomy
i Finance
Energy policy \
Stakeholders Technology developmewt
Society Recourse
competition
/ <
S
Global warming Biodiversity
Environment Land use

Space

Figure2-4 Issues blong to different dimensions in sustainable energy system

Society

Policy

V National energy planning
V Carbon tax

V Feedin Tariff, FIT
Stakeholders

V Governmental policy
makers

V Local community

- Introdpcmg energy —
saving strategy

Material Flow Finance

VR_are metal V Investment

V Biomass V Operation & Maintenance cost

Global warming .

V Use of fossil fuel Energysaving technology

V Change of land using V Introduce of Electric Vehicles

V Development of fuel cell

Environment Economy

Figure2-5 Example of issuesorrelatedwith introduce of energgaving strategy
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Table2-1 lllustration of the key factors for generating scenarios (adaptedwitson, 1998)

Domain Category Example
_ _ Education levels, social priorities, cultural, life
Social Social Factors _
style, human behavior, consumer values, needs
Demographic _
Age,family, household
patterns
Economic Macroeconomic GNP, balance of trade; regional and national
conditions migration patterns; governmental expenditures
_ . Change in size, type and ownership of firms;
Microeconomic , ,
. changes in economies of scale/staue of key
conditions _ _
industries
Spending patterns of consumers (urban/rural,
Market forces national regional);international demand for key
exports; sources of competition, resource prices
N N Trends in international relations; leveltehsion,
Political Geopolitical _
conflict
Changsin governmental development strategy ¢
National policy; changes in structure and responsibility o
ministries; stability of government
Level of technology in key industries, emerging
Technological Infrastructure technobgies, capacity to manufacture technolog

Future directions

for export

basic research and technical education trends i
nations; potential for the rapid diffusion of new
technologies

Environmental

Physical
environment

Natural resources

Air/water/land pollution trensland locations,
environmental quality issue(global warming)
Energy prices and availability, raw materials, lar
use, sustainability
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24 Summary

In Chapter 2,a scenario analysis approaend how it can be applied to future
technol@y introductionhas beemeviewed and discussetiwo principalapproaches; LCA
studies, whaif scenario and cornerstorseenario are identifiedand applied according to
different future situatios. It is suggested thahe cornerstone scenario ®uiteble when

evaluating a complex system.

The key factors for generating scenarios @tegorizednto five domains: social,
economi¢ political, technological and environmentébEPTE), which can serve as a
framework foridentifying external forces when gerating future scenaripsand will be

applied in this study
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CHAPTER 3 VISUALIZATION METHOD FOR
TECHNOLOGY INTRODUCTION

3.1 Introduction

As described in Chapter, RCA is widely used to analyze the environmental impacts
associated with a produet service To complete an analysis, the product and every stage of
its life cycle are explicitly describedvhen more than one product can deliver the same
function, or more than one life cycle pathwayspplicable results of each combination of

choicesshould bepresented

Figure 3-1 depicts a situation where N production scenarios andévaad disposal
optionsexig for a single product. This meatisatthere are N routes to produce a product
and Mpathways to utilize it Typically when an innovatiowhich makes Rchangento R is
introduced reductionof environmental impact is evaluated by comparing impacts associated
with (R, U;) and (R, U;). In this approachhiere are two shortcomingsemming fromthe
limitations inthe scope definitionunderthe conventional product LCA framework. First,
innovations that are not relevant with changes in inventoryvdatiéd bedisregardedThese
innovatiors reduce environmental impacts without changing the inventories of the

associated life cycle by increasing the availability of the product that is associated with less

29



environmental impactAn example is the elselopment of a new process that accepts raw
materials with inferior qualityThe scondshortcoming isthat improvemens that could

affect other technologies aoftendisregarded. In particular,t * s poatedhriolbgy t hat
made available by the evaluated innovatiwam i) replace other technologies that are

otherwise used, or ii) let other technologies used morehereby reduciesnvironmental

impacts.
[ Resources & | .| Production Use & Disposal N

Utiiles | 7| P Uy
[ Resources & | | Production Use &UDisposaI ----- >

Utilities | P, Product 2 Function

Resources & Production Use & Disposal ___,
Utilities P Un
N~/

Figure3-1 Scope of a scenario study when multiple production and use & disposal scenarios
are evaluated

To supporthe developingof technology introduction stratesg from comprehensive
viewpoints that incorporate environmental and economic analysesth longterm
perspectives, graphical representation method is proposed in this sfliaig. graphical
representatioould provide a more systematview when preseitg scenariogor practical
decisionmaking. The detail steps of the methodology developmentdeseribed in the

following.
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3.2 Visualized scenario performance and behaviors of

technology introduction

When developing technology strategies, seVesspectshould be considered. By
doing this, howeverchanges under each scenanould become too complicated to be
identified Scenario performance induced Imterplay betweertechnologes should be
measured and presented with the comparison of-tHddetween different indicedn this
section,a visualization analyis is proposedo present scenario performance and behaviors,
which enables decision makers to compare and distinguish the key components in a scenario.
Scenario performancevill be defined by quantifiable measures such as environmental
impacts or cost effectivenessvhile scenario behaviors are those describing system

conditions such as flexibility and operability.

3.2.1Method of developingthe graphical representation

A graphical methodhat evaluatesa collection of technologies providing the same
service or shing the same limited resourcés describedin this section.Figure 3-2
illustratesthe result ofindividual life cycle assessmemwin a single technology.The P;
segment is the cradte-gate LCA result ofa production technology ;P while the U;
segment ighe gateto-grave LCA ofthe utilization technology U The net environmeal

impact (1) is synthesizeflom theP, and Usegments.
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Environmental impact

T Production (P;)

\ Feedstock

Impact (I) capacity
=P +U,

The characteristics ) Utilization (U)
of each technology
are different

(e.g. environmental

Impact, capacity).

Figure 3-2 A graphicalrepresentation of individual technology

This graphicaimethod designed for assessing technolpigysummarized ifFigure
3-3. It presents the majduilding blocks of the methodology, which are in accordance with
the life cycle assessment framewoilhere are dur steps included: (1) defiion of a
technology domain, (2) calcuiah of the associated impacts of selected domain
technology, (3) gegration of a graphical representation, and (4) intergiet ofthe results

and provsion offeedback information.
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Goal and Scope Definition

Life Cycle Inventory
Analysis (LCI)

Life Cycle Impact
Assessment (LCIA)

Life Cycle Assessment Framework

Interpretation

Define a technology domain

€

~~

Calculate
associated
impact of
selected domain
technology

_l\
_l/

Generatea
graphical
representation
-P, U &I curves

~ -

Interpret the results and provide
feedback information

Technology
improvement/
reconsideration

Figure3-3 Method of developingraphical methodology within tHeCA framework

Step 1: xfine a technology domain

First, the evaluated technology domaams to balefined. A process of production or

utilization associated witanevaluated product is defined as a technology. Each technology

is classified into either pramtion or utilizationtechnologes An initial collection of

production and utilization technologies is set based on specific criteria and constraints. For
exampl e, “renetewahhel bgide ' eaibeshnolgy slamaie that t o

produces and utilizes hydrogen viaegable energy sources. When a technology conforms

to criteria and constraints setfor example produdion of hydrogen using renewable

resourcs, this technologyan be chosen in the domaifhis processcorresponds tdhe

stage of “goailom’ndi rs ctolpee L&A ifnriamewor k.
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Step 2: Calculate associated impact of selected domain technology

In the next steghe environmental impacts the selected domain technologies are
calculated. Cradko-gate and gateo-grave LCAs are conducted for technaksy in
production and utilization stages, respectivdlige interrelation among technologies is not

yet considered at this stepndthe LCA of each of technologies is calculated separately.

A cradleto-gate LCA is conducted for products produced by tbhertelogy to derive
the environmental impact associated with the production of a unit amount of product. At the
same time, resources (i.e., raw materials, land, factories for production, etc.) available for
production are evaluated. To obtain the informateescribed above, LCI arldCIA are

performed.

A gateto-grave LCA is conducted for utilization of various technologies. Such
analyses derive environmental impact reduction induced by the utilization of a unit amount
in the respective technologies. Heemissions that occur in the production pathways of
displaced products are accounted for. At the same time, demands for functions delivered via

respective utilization technologies are evaluated. Similarly, LCI and LCIA are required.

Step 3: Generate a gpdical representation

Next, a graphical representation can be generated using tits mdstained fronstep
2. Figure 3-4 illustrates how an individual life cycle assessment result of a technology is

assembled.

For the technolags classified in the production category, the production curve (P
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curve) is developed as shown Figure 3-4. Each segment (P. 4P represents different
production technologies. A segment can be drawn in a coordinate with poodact
environmental impact dhe primary interest irthe horizontal and vertical axes, respectively.
Like the production branchhesesegments arealsolinked to form a curve that starts from

the origin of the coordiate

For the technologies clas&fl in the utilization category, the utilization curve (U
curve) is developed. Each segment.(U L) represents different utilization pathways. A U
segment can be drawn in a coordinate with production and reduftienvironmental
impact ofthe primary inerest in the horizontal and vertical axes, respectively. The segments
are linked to form a curve that starts from the origin of the coatei For example, U in

Figure 3-4 depicts how a U curve would appear.

When te segments atinkedin theorder of their gradients.¢. Py, .4and B,
Uy), the minimum environmental impact (B and maximum environmental impact
reduction (Uhay curves are constructedrespectively This can also be described as
Equation 3-1 and 3-4. The minimum impact ) curve isthensynthesized from R, and
Umax curves Similarly, the segmentsan also be linkethto curves in the reverse ordefr
gradients(i.e. Pq, ..3,andRJ, ...3) thatresultsthe maximum environmental impact
(Pmax and minimum environmental impact reduction,) curvesas described explicitly
by Equations 3i2 and 3-5. Pqnax and Upin are then used to synthesize the maximum
environmental impact ghy curve. Actual combinations of @uuction and utilization
technologiesvould fall in the area between,B—Pmin and UnaxUmin Curves, respectively.
Therefore, the actual situation of overall technological combination is the argacbfil.

That is, the following applies.
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I:>min : fxn = Iprod,n(X' Xn) + k.alzll prodk(xk - Xkl) Equati0n3-1

Prax: £ = oroan (X~ Xy_nsa) +k=Ng n+1|prod,k(xk - Xc.1) Equation3-2
Xy = X TS, Equation3-3
U - 9y = Lo (Y - yn)+k.a'\illuti|,k(yk - Vi1 Equation3-4
Unin 105 = LY~ Yorow) 8 LY~ Y Equation 3-5
Yo = Yn1tD, Equation3-6

where

X: variable representing production technology

y: variable representing utilization technology

n: technology type,nl N

f,': functionfor generating production segment

gy function for generating utilization segment

N: number of production technologies

M: number of utilization technologies

S, product supply by technology type

Dy product demand by technology type

lprod,n UNIt iMpad associated with production technology type,Ra ¢l prod,2. .- Clprod & - - - Iprodn
luiin: UNIt impact associated with utilization technology typens ¢l 2. .. Cluti k€. . . lutim
X0 = 0,Yo=0

Note that only the impacts directly associated with tldvidual technologies in the
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evaluated domaiare beingevaluated here. For example, the«and |, curvesindicatethe
maximum and minimum environmental impacts induced legdlset of technologies. That
meansfor a certain amountxf) of feedstock ulized, the environmental impact induced
from societylies within the vertical range between thgJdand i, curves athe horizontal
coordinatex,. The extent ofk, would depend on various soes@onomic factors of market
penetration, such as cost, intleas introduced by the government, and oil price. In this
graphical representationthe fact that rarginal additional impact (and impact reduction)
varies over the demand of production and utilization is expressed as the shapesgiothe

between thepax and hin curves.

Impact ex. GHG emission
A
P

N I’an
Product
i (ex.
Electricity)
U2 U]_
U U4 Umin
Umax

Figure 3-4 Visualization of environmental penfmance described by equationsl® 3-6 at
M=4 and N=4
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Scenario behaviors such as system operability and flexibility are describeglire
3-5. The vertical segment between the maximum and minimum impact points represents the
operability at amount of product suppy. A longer vertical segment suggest®re options
can be chosen in the system. On the other h#vel,horizontal segment represents the
flexibility of the system. In the case of shifting right to x,, it shows that production ill
sufficient because it is still in the area qfiPPmax In other words, the system has shown
flexibility in the tecmology implementation. Howevegsystemoperability would become
smalleruponthis technology implementatiorThe visualized comparison between operability
and flexibility provides a simple evaluatiomethodfor decision makers when they design and

operatea system.

Impact e.g. GHG emission

4 P
: : P max
T Pmin
- Maximum impact
: Minimum impact
: —>
% Product

(e.g. Electricity)

Figure3-5 Variation of impacts by implementing production technologies
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Step 4: Interpret the results and provide feedback information

The environmental effects among corresponding techn@@ge visualizedandthis
is able to provide information for strategic decisiomaking. For example, different
scenarios of technology introduction under various economic and social circumstances can
be accessed via the graphical representation. Feedbellas technology recsideration is

obtained whemesults need to be reexamined.

In order to providean easy way to communicate, the representation method is
implemented on Microsd# Office Excel described in VBA (Visual Basic for Application)

codewhich isattached irtheappendix.
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3.2.2 Indicators

To characterize the results from this methodology, indicators are proposed as shown
in Figure 3-6. The feedstock Point Ax{, ya) indicates the maximum environmenitapact
(i.e.,ya) induced bythe chosen technologies among all possible technology implementations.
As a convex upward curve, point A on thgxlcurve indicates the highest point and implies

the maximunpossibleenvironmental impact.

Then point B %s, 0) can give an index of emission nelization. As shown in
Figure 3-6, the y value (i.e., environmental impact) of thgilcurve will be maintained as
negative when the hydrogen amount is over point B Xgp.In other words, when the

feedstock amount exceexls the environmental impact reduction can always be achieved.

Finally, at point C, the maximum emission reduction can be expressed. On account of
point C &c, Yc) being on ki, curve and showing the lowesbint, point C can indicate the
maximum emission reduction amougg¢) and the most appropriate amouxy) (for society
attributable to the highest reduction potential. Even if the feedstock utilization exgeeds
the environmental impact remains negatisompared to the benchmark situation at the

origin of the figure.

Figure 3-6 also showghe feasible regiothat isencompassed byhe kax and hin
curves. The feasible regiorpreserd all potential consequencesf energy technology
introduction which distinguishes the uncertainty kiye choice of technologies. This
approach is particularly useful for assessing different scenarios of the technology
implementation. In this way, stakeholders (ex. technology desedognd policy makers)
can focus on visions of the future society, which include different choices ®foket

technologies.
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Environmental Impact
A

AlXa 5 Ya)

>
Product

AXc 5 Yo)

Figure3-6 Scheme of indicators applicable to graphical representation
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3.2.3 Contribution of technology innovation/breakthrough

This proposed methodology can also be used to evaluate a technology
breakthrough/improvement. The composite of technologies including the evaluated
innovation can be consictted by changing or addirgegmentsn the P and U curves.

Examples of modification of f3, and Unax curves owing to various typed innovation are

shown inFigure 3-7, with including theextension in capacity ofs{R dot t ed | i ne |
improvementn efficiency of B(P; o f  ReWwiechrelogy or technicahnovation (L

of u’) . The innovation will pgluavae.dgnehesame cur v

manner, theglax curve is modified, and the new indicators are obtained.

To evaluatehe changes in environmental impacts for a given innovation, the three
indicators(i.e. described in section 3.2.B¢fore and after the innovati@an be compared
The systenrwide environmental impact reduction by technology innovation is explored,
makingit possible to provide feedback to the early stage of technology desigunl@velop

a more strategic policy.

Furthermore, this methodology can be used to assess different impact categories
together with a main impact category, according to the focuderest, as demonstrated in

the following case study.
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Figure3-7 Scheme of evaluation in technology innovation
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3.3 Visualization of trade-offs of different evaluation indices

When making a decision, \s&al interests might be considerelor example, to
design a process with less cost or less environmental impact is a commeuoiftiasiee. In
this study, the relation different interests in decisiemaking is visualized as illustrated in
Figure 3-8 andFigure 3-9. With the same amount of produgt the environmental impact
induced by production is varie@lhe mpact in the case of cost minimum falls in the middle
of the maximum and minimum values. In other words, scenarios that have the worst and best
environmental performance reveal their potential in the sense of environmental impact

reduction bythechoice of technology implementation

Impact ex. GHG emission
4 P

Maximum impact
Cost minimum

Minimum impact

Product
(ex. Electricity)

Figure3-8 Visualization ofvariation of impact bymplementing production technologies
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The relationship between two indices (e.g. cost anglironmentalimpact) is
visualized as illustrated iRigure 3-9. Maximum and minimum cost and G@mission are
calculated for the amount of produgt The area encompassed by the points represents the
attainable region. MuHobjective optimization is applied to define the boundary of the
attainable region biquation 3-7, Equation 3-9 andEquation 3-9. A detailed explanation
is presented iMable 3-1. Here, each calculation is on a epear basis for both cost and
CO, optimization. The points on the different regions feature the option of technology
combination.Region LL in Figure 3-9 shows the tradeff betweenenvironmental impact
and economic expense, whikegion MM cautions a worsavorse condition that should be
avoided. Although the ranges depict the scenario extremes that can be reached, arranging the
information in this way, such as scenario grouping kstesyiatic discussion and analysis,

will be helpful for strategic policy making.

optisnize(OF(r,v)) Equation3-7

Cost, = mvax(% Cost (n)) Equation3-8

co,.. = max(az Co,, () Equation3-9
where

v: variables in energy system

Costmax the pattern of technology combination that results in maximum total cost
COsmax the pattern of technology combination that results in maximume@@ssion
y: conditions in yeay

T: consicered year

r: 0, 0.1, 00rc¢a...1. 0, wher e
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Table3-1 Summary of equations to generate boundary conditions of attainable regions

Optimize OH(r,v) The boundary condition of Reference
the attainable region
T T
o & Cost,(n) a Co,,(n)
Minimiz e rY +(1- 1) y Less cost and less GO LL
Costnax CO2max
T T
Cost,,, - & Cost,(n) a Co,,(n)
Minimize y +(1- 1)~ More cost and less GO ML
Cost ., CO,,ux
T T
Cost,,, - & Cost,(n) a Co,,(n)
Maximize y +(1- 1) Less cost and more GO LM
Cost ., CO,,ux
T T
| aCost,(n) a Co,,(n)
Maximize rY +(1_ r) y More cost and more GO MM
Cost ., CO, ax
Index 2 ex. Cost
A
A
ML MM
] . ® # Cost Min
Attainable region cO2 Min
A Cost Max
LL LM ® CO2 Max
L 2

Index 1 ex. CO, emission

Figure 3-9 Visualization of relationship between two inegc(cost and environmental impact
as examples)
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The further discussion can bfallen on the scenario groupingdzigure 3-10 is
performing a possibility for makg better decisiondy grouping scenario under different
required criteia. Based on the visualized information, it is possible to generate an insightful
decision based on the results. Decision makers can compare different scenario performances

and behaviors with the discussion of focused evaluating indices and select bfgefera

decisions.
Decision support
Cost Max
) Should be
avoided
| scenarios
® @ CostMin Cost
CO2 Min
A Cost Max Preferable
® CO2 Max I
. scenarios
Min CQ Max

Impact ex. CO, emission
Scenario Grouping
Technology group Ascenarios with high social acceptance

Technology group B: without nuclear power scenarios
X

Figure3-10 Scenario grouping for supporting decision making
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3.4 Projection of future conditions

Time plays an important role in analyzing system transitions from the present to the future
Since it is impossible to predict future conditions perfectly, representative scenarios should be
developed based on specific social conditions and activities (i.e. future energy consumption,
composition of electricity generation, policy and so on) Efsiations 3i 8 and3i 9 illustrate,
scenario consequences aenalyzed in longterm projections. This method allows
visualization of the different consequences between the present and the future, which makes it

easier tabserveaechnology transitions and kle technological innovations.

3.5 Discussion andimitations of the visualization method

The proposed mikbdology distinguishes uncertainty for tbleoice of technologies.
This approach is particularly useful for asseg different scenarios ofechndogy
implementatio. Both existing and new technologies can beesssd in the proposed
framework However,varied levels of uncertainty in the existing and new technologies

should be noted, but currently not assessed in the proposed methodology.

Furthernore, the interactios among technologies are visualized relation tothe
changes irenvironmental consequences. Namaltechnology improvemehbreakthrough
mayreplace aroriginal oneor change the ordetd environmental impacts among evaluated
techrologies.Indirect effects (e.dand competitioncapital allocatiobetweerntechnologies
are not assessed in this study, but it is possible to support the mdsaitseed from other

LCA studiesto emphasizeéhe competitiveness of certain technologies
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Currently, environmental impact of each technologgssumed as a linear segment,
but it will show nonlinear to if the scale effect is considered (e.g. environmental impact

may be decreased if scale up effemteconsidered).

Moreover,when more thamne environmentaindicesare consideredthe graphical
representatiocan be extended into three dimensitmsompare two different inces yet it
is not easy to understand if it is extended into more than three dimerigidims. case, the
aggregatiormethod might be applied, although some information on the characteristics of
the index may be lost by the aggregation. That is, if the selected impact categories are
integrated into a single index, the differences of impacts among various processe®eannot
identified. For instance, a process that emits lower GHG emission may have a higher
acidification potential. If several indexes are integrated, the information on theoffade

between them might be lost.

The other approach is tosualizethe single mdex separatelyAs shown inFigure
3-11, the orders of the candidate technologiescir@nged when differemvaluating index
areconsideredTechnology combinations are changed accordinghys approachprovides
another viewpait for comparing tradeff instead of simply aggregating the multiple

indices
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P,
Minimum cost i Minimum cost
Product P, Product

Figure3-11 Visualization of different environmental index

36 Summary

Chapter 3 proposed a graphical representatiosydematically evaluate the
interrelations among technologjéaking into consideration afncertainties irthe choice.
This approach allows analyses of the consequences of the technology introduction

three aspects as follows

9 Visualization of the theotieal range of environmental consequences
assuming a set of technologithat isin the same domain. The visualization
also enables identification othe range ofpotential consequence of a
technology replacement within the defirtedhnologydomain thagffectively
displays marginal changes in environmental impacts inducedthiey

technologies

1 Visualization of tradeoffs of different evaluation indice’hecomparison of

possible future technology options within an environmeetanomical
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contextcan heb decision makers have a Bgeye view in the development

process.

Visualization ofsystem transitions a given time frameThe visualization of
different consequences betweéie present and the fueimakes it easier to
see technology transitions apdssible technological innovatiorismitations

of the visualization method should be notdddirect effects between
technologies are not considered under this methodology framewhbek.
systemcan visualize the changes of environmental consequencesethty
the variation of scalealthough not considered now for the reason of

simplification
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CHAPTER 4 APPLICATION TO THE DESIGN
OF ENERGY SYSTEMS

4.1 Introduction

In this chapter two case studies arpresented fordemonstrating the proposed
graphical represgation method: hydrogerelatal technology in Taiwan and
electricity-based syem in Japan. The former oa@nsto assess grassroots designe. a
new syste while the latterdiscussgs different technology implementation ia retrofit

design(i.e. anexist system

In the first case stly, two scenariogepresentinghe innovatve technologesin a
“hydr og e nae analgzedewhigh” demonstragehow technology improvement is

evaluated by the graphical representation method.

The secondcasediscusgs how to design a systerwhich is based orthe current
situation. Electricity system is appliednd ismore focusedon identifying the relation of

different interests when a system is desijn
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4.2 Case study on Taiwanese hydrogen system

4.2.1 Background

In Taiwan, the pergy security has always been a concern because of its high
dependence on imported source of energy, e.g., 99.37% imported in 2009, among which
13.16% for used in the transportation sector (Bureau of En20§@). Moreover, pollutants
from the transportation sector are causing serious environmental problems owing to the high
population density, e.g., 639 peoplefkin 2009 (Depament of Household Registration

2010), and the high utilization rate of motor vehicles when people commute.

The use of hydrogen as an alternative energy carrier has been receiving attention for
a number of reasons. Hydrogen is cleaner than fossil fuels because almost zero pollutants are
emitted during th@rocess otnergy conversiofe.g convertsthe potentiathemical energy
of gasoline and oxygen into thermal engrghhis characteristic can improve environmental
quality because the sources of pollutants can be centralized during the production of
hydrogen rather than be distributed to locations where pedgteor pass by with their
vehicles. Moreover, hydrogen can facilitate the active useupdtilized and renewable
energy sources becauge pathways taconvertthese sourcesito hydrogen a developed
actively. A researchshows the potential of hydrogederived from biomass (e.g. agriculture
and forest waste, kitchen waste, etc.), wind and solar energy via thermal chemical,
photochemical or biological processes (John Turner e2@08). In this way, hydrogen
society could promte independenaaf fossil fuels. This benefit is critical in many countries
including Taiwan, which relies heavily on imported fossil fuels. An important characteristic
of renewable energy is its versatility, i.e., it is found everywhere in various forms, such as

wind, solar irradhtion, and biomass. Therefore, an energy system that is more
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geographically distributed can be designed, which has the advantages of -tiéaistet
energy supply and reduction of loss in energy transportation. To bring all those benefits into

reality, research efforts have been invested into hydrogen related technologies.

For Taiwan, hydrogebased transportation systems based on renewable energy can
be a particularly attractive solution to the abowentioned challenges. At the same time,
Taiwan, as a island, realizes the importance of mitigating global warming and striving to
reduce GHG emissigmlthough it is not a member party thie United Nations Framework

Convention on Climate Change (UNFCCC).

There is a widerange of literatures exploring difierent possible pathways to
hydrogenbased future. Life cycle assessments (LCAS) of individual hydrogen technologies
are found: several studies focus on hydrogen fuel production processes (Tugndio&gal.
Koroneos et al.2004) and hydrogeutilizing applications (Granovskii et al2006), but
none of them address the entire composite of technologies that should exist in an envisioned
hydrogen society. However, a “hydrogen soci
that interact with each othéfydrogen production technologies compete over the limited
demand for hydrogen and over limited resources for hydrogen production, while utilization
technologies compete over a limited supply of hydrogen, which equals to the limited
demand for energy geraged from hydrogen. The interrelations among hydrogen production
and utilization technologies are often less considered and absent in the current literature.
Therefore, the composite assessment of hydrogen technologies is takeasasstug to
demonstree the graphical methodology. The changes of environmental consequences by a
technology innovation will be demonstrated, considering the changes of demand, and the

resulting possible environmental consequences of deployment.
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4.2.2 Define technology domain

The technology domain is selected as hydrogen technologies for Taiwan. There are
two subdomains included: (1) production subdomain: renewable energy to hydrogen, and (2)

utilization subdomain: hydrogefineled vehicles ithetransportation sector.

Two Scenarios(S1, S2) orthe choice of technologies and evaluation of technology
improvement are candered as summarized iable 4-1. Technologies of renewable
energy to hydrogen include: water electrolysis by wind swolar energy, and bioydrogen
production (dark fermentation and tvstage process) using local sugarcane as feedstock;
utilization technologies are trucks, passenger cars and motorcycles used in Taiwanese

transportation systems.

Table4-1 Selected domain technologies for tacenarios

Scenario Production technology Utilization technology

S1 Wind energy + electrolysis Transportation
Solar energy + electrolysis (Trucks, passenger cars,
Biomass (sugarcane) + motorcycles
dark fermentation

S2 Wind energy + electrolysis Transportation

Solar energy + electrolysis
Biomass (sugarcane) +
two-stage process

(Trucks, passenger cars,
motorcycles

Greenhouse gas (GHG) emission was focused on as the environmental impact. The
selected technologies in the two case studies are almost the same, whereas the biological
hydrogen production technologiare different. The objective of this comparative evaluation
is to realize how technology improvement can contribute to environmental impact reduction

in a systematicnanner
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4.2.3 Calculate environmental impact of selected technologies and their
potential

i Cradle-to-gate LCA in production sullomain

The cradleto gate LCA is conducted tevaluatethe technologies in the production
subdomain: (a) water electrolysis by wind energy, (b) water electrolysis by solar energy, and
(c) bio-hydrogen production usingocal sugarcane as feedstock. The individual
environmental impact associated with the production of a unit amount of feedstock should

be determined, together with the resources available for production.

(& Wind energy + water electrolysis

Hydrogen prodation from wind is analyzed assuming electrolytic hydrogen
production. A preceding research on the fundamental wind atlases and development
potential map of wind energy in Taiwan (ITRI and NC2002) is applied in this study,
which concludes that the potea installed capacity is ca. Z8W in total. To obtain the
capacity factors of the wind turbines, first, the wind speed simulations were performed by
applying the 5year actual wind speed data acquired from the Central Weather Bureau of
Taiwan. Amonga large number of studieye Weibull probability density function (PDF) is
widely adopted to model the wind speed frequency curve (P20€16). By fitting
time-series data obtained from measurement, paramettrs\ideibull PDF can be derived.

In this stuy, the Weibull PDF shown below is applied to simulate wind speed the respective

locations.
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f(v) :E(g)k'le‘(%)k Equationd-1

k: theshape parameter,
c: the scale parameter and
v: wind speed

The parametek determineshe shape of the distribution curve, and Wit is a
typical pattern found at most si{Pate] 2006) And the parameter ¢ represents the wind
speed range. For the greater value,dhe distribution curve shift right to higher wind speed,
that is, hidper c represents the greater number of days that have high winds. One of the

simulated results is st in Figure 4-1.

Once the time course of the wind speed is simulated, power generation is calculated
by applyirg a wind turbine characteristic curve (Chang et al. 2003), which describes the
power output for various wind speeds. A turbine is operated betweén spgedv, andVo.

P(V) is actual power outpuBk is the constant output at a range of rated spéeednd

cut-off speedvo,

) V<V, =3(m/s)
I 3 2 A
Vi+aV-+aV +a,) P VeV <V, =15m/s )
iRy Ve CV <V, =25m/s)
to V2V,
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Figure4-1The simulation of wind speed distribution over one year

Using regression analysis, values for all the patans were obtained as follows:
a,=-0.001, a,=0.030, az=-0.176, a,=0.292, Pr=1026 (kW). Then by applying simulated
hourly wind speed at respective wind turbine sites throughout a year into the function
obtaned, namely, R{) =0 when V = (3m/s) and V = 25(m/s), P¥)= 1026 X
(-0.00V*+0.030/%-0.176/+0.292) when 3= V<15(m/s), and R(=1026 when 155
V<25(m/s), respective power generation were obtained. Then, by applying a simulated
hourly wind speed at respective wintbine sites throughout avgn year, respective power

generations are obtained.
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Figure4-2 Measured and modeled characteristic curve

Commercialized process data (53.4 kWhHtg) (lvy 2004) is applied to the obtained
power productin from wind power generators, to calculate the annual electrolytic hydrogen

production.

The environmental impact induced by wipdwerderived hydrogen is calculated by
life cycle assessment considering cramtgate of the produced hydrogen. Manufactgyi
foundation construction, operation and disposal of wind turbine, as well as the energy
consumption in the hydrogen production phase, were considered (Spdinn 2004;Lee

& Tzeng 2008).
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(b)  Solar energy + water electrolysis

Hydrogen productionrbm solar irradiation is estimated assuming the installation of
photovoltaic (PV) modules on the roof of residential building3 {0 generate electricity
(Chang 2008), and connected to an electrolytic process to produce hydrogen. Power
production from slkar energy depends on solar irradiation at each locaBgnSimulation
of solar irradiation by considering localized data (longitude, latitude, height, and
temperature) is carried out by applying sof

estimated as shown in the following equation.

E.v=a(R3A) Equatior4-3

where

Epy :PV power generatio(kWh/yea)

i: cities, counties

Pi: Power production per fin a year in city or county (kWh/m2.yeal), Pi is rela¢d to
solar irradiation at each location

A : Residential buildig roof area in city or countly(m?)

The environmental impact of solderived hydrogen is calculated from the life cycle
inventory data of PV module production provided from the literat(&ksemal &

Wild-Scholten2006), and then combining witin electrolysis process (lyR004).
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(c) Biohydrogen production using sugarcane

In this study, sugarcane is chosen as feedstock to generate hydrogen. Two different
production processes, i.e. dagtrhentation and twetage process, are evaluated (Manish et

al., 2008) using the same amount of sugarcane as feedstock.

A cradleto-gate LCA is conducted for hydrogen produced from sugarcane
(Fukushima and Chen 2009) to derive the environmental impactciagsl with the
production of a unit amount of hydrogen. The processes included in the system boundary
were sugarcane production, milling, and the hydrogen production processes and their
background processes. The GHG emission from electricity is caldwgtemission factor
(0.637 kgCOe/kWh) provided by the Taiwan Power Company (Taipqie08). However,
the emission factor only considers the emission from fuel combustion for power generation.
Power plant construction and operation and maintenancecitifiés should also be taken
into account. Therefore, a modification bas
study (TEPCO 2009) is made. The emission inventory including etadjate of power in
Taiwan is calculated as 0.715-K,e/kWh. To calalate this value, the Taiwanese power

structure isaken into account (FukushirdaKuo, 2008).

i Gateto-grave LCA in utilization subdomain

The demand for hydrogen in the transportation sector is calculated by estimating the
average commutelistance in a gar (km/year)for each type of vehicle (i.e. Trucks,
passenger cars, and motorcycles), then multiplying with the fuel consumption rate

(kg-fuel’lkm) to convert into fuel consumption (Ministry of Transportation and
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Communications2009 ITRI , 2005).

GHG emission in transportation sector is calculated based on Intergovernmental

Panel on Climate Change (IPCC) guideline using the following equation (FIDC).

3 . N,D
Ecoz:a.' Ecoz,j :a( M
] J i

J

L3 EF.o,) Equationd-4

Where

Ecop: Total CQ emission(kg-CO»€)

N; : Number of vehicleg

D; : Average travel distance of vehicigkm)

M; : Average fuel consumption rate of vehigkm/L-fuel)

EFcoz;: CO; emission factor for fuel used in vehiglékg-COse/L-fuel)
j: Passenger car,atorcycle trucks

Therefore, ifa transportation sector powered by fossil fuel can be replaced by
hydrogen powered vehicles, the environmental impact of fuel usage, which includes fuel
extraction and combustion, can be reduced. The calculation startie assumption that
trucks are fueled by diesel, while passenger cars and motorcycles areldr/gasoline.

The environmental impact reduction potential with the replacement of fossil fuels was
obtained using the equation above. In this case study, ifmacement in hydrogen
utilization technology is limited to negative environmental impact, because only fuel

replacement is considered.

Each LCA and LCI results of the selected technologies areulatdd and
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summarized infable 4-2. In production technologies, the highest environmental imigsact
induced by dark fermentation, whereas the lowest environmental impact is tstaye
process. In utilization technologies, diefstled vehicles have lower fossil fuel

combustions considering the unit traveling distance.

Table 4-2 Life cycle inventory results ofhydrogen relatedsubdomain technologies
(production and utilization)

Process GHG Capacity Total GHG
emission(a) (kton)(b) emission(a) X (b)
(kg-COselkg-Hy)  (kg-COe/kg-Ho) (kton-CO.€)
Production ~ Wind 2.02 306 6.18x10°
Solar 3.20 117 3.74x107
Biomass(dark 119.45 45 5.43x10°
fermentation)
Biomass (twestage 1.22 137 1.6710°
process)
Utilization  Dieselfueled -13.73 395 -5.42x10°
vehicles
Gasolinefueled -21.99 1,221 -2.69x10"
vehicles

4.2.4 Generate graphical representations

The results summarized fable 4-2 are used to generate graphical representation
Data pesented in production and utilization subdomains are used to construct P and U
curves, respectively. Then, the two curves are combined to synthesize | curve, which shows
the net environmental impacts over the extent of the technology dofgume 4-3 shows
the minimum and maximum environmental impact patterrsceharioS1. The introduction
orders of minimum environmental impact pattern,.fl are wind, solar and dark
fermentation in production technologies(ff, and gasolindueled and diesdueled

vehicles in utilization technologies ). The maximum pattern (Jx Pnax Umin) appears
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whenall the technologies are introducedlire opposite order

The three indicators foscenarioS1 are shown irFigure 4-3 as well. Point 1
representa “ Maxi mum emi ssion reducti onNten-C@é i ch h
when 0.42 MtorH,i s uti |l i zed. “Maxi mum environment al
Mton-CO.e, indicating lhat the largest emission might be generated by utilizing the domain
technol ogi es, and “Emission neuHisaltlized,at i on”

shown as point 3. A similar procedure can be appliestd¢oaridS2.

GHG emission (Mtai€Qe) GHG emission (Mtoil€Qe)
10 10 -
y 2 Solar Wind
5 5
N Wind ___Solar Darkfer , f/Darkfer.
5 5 ~—_ 3 !
\M(
-10 -10 ~—
-15 -15
-20 - : - : - -20
0 0.1 0.2 0.3 0.4 0.5 0.6 0 0.1 0.2 0.3 0.4 0.5 0.6
H, amount (Mton-H,) H,amount (Mton-H,)

Figure4-3 Minimum (left) and maximum (right) environmental impact patterns of S1

Figure 4-4 summarizeshe technologies included in the assessntégtire 4-5 showsthe
comparison betweescenariosS1 and S2based on theminimum environmental impact
pattern.The results of S1 are presented as solid lines, and the dotted lines are for S2. As
statedin Table 4-2, two-stage process has the lowest environmental impacts among all
hydrogen production subdomain technologies. Therefdhe, order of introducing

productionsubdomairtechnologies in S& changedrom S1. Figure 4-5 alsodemonstrates
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the interactions among hydrogen production subdomain technologies. In case of S2,
biohydrogen production process becomes the mposerentialtechnology, whichmakes
sugarcane biomass utilizezhrlier than wind and solar resourceghe yield of hydrogen

production is enhanced, and the impact curves are chanpge®A Imin_S2).

Hydrogen production Hydrogen utilization
(cradieto-gate) (gateto-grave)
P e 1
1 ' ]
1 1
| Wind |—>| Windturbine e Fuel replacement | |
AN ) Electrolysis (motorcycles) :
1 1
[ N 1
i Solar |—s| Photovoltaic Water Fuel replacement | |
L . I
i L ) Panel Electrolysis Hydrogen (cars) i
1 4 \ 1
i Biomass Dark Fuelreplacement | |
i \ ) fermentation (trucks) i
! Technology replacemeft !
P gyreplacemedty A4 |
i . Twostage
1 Biomass
L ) process

Figure4-4 Scope of assessed hydrogen technologies in the cageldtud, the cradko-gate
of hydrogen prodction technologies (ex. wind turbine manufacturing and installation) are
considered, while in utilization domain, only fuel replacem&nonsidered.
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Figure4-5 Comparison of S1 (solid lines) and S2 (ddtlines) with minimum environmental
impact pattern

Figure 4-6 shows the comparison result of indicators between S1 andI®&2three
indicators maximum emission reduction (0.428.31), maximum environmental ipact
(0.05, 4.81), and emissiareutralization(0.36, 0), are discussed in S$2 only shows one
i ndi cratinlum enission reductibn | o c at e dl1l1.16)) whiclindiGatsthat
11.16 Mton-CO.e emission can be reduced when 0M6on-H, is utilized. The results
illustrate thatthe introduction ofa two-stage process will alwayseduceenvironmental

impact because the environmental impact is negative at every pojc@nd |, curves.

The resultsof the comparison on S1 and SAdicate that the catribution of
environmental impact reduction ke improved technology (i.etwo-stage process) is
larger There ardwo reasons: (1he hydrogen yield is increasednd(2) the emissiomwill
be reduced becauslee values of net environmental impact always negative, regardless

of the actual choices of technology in the society determined by for example market
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mechanisms.

Depending on the consequences of clsmeade in society, the environmental impacts in

the futures under S1 and S2 can be anywimetikee range surrounded by the respectiye |

and hax curves.As all the indicators show S2 has a better collection of technoldsges,

seems to be the better choiG&ereduction in environmental impaict S2is assured, while

in case of S1 there is possibility to have increase in environmental impact. Likewise,

decision maker will be able to take uncertainties into consideration and reflect more

information in their decisionsfor example on whether investment should be made to

implementtwo-stage hgrogen fermentation process.
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Figure4-6 Comparison of indicators between S1 (left) and S2 (right)
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4.3 Case study on Japanese electricity system

Applications of the graphical representation method areahstrated by discussing
scenarios of implementing various energy technologies in the Japanese electricity system. In
this case study, scenario perfance and behavior at presegedr 200D) and for future

projections year 2050) are evaluated byethrgosed visualization analgs

4.3.1 Background

To help solve energy security and global warming issues, the Japanese government
made a decision to shift the current structure to a less fossitdiistt society. The
Japanese Cabinet adopted a new Basardy Plan in June 2010 (METI, 2010a), makiing
target to shift to a system that generates electricity almost solely from nuclear power and
renewable resourceand provides a 30 percent reduction in enegdgtedgreenhouse gas
(GHG) emission®y 2030.It was seen as a solution for Japan because energy independence
can be increasednd at the same time, effectively decrease GHG emissions. However, since
the devastating earthquake and nuclear power disaster of March 2011, the energy policy has
beenfadng challenges and needs to be revised and redesigned. Under such conditions, some
researchers suggested that Japan should take advantage of this opportunity to transform into

a more sustainable society (Fukushima et al., 2011).

Therefore, the objective dhe case study is to provide a systematic evaluation of
Japanese energy systems ughng visualization method, aing at supporting the redesign
of energy policy. The Japanese energy system includes a wide range of technologies in
electricity, heat and &l systems, whereas we focus only on the discussion of electricity

systems in this case study. The electricity system in Japan before the earthquake was
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composed of generation technologies such as hydropower, geothermal, nuclear, gas combine
cycle (GCC), ad natural ga$ired (LNG), oil-fired, and coafired plants. AlImost 60% of

power is generated by fossil fufled plants, which mainly rely on imports, and at the same
times are a major concern as a huge GHG contributor (METI, 2011). Ircdkes studythe

Japanese lectricity system before the earthquake and several scenarios under different

conditions will be assessed using the proposed visualization method.

In energy systesdesign, market mechanism and eefective optimization method
are often usd for technology implementation planni{Berrie & Anari, 1986) However,
not only economical but also environmental, social and technological constraints and driving
force can affect the combination of technologies in a system. For example, renewable
enggy-based power generation technologies are willing to be used under policy changes
(e.g. subsidy, carbon tax, etc.). To tackle such a complex problem by assisting sustainable
system design, a comprehensive assessment with various perspectives plagstiah reds

in strategic policy decision.

4.3.2 Define technology domain

In this step, the evaluation boundary (i.e. technology domain) is selected as electricity
technologies in Japan, and two subdomains are included as follows. (1) Production
subdomain:electricity supply from hydropower; geothermal; nuclear; gas combine cycle
(GCO); natural gafired (LNG), oil-fired (Qil), and coafired (Coal) plants; photovoltaic
(PV) solar energy; and wind turbines (WTs). (2) Utilization subdomain: electricity demand
Scenarios that include renewable energy (PVs, WTs) are introduced aggressively to reduce
the dependency on fossil fuel until year 2050. In the utilization subdomain, conventional

vehicles are replaced by phiug hybrid vehicles (PHV), and electric velasl (EV) replace
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conventional vehicles in the transportation sector.

GHG emission is selected as the main evaluation indicator of environmental impact.
The total GHG emission induced from technology combinations at each target year is
calculated to comparthe resulting changes. Power generation cost is another evaluation

indicator in this case study, showing the economic performance of the scenarios.

Resource Production Product Utilization
Crude Oill Production
:
Production
LNG p Transportation
U2
Hydro
-" Household
Nuclear 7 U,
Solar X Business
Wind Prod;ctlon
n
Supply Demand

Figure4-7 System boundary of the case study of Japasessy system



4.3.3 Calculate environmental impact of selected technologies and
their potential

According to the technology forecast made and introduction target set by the
Japanese government (MOE, 2013), electricity generated from renewable enehggs su
solar PVs and wind turbines, will be introduced aggressively in the future. Since the
operation of nuclear power plants is facing political uncertainty, a scenario assessing the
situation of an energy system wailit operating nuclear power year 20 is analyzed.
Maximum potential power generation years 2010 and 2050 is calculated accordingly, as
summarized inTable 4-3. Environmental impacts (i.e. GHG emission) of each power
generation technology from amleto-gate (Fukushima et al., 2004; Imamura et al., 2010)
are calculated. In production technologies, the highest environmental impact induced by the
production process is by coal, whereas the lowest environmental impact is by hydropower,

as shown imMable 4-3.

At the same time, energgaving technologies in the utilization subdomain, such as
nextgeneration automobiles, show high potential to be introduced (METI, 2010b). In the
case study, several innovative nlebi are assessed to solve the problem of fossil fuel

dependence and GHG emissions from fuel combustion (Kato et al., 2010).
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Table 4-3 Inventory results of subdomain technologies (Imamura et al., 2010; éfaal.,

2010)
Technology GHG emission Y2010 Y2050
(g-CO2/kWh) generation generation
(GWh) (GWh)
Production Nuclear 20 460,671 0
Coal 943 341,948 6,312
LNG 590 341,948 0
oil 738 276,591 0
GCC 474 253,724 419,850
Hydropower 11 181,456 181456
Geothermal 13 4,581 45,408
PV 38 5,321 204,657
WT 25 4,617 122,650
Utilization BAU 0 963,084 628,628
EV_gasoline car —434 0 31,977
replacement
EV_diesel car -395 0 12,323
replacement
EV_LPG car -383 0 63,524
replacement
PHV —442 0 25,38
4.3.4 Generate graphical representations

The results shown iffable 4-3 are used to generate a graphical representation of

technology combination and production subdonkgure 4-8. Figure 4-8 shows the power

supply (production) system of Japan in 2010. It indicates that there was a potential to

generate about 1900 TWh of electricity, whereas demand was 986 TWh in that year. As

shown inFigure 4-8, minimum and maximum environmental impacts induced by generating

986 TWh of electricity are visualized. It indicates all possible environmental impacts that are

in between these two points. Foraexple, the environmental impaudt historicaldata(MOE,

2013)is in the middle.
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Figure 4-9 is the result of a future scenario analysis that introduces PVs and WTs
aggressively, together with utilizing energfficient fossil fuel technologies. It shows a
great potential for GHG emission reductions by utilizing innovative technologigsire
4-10is the result of power demand (utilization) in 2050. Note that busasssual (BAU)
in this case study stands for bag@mwver demand without introducing innovative vehicles in
the transportation sector. Decreasing power demand under BAU in year 2050 isthieie to
depopulation in Japan, and the implementation of-bifjhiency technologies. Although the
introduction of newvehicles will increase the power demand, it also contributes to the

reduction of GHG emissions at the same time.

A comparison of | curves for 2010 and 2050 is showRigure 4-11. As illustrated,
year 2010 has Iger demand and higher GHG emission compawegear 2050. However,
the length of hin—Imax Of 2010 is longer than that for 2050, which represents the higher
operability in the system. It also addresses the risk in the 2050 scenario due to less
operability of the electricity system. From the visualized result, a suggestion to redesign
future electricity systems can be made by implementing more technologies in the production
subsystem or by diminishing demand in the utilization subsystem to increase system
operability. The visualized range of environmental consequengg—fRin, Umax-Umin, and
Imax-min) IS changed under different scenarios as discussed in the above section. Although
those results are shown for the target yeamsessment od longterm pathvay is also
possible. As shown irFigure 4-12, technology combinations in different years are
visualized and comparable, which is especially important in designingtéomgenergy

policies to assess the effectconstraints changed in technology implementation over time.
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Figure4-12 Visualization of electricity generation with time frame

This framework provides a geral approach for analyzing a system; however, the aspects

to be considered will be different for each decision maker. For example, a system designer

might pay more attention to scenario performance (e.g. cosf), ®Qt the plant operator

would care morabout the flexibility of a system. Therefore, it is necessary to identify who is

the decision maker, as this is strongly related to the selection of evaluating indi€@apors.

4-13visualizes a situation of aopver system without operating nuclear power in Japan. In the

scenario of 0% nuclear power operation, the result shows that the mix of technologies is

sufficient to satisfy the power demands and the requirements of a system designer. However,

it also indicaes thatthat plants have to run at almost full capacity and may not have enough

maintenance periods, which increases the risk of operation. ScenariosnlTab8 4-4 with

different operation conditions of fakguel-fired power plants are evaluated as shown in
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Figure 4-13. It indicates that power supply issufficient for demand undeb0% operation
rate of fossil fuelfired plant, which is the average of the currsitiation.In this case, plant
operators may argue the flexibility of this system. Furthermore, it is necessary to analyze
system stability in terms of instantaneous power generation, especially wagpleedent

power generators such as PVs and WTs

Tale 4-4 Settings in evaluated scenarios
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Figure 4-13 Comparison of scenarios with defined operation conditions (Power generation
basis)

On the other hand, frorthe environmentalperspective the curent energy system is
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superior b the contribution in GHG emission and has large emission allowance fowesr
system. ite. longer distance between,f and R,, cut by vertical demand line). The
comparison of possiblemissionamong different scenarios is clarified by the visualorati

method.

A safe energy system is notlpra system thatan provide sufiient electricity amount
for demand, but also sufficiently supply in peak demand without system breakdown. As
discussed, théno nuclear poweoption’ is sufficientin terms of eletricity demand(GWh),
but it is insufficient in the peak demand hour as showrFigure 4-14. Although an
insufficient amount can be made up by other storage fasiljgx. hydrgoump, battey and so

on), it is dill seen as a fragile system.

Therefore, for designing a stable future energy system, system security is an essential
issue. The future Japanesecietyis supposed to shift to a renewabbesedsociety and
population will decreasaccordingto the edtnatiors by thegovernment Thereforea set of
mid-term and longerm future scenarios assessed by the visualization metHéidure 4-15
shows a scenario in year 2020, which is a no nuclear power societyheithttoduction of
solarphotovoltaic(PV) panes. Since power generation efficiency of PV is highly depend on
the weather condition, the fluctuation of power generation should be taken into consideration.
Figure 4-16 illustrates fluctuations in PVs, showing that the system can meet peak demand
even on rainy days (supposiRY efficiency is 0). Howevert is showedthat the smaller the

efficiency, the less operable the system becomes in this case.
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4.3.5 Cost optimization of power mix

Instead of only showing the range of consequence of technology implementation,
optimization model is integrated to provide the cost information in the visualization model.
This is to analyze and evaluate tradeoffs between technologies, policies, and cost for
mitigation of environmental problems.

The oljective function here is minimizingptal power generation cost of centralized

power generatiosystem from year 2010 to 2058hich isshown as follows
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TC=TC,+ i 9,3 InvG:3 Cap,)+ A (FuelC, 3 Pow) Equation 4-5
k=1 k=1

Where TC = Total cost per ye@d/yr)

TCo= Total cost of hydropower drgeothermal in Japan per ygafyr)
k = type of power source.¢. NUCLEAR, COAL, LNG, OIL,GCC...)
g = annual expense rat{@/yr)

InvC = investment cogg¢/kW)

Cap= installed capacitykW)

FuelC = fuel cost 6 electricity power generatiof¥k/\Wh)

Pow= anpunt of power gerrated electric power in a yeddWh/yr)

ail N Q

g=1'—r+|+f+m-1'—r(|+f) -— 8
N I ERET UL

Equation 4-6

Where

r=residual valuédimensionless
N = depreciation perio€yr)

| = interest ratél/yr)

f = property tax/yr)

m = ratio ofrunning expensgl/yr)

Constraints:
There are several constraints in the optimization model in the following. In general,
the supply and demand of the electric poisdralanced byequation 4-7 for particular time

t and dayd of a certain regain The electric power that a certain power source can generate
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is restricted by the installed capaci@ap, of the powersource. An inspection ratiay;,
which reduceghe output power due to the periodic inspection for each power smurce

describedn Equation 4-8.

n 10

& a X, 4" S, +Hydro+Geothermak Load,, Equation 4-7

p=lg=1

X,ana ¢ (@-u,)2 Cap, Equation 4-8
Where

p = type of power source

g = power company
t = hour of tke day

d = day of the year

X = electricpower generated per unit tindé/Nh/kw)

S= electric power stored by pumped storage power generation per unit time
(kWh/kw)

u = inspection ratigdimensionless

The installed capacities for each power source are emmstk by both lower and
upper limits as giving ifcquation 4-9 and10.

Cap,, 2 Cap ,, Equation 4-9

Cap,, ¢ Cap, ,, Equation 4-10
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The storage and capacity balancenydro-pumped areexpressed b¥quation 4-11

andl12, respectively for a given dai/

23 23

H3 & X Jumpard = Effsorage H® & S, 4 Equation 4-11
t=0 t=0
23

H3 &S, 4 ¢ Mgaed L Upum)® Cap,um, Equation 4-12
t=0

Where

Effsiorage= efficiency of mmped storage poweegerationdimensionless

Mstorage= PUMped stage power generation capadikyVh/kw)

4.3.6 Visualized relation of environment and economy in electricity
system

The proposed method can alse used tovisualizeresuls of economic optimization,
showing mtential environmental impact compared with those of other choices of technology
combinations under the same capacity standaod.example Figure 4-17 (b) shows the
relationship between cost and £®missions whe generating 986 TWh of electricity.
Historical data is closer to the region of LM (less cost and morg &illustrated irFigure
4-17 (b). The cost distinction between historical data ang @imum is not rerarkable;
however, CQ emission is higher than the cost minimum point. It shows the potential for
improvement in the Japanese electricity system to achieve lower emissions by changing
technology implementation and operation. This kind of visualization egindecision makers
to compare several operation conditions at one time, while showing the attainable region of

different technology implementations.
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Figure4-17 Relations of power generation cost and GHG emissioen 986TWh is supplied
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The proposed graphical representation method shows its applicability in supporting the

design of mixed power generation stgies. For exampl&igure 4-18 shows technology

combinations under the different operation conditions givéngare 4-17 (b). In the context

of cost minimization, power generation from coal has a higite than other fossil fuels,

while LNG-fueled plants have the advantage of minimizing €Qission, which also needs

to be considered. Nuclear power plants have similar ratios in both cases. The composition of

the technology mix in the other two opt®is also shown ifigure 4-18. Table 4-5 makes a

comparison of cost minima for the two options, and reveals that increasing 4% of the cost can

contribute to a 23% reduction in G&missions (option 1)nlcontrast, a 10% increase in cost

only contributes to a 30% reduction in £€émissions (option 2). From the point of view of

cost effectiveness, option 1 is recommended.
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Figure4-18Fractions of technolyy combinations under specific conditions
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Table4-5 Comparison of cost and G@mission within alternative options

Cost Min Option 1 Option 2
CO/CO,_cost min 1 —22.70% -30.20%
Cost/CoStgost min 1 4.40% 10.50%

To provide decision makers with the cost information for the whole sysigure 4-19
shows the cost minimization profile for power generation. In this figure, three regions are
distinguished because of technology eleteristics within the system operation. Cost
minimization points shown in region Il of the figure indicate the lowest power generation cost
for each generation amount. In region I, hydropower is set as the base load of a system that
operates continuouslgver the year, and the power demand is less than the capacity of
hydropower generation. Hence, all supply will be provided by hydropower. In region lll, total
annual demand is sufficient but there are certain days in a year where the supply cannot cover
the peak time demand. Thus, economic optima were not identified. Therefore, even total
power generation is essential for the system, while detailed technology operation should be

considered at the same time to ensure the security of the system.
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4.4 Summary

In Chapter 4two case studies apgesented fodemonstrating the proposed graphical
representation gthod: hydrogemelated technology in Taiwan and electriditgsed system
in JapanThe former one is to asseagrassroots designe. a new systeinwhile the latter

is discussing different technology implementatiom iretrofit desigr{i.e. an exist gsten).

The case studies highlight the applicability of the visualized scenario analysis method
in complicated energy systems. The applicability of this methodology is demonstrated by
case studies discussing scenario performances and behaviors by imipignvamious

power generation technologies in the Japanese electricity system.

Based on similar analyses, future technology combinations can be designed
according to the required constraints. Decision makers can use this practical approach to
identify keypolicy issues. The main benefit of this visualization approatteisapabilityto
express scenario performance and behaviors systematically. Such analyses directly provide
visual comparisons with multiple indices, ensuring that decisions can be made with
confidence when designing new systems because all consequences are comparable. If the
evaluated scenario does not achieve the required goal, decision makers can go back to the
first step of the framework with strategic information (i.e. relationship ketwest and CO

emission in this case study) by knowing the potential of the system.
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CHAPTER 5 METHODOLOGICAL
FRAMEWORK FOR TECHNOLOGICAL
DECISION MAKING

5.1 Introduction

In recent years, there habeenmany concers in public sectos to make effective
strakegies It is pointed out thatree of the most importamésks during stragyy makingis the
managementf the interfaces betweerdifferentand often competirgjakeholderén relation
to their strategic goals(Ackermann & Eden, 2011)The importance of sta&kolder
management and corporation asso the case immaking strategies inntroducing and
diffusing energy technologie§or examplefeedin tariffs scheme(FITs) is known as an
approach tdosterrenewable energy via economic incitemeBgcause eledtr utilities will
be obligatedo purchase electricity generated from renewable energy sources such as solar
PV and wind power on a fixegeriod contract at a fixed price, which will promote the
introduction of renewable energynder this schemethe rel@ionship and interactions
among stakeholderssuch aselectrigty customers energy enterprisedocal and national
governments will lead to various issuesSome researchers have suggested that
distinguishing existing stakeholdemsith relevant factory managed knowledges possible

to influencethe future energy policMatsuura, Shiroyama, & Suzuki, 2Q0Banaka, 2011

91



However, the complexity of energy systeimcreases the difficultyin making
decisionsA policy makerhasthe birdeyeview to generat a nationatlevel policy, but he or
she may nobe familiar with the progress of novel technologasl the evaluation of ¢m
On the other hand, a researcheatechnologydeveloperstandingon a scientific fieldnay
not notice the potential of theiontribution to societyAny stakeholdealonecannotrealize

a sustainable energy system.

Since the perspectives from different stakeholders are varied, the structured
knowledge and managementvithin the decisiormaking processwill significantly
contribte to generating the consensus In the previous chapters, novel graphical
represetation methods for strategic decisionaking were proposed and demonstrated their
applicatiors by case studieIhe method is providing a tegiown viewpoint for the policy
making without detailed analysis among corresponding stakeholders. believed that
logical description of the decisiemaking process with actual procedures and data

requirementsvill greatly facilitate the strategic generation gblicies.

Therefore, ér the practical implementation of technologickcisionmaking this
chapterpresents an operational representation of the design framework that analyzes the
activities of different stakeholderslhe relations amongstakeholders, policy makers,
researchis, practitioners,and technology developelis a decisioamaking processare
identified by using the activity modelingA standardized activity modeling method,
type-zero method of Integrated Definition Language (IDEFO) is apfjiRe$s,1985; NIST,

1993) to hierarchically clarify exact activitieswith information flowsin executing the
process of strategic decision makinbhe proposed activity model can be used as a

foundation to incorporate management, assessment, and development under hierarchical
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bass.

5.2 Relations among stakeholders in decisiomaking

When several persons arganizationsare involved in decisioamaking mutual
dependencies and the distribution of power or authority among the participants become

importantdimensionghatcharactdee the process.

When actors ofechnological policy making presentedRigure 5-1 are considered,
three different aspects can be identified accordingigure 5-1 shows a schematic of
information flows amongactors (practitioner andstakeholdersin the evaluatedenergy
systemFor the policy makers in energy sectors, how to manage and implement technologies
is the biggest concerifror examplejf a policy maker is going to promote aaségy for a
low-carbon society, he or she might have the GHG emission reduction target in mind but
without enough technological information. In such case, policy makerspoavide
information onthe candidate technologies to the practitiofier. researbers and experts of
technology assessmeand evaluationconducting the analysig2ractitioners receive the
requestfrom the policy maker and execute the project by some evaluation methods (e.g.
LCA, risk assessment, cost evaluation, or graphical rededg®enproposed in this study).
After the analysesthe information for decisionmaking (i.e. evaluated resultsjill be
provided again topolicy makers to generata more strategic policysuch as making

priorities of technology implementation in the energadmap

On the other hand, the information flow betwgawlicy makers and technology

developersalso existsFor example, an environmentailendly technology can be proposed
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by a technology developer to apply for subsidies (or investment) from tieengoent With

the support of practitioner of the proposed methodology, technology developers can provide
policy makers with data on the technology together with analyses on the usefulness of the
technology in a more policy relevant format, consideringrotbenpeting technologies. The
information provided to technology developers also contributes in prioritizing technology
development tasks for exampleanang the improvement ofeedstock yield (extend
respective segment of P curve in horizontal directiam), r@duction benergy consumption

in the productionprocesqreduction in the gradient of the respective segment of the P,curve

i.e. Figure 4-5).
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Figure5-1 Information flows ad characteristics/interactisamongactors
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Thereis a variety of technical actionthatcan be implemented for reduction in GHG
emissions andor mitigation of climate changgeas well. The energy use is influenced by
many different technologies, proses and products under different types of constraints.
Decision directions, which need to be analyzed systematically, are connected to these
exogenous and endogenous constraints, such as energy prices, political issues, economic and

business situations, dmanagerial priorities.

Policy makers may not have all requirkdowledgein the decision making process
which should be supported by other stakeholders such as researchers and technology
developers. Therefore, aplatform for technological communicatiors inecessaryfor

generating consensasong stakeholders

In order to propose the practical framework, procedures ofdduesionmaking
processacrossdifferent stakeholders conceptually describedrigure 51 are clarified in
more detail by an activitynodeling method.To enablepractical decisioimakings, the
relationship among activities, toolsiechanismm and information flows are illustrated using
IDEFO activity modeling method in next sectidror instanceseveralresearcherhave
appliedthis acivity modeling approach to integrate new or existing engineering methods
and tools for environmental protection in process degkuchino & Shimada, 2003;
Fuchino, Wadag& Hirao, 2004;Sugiyama, Hirao, Fischer, & Hungerbihler, 20B&uchi

& Hirao, 2009.

The objectiveof this hierarchicaldescription is to clariffhe process of developing
technology introduction, including tools, resourcegaluation methodse(g. visualization

method andknowledgeaccumulation described in this thesis.
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5.3 lllustr ation of method under IDEFO representation

5.3.1 IDEFO: Activity modeling technique

Typezero method ointegration of Definition forFunction (IDEFOQ) is an activity
modeling (Ross, 1985; NIST 1993), which offers a functional modeling language for
analyss, development, arftas been widely used in business process reengin€8gatgms

Engineering Fundamenta®001).

IDEFO is originated from a structured analysis and design technique (SADT)
software engineering technique for describing systems agrardhy of functions An
IDEFO model is composed of a series graphical diagramsand texts. In IDEFO, all
administrative and operation procedures are broken down into activities, and systemic
relationships among them adescribedas the input, outputcontrol, and mechanism as
shown inFigure 5-2. The box represents a function or an activity, which has a verb as a
name.The input arrows, entering the activity box from the left side, repréenbbjects
(e.g.information requrement..etc) that are transformed by the function into the output
arrows on the right sideArrows entering the box on the top represents the control or
constraint of the activityThe mechanism arrows on the bottom are information, resources,

and tools ér the activity.
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Control
(Constraint)

|

Input — Activity L, Output

|

Mechanism
Tool)

A0

Figure5-2 Syntax and semantics of an IDEFO model

Each model has a single ttgvel activity named AO. The top activity A€an be
hierarchically decomposed ingubactivities modelsAl-Am (n=2, 3,..., m; ml N) that
have the same boundary as the parent activity (i.e. #@)¥shown irFigure 5-3 (m=3). In
the same way, each of thactivities (Al...Am) can be furtherdecomposedinto
subactivities (A1l ..., Amn; nl N) if needed As shown inFigure 5-3, the input output,
control and mechanismof the toplevel AO must be the samef the decomposed
subactivities Al to A3(i.e. theyhave the same boundary as the pagetivity AQ). The
interaction among the stdxtivities can be described as wdlhis approachs possibleand
particularly usefuto describe complex activities detail which helps executers to have an

overview of the entire activity.

The activities illustrated in a IDEFO model neea@ viewpoint andobjective The
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viewpoint representwhat perspetve the model is developednd specifies the actoo$ the
activities. The actvities within a modelcan be carried out by multiple peoplaut they

shoud have the same viewpoint.
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b y
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\
\
\
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A ‘\‘ A 4
Sub—Ac‘tj‘vity
AN

A

/Mechanism

Figure5-3 Expansion of togactivity AO to subactivities
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5.32 Framework represented byactivity modeling

In order todevelop the practical framewoikr technology introdction strategies
that describeconcrete procedursvith correspondingactors three IDEFO models with
different viewpoints arpresentedhere Figure 5-4 showsthe overview of the entiractivity,
which contains diferent actorsin this practical framework.In this framework, the
collaboration and relationship among threypes of stakeholders in generating new
technology strategies are described by the flows of information among the three IDEFO

models.

Three typesof stakeholders 1, S2, SB engaged in the project adesigning
technology introduction strategy adefined as policy makers, researchers and practitioners,
and technology developef&/ithin this framework, th@bjectve of S1 (i.e.policy makersf
the governmerntis to manage projects on developiteghnologyintroductionthat will be
more focused on in this thesiBhe objectiveof S2 (i.e. researchers, practitioners) and S3
(i.e. technology developers) dtdevelop mechanism for technology & systenalaatior!
and “Research & Develop innovative technologiegespectively. People that are
categorizd asS2 are the onethosewho develop evaluatiomethodologiege.g. LCA, risk
assessment)practitioners, or system researchers either academic field roresearch
institutes Membersgrouped under SZategoryare who do fundamental research for
devdoping innovative technologies and/or make it ipt@actical applicationgn academic

field, researchnstitutes and companies.

As shown inFigure 5-4, there are many information flows among each otlbe
outputs from S1 are provided as inputs and controls for S2 andha8.is, the future

directions/visions thatre the outpus of S1 will directly or indirecty influence other
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stekeholders in relation to the distribution of reseagchntsor subsidy givinghatareseen
asthe controk of S2 and S3S1 is also possible tmquire for innovative technologies or
technology evaluations by ituthority On the other hand, the output§ S2 and S3an
serve adeedbacknformation as controls and mechanisms of Ri.example, ie research
outputs(e.g. simulation models, evaluation methosisientific accomplishmety technical
information, etc.) from S2 and SXan becomehe tools andsupporting information to

develop advanced technology introductstrategies

In this thesis, the S1 model is focused so that db&iled information flows
connected with S1 are shown as black arrang thedecomposedctivity model of S1 will
be desdbed in the following. The other information floveescribed ingray (i.e. inputs,
controls,mechanism to S2 and S3; outputs from S2 and B#¥)not be furtherexplained in

this thesidut can be analyzed by the similar approach of S1
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Figure5-4 Cooperation and relationship among three stakeholdgeniarating new technology strategies
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Figure 5-5 shows the tomctivity S1-A0: Make strategic technology inttaction
decisions. Several constraints and giving resooreehanismare needed for executing this
activity. The viewpoint of this model is a decision maker who designs policiesl@aredops
technology introduction strategi€Bhe one who executes this nebanay be on national (e.g.
Committee on the Cabinetor regional levels (e.g. officers in local government).
“Legislations/social aspectsimarkets i t u are exoganbusonstraints, wheredyolicy
target, tirfie and budgétand other general consinég areendogenou®nes.For example,
shuting down all of the nuclear power plants idamn temporarily is reflectinghe public

opinionthat isseen agn exogenous factor

On the side of thenechanism®simulation model, “existing databas€'s;' knowledye
and knowhow,” “simulation model$ “management skills/facilities and“human resourcés
are defined here. The overall outptitss t r g't“acgumudased knowledde, request for

mechanism oévaluationénnovative technologiésare produced after exaiing this activity.

Legislations/Socia aspects
Market situation
Policy target
Time and budget
l Technical constraints

Make strategic technology +——> Strategies
Objective—  introduction decisions  +——— Accumulated knowledge

S1-A0 +—— Request for mechanisms of

evaluations/innovative technologies
T TH uman resources
Ev

aluation method
Knowledge and know-how
Existing databases
Simulation model
Management skills/facilities

Figure5-5 Top-activity S1-AO: Make strategic technology introduction decisions

102



S1-A0 then can be decomposed into-AlL to A7, as shown irfrigure 5-6. Al is an
activity that manage technologyintroduction decisions.The administrator of this activity
may be one persofe.g. theCabinej or a group of peoplée.g. Committee on the Cabinet
The objective is the input of this activity, which @yether with a lot of controls/constraints
andmechanisra. One of theoutpus fromALl activity is to inquire folgeneratingscenarios in
A2 and A4 activities and the other is to converinto internal constraintof the whole
activities as wellA2 and A3are the activities to generatebaseline scenario and do the
evaluation. In a retrofit desigsf an exist systemnthe current statuseeds to beonfirmedand
evaluated for generating the alternative future scenarios. In the case studies presented in
Chager 4, it is only valid in the second case study (i.e. electricity system). The output of S2 is
the generated scenario that becomes the input of A3 and at the sartfeefieeelback to Al

as a control.

A4 and A5 are the activities to generate alternagisenarios and do their evaluations.
Both grassroots and retrofit designs (i.e. case studies of hydrogen and electricity systems in
Chapter 4) must have these activities. The decomposition of the activities will be presented as
follows. Since the procedure$ A2 and A3 are similar to A4 and A5, respectively, only A4

and A5 are further decomposed.

Figure 5-7 representshe subactivities of Al: activities A1XA14. As shown in this
figure, there are four subctivities: manage SAl-level activities, decide a decision scope,
select technologies in the boundary, and propiddiminarydecision targetin A12 activity,
objective istheinput and decided scope is the output under several controleesithnisms
For exanple, the government tries tdesign a sustainable energy system by introducing

hydrogenrelated technologies, and the output of this -adlvity will be “hydrogen
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technology domain(i.e. chapter 4.2.2)

Figure 5-8 describes thesubactivities A41to A44: receivea request for generating
scenarios; identify elements for generating scenarios; collect required dajankenmating
scenarios; and generate scenarios for evalualitve input to A41 is the output from
subactivity All. A41 is controlled by the internal constraints such as decided scope,
technologies obtained from A12, A13 and Al4, &he output of A4lis converted to the
constraints to Adevel activities (i.e. A42, A43, and A44)Yhe toolsand mechanism
provided to d4 A4-level activities (e.g. simulation modelsdatabases, knowledge and
know-how) shouldbe provided from A&vhich is managed by the administrator of Ahis
activity is demonstrated by the case studies Chapteordexample,Tables 4-2 and4-3 are
the data obtained from databases or generated by the simulation models (e.g. simulation of
renewableenergybased hydrogen generation potential describeddy4-1 to 4-4). The
outputs from A4 activities will be fed back to A1 and scersaaealsotransfering to the A5

sub-activities.

Figure 5-9 showssubactivities ofthe scenarioevaluationthat are decomposed to A51
to A57: manage SAAS5-level activities, decide objective for evaluationsyaluate
environmentahspects, evaluateconomic aspects, generate graphical representatialuate
other indicatorsand analyze overall results of the evaluatidfisst, A51 receives an order
from All to executethis subactivity. It is supported by management skills/ facilities
provided and controlled by internal constraints generated from other-adtivities. In the
same way, all inpstof A51 areconverted intadhe internalconstraintdo A5-level activities.
A52 is the activity to decidebjectivesfor evaluationsThe input of A52 which isgenerated

by A4 activity, is convertedto evaluating aspecia other ASlevel activities.For example,
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the evaluation othe environmental aspects (i.e. AG8)based on the input data generated
from A52. To executethe evaluations of A53 and AS5#valuation method (e.g. LCA
guidelineg andsimulationmodels (e.gEq.4-5 to 4-12 for cost optimization) are provided.

Then the results from A53 and A54 become the input to generate graphical representation
(A55) via the provided visualization togdropcsed in this thesisEg. 3-1 to 3-9, i.e. P,U, |
curves).The graphicaresults which arehe outpus from A55 then becomenechanisnof

A57 activity. The evaluated results are eithiemsferringto A6 activity or become feedback

information to the A52 aatity to re-decidethe objective.

The graphical representation proposed in this study is included in this activity, which
should combine other environmentatonomicand social aspects analyze overall results

of the evaluations and to decide technolodsoductionstrategy A6.

Furthermore, activity A7: provide resource is as an important activity for the
administratos. All the resourcegi.e. knowledge and knowow, simulation model, existing
databasesvaluation method, human resouraesg¢ded witin this model are magad by the

administrators of A1 andill be allocated tdhe appropriateactivities.
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Figure5-6 Main-level of activityof S1-A0 (overview of the proposed framework)
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Figure5-7 Activities A11-A14 of the model S1: suéctivities oftheactivity Al
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Figure5-8 Activities A41-A44 of the model S1: sulactivities oftheactivity A4
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Figure5-9 Activities A51-A57 of the model S1: sulactivities oftheactivity A5
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5.4 Summary

In this chapter, the framework of developing technolmggoductionstrategies was
described byapplying a standardizedactivity model, IDEFO.By using IDEFO, the
procedures in the activities are performed digstep, which is particularly helpful for
stakeholders in the system. Researchers and polders in governmental agency can
realize the role of certain technologn whole sgtem domain Therefore, they can
concentrate oreither research and developmeat making resource and cosdffective
policies At the same timeinformation reveals the tradsfs between different interests,
showing the possibility for deean makers for designing a preferable technology

combination.
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CHAPTER 6 CONCLUSIONS AND
DISCUSSIONS

A framework for developing technology introduction strategwes proposed in this
study, using a visualized analysis approach that comprehensively assessesttmmshof
multiple technologies. The achievements are summarized as follows: the framework (1)
helps our understanding of scewaperformance and behaviom implementing multiple
technologies, (2) identifies the relationships among different evatuatidices and
tradeoffs in between, and (3) visualizes various scenarios of technology introduction while
also considering time as a factor. The method allows to link possible future technology
options within multipleindex contexts in a time frame, whics seen as an essential factor

in the development of technology introduction strategies.

Case studies onydrogenrelatal technology in Taiwamand electricitybased syem
in Japanwere performedo demonstrate the applicability thfe proposed methodogy. The
two case studies were represented two types of systems dgesagsroots and retrofit

desigrs that require different tasks in the development processes.

Finally, the developed framework was represented by usistgralardized activity
modelingmethod IDEFO, to hierarchicallyclarify exact activitiesith information flowsin
executing the process of strategic decision makirige collaborationand relationship

among three types of stakeholders in generating new technology strategies arealbégcrib
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the flows of informatbn among the three IDEFO models, whinborporate management,

assessment, and developmenthehierarchical basis

Furthernore, the proposed method hapotential to be applied in other systems if
technologies in that systemrovide/sharesimilar function or resource. For example,
analyses for an integrated energy system including electricity, heat, fuel and chemicals (e.g.
petroleum products) will help generate global, not just local, optimum solutions. Because
these sortsfesystems can be very complicated, visualized analyses are helpful in organizing
information from different aspects. As future competitiveness for resources is likely to
become more severe, a strategic manner of resource allocation should play an inglertant
in developing our vision othe future society. This method provides an approach for
designing a future society, and can be generalized for each region by defining local

constraints.

In summary, this dissertatiopresentsa framework for developing échnology

introduction strategielsy visualizing different scenario performance and behaviors.
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CHAPTER 7 RECOMMENDATIONS FOR
FUTURE WORK

The graphical representatianethodology providea framework for database that is
needed for evaluation of multiple emergitechnologies. Establishment of such database
shall facilitate and catalyze delepment of technologies thabuld most efficientlyredue

environmental impactg here are severakpecteddirectionsshown as follows

1 The proposed method can be extended applied in more fields. For example,
Figure 7-1 shows the possibility to assess differporposes obiomass utilization
(e.g. to designa sustainable biomasterived energy and material systefhe two
green axes represent the different purposes of biomass utilization, and orange axis is
environmental impact associated with technologies application. If a% of material and
b% of energy in the society are provided by biomass, all possible environmental
impactscan be calculated. The blue surface indicates the maximum environmental
impact, and red surface indicates the minimum environmental impact, and the impact
within all collections of technologies chosen will lie on the space somewhere between
blue and red gtaces.It is expected to help understand the traffe between
different interests, and further achieve the systesffectiveness of ®urce

utilization.
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Impact

Max. environmental
impact :blue point
AMin. environmental
impact:red point
A—— : purposes

- Impact

a%

>
Material in Society

________________________

Figure7-1 The scheme of graphical representatiath multi-purpose

1 Extension of the covered aspects increases the comprehensiveness of the framework.
Currently, the visualization method covers environmental impact and economic aspect
(i.,e. GHG emission and power generation cdstegrationsof othe aspects such as
risk assessment, social acceptance show a great importance to achieve a more

comprehensive decisiemaking framework.
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Nomenclature

A

D
Eco
Epv
EFco;
[

I max

| min

| curve
i

M;

Pi

Pmax
F)min
P curve
Umax
Umin
U cunve

Residential building roof area in city or county i

Averace travel distance of vehicje

Total CQ emission

PV power generation

CO, emission factor fofuel used in vehiclg

cities, counties

Maximum environmental impact of applying composite technolog
Minimum environmental impact of applying composite technolog
Impact curve

Passenger car, motorcyctaucks

Average fuel consumjain rate of vaicle|

Power production per fiin a year in city or county i, Pi is related
solar irradiation at each location

Maximum environmental impact inded by the production process
Minimum environmental impact induced by the production proce
Production curve

Maximum emission reduction from the utilization process
Minimum emission reduction from the utilization process
Utilization curve
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Abbreviations

BAU Businessasusual

EV Electric vehicles

GCC Gas combine cycle

GHG Greenhouse gas

IDEFO Type-zero method of Integrated Definition Language
LCA Life cycleassessment

LNG Liquid natural gas

PHV Plug-in hybrid vehicles

PV Photovoltaic

UNFCCC United Nations Framework Convention on Climate Change
WTs Wind turbines
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APPENDIX

Source code of the graphical representation tool

The graphicalrepresentation isised foranalyzingthe consequences of technology
introduction,along with arbitrarynumber ofrelevantscenariosFor providing an easway
to communicate, the representation roeths implemented on Microsa Office Excel

described in/BA (Visual Basic for Applicationfodeshown in this appendix

1 Code for accumulating inventory data ofproduction curves

Sub makedataP()

Dim IRowP As Integer

Dim myRngP As Range

IRowP = Worksheets("Production”).Range("'B2").End(xIDown).Row
used = Worksheets("Production”).UsedRange.Rows.Count

Fora=1 To IRowPR 2

Range("A" & a +2)=a
Next a

'‘Copy production data to Pmin
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With Worksheets("Production™)

'2010
Range(Cells(3, 1), Cells(IRowP, 4))|8t
Selection.Copy

Range("G3").PasteSpecial Paste:=xIPasteValues

Set myRngP = Range("G3", "J" & IRowP)
myRngP.Sort _
Keyl:=Range("J2"), _
Orderl:=xIAscending, _
Orientation:=xITopToBottom
End With

Forb =1 To IRowR 2
Range("K" &b +2) = _
Range("l" & b + 2) * Range("J" & b + 2)

'2010
Fori=3 To IRowP

Range("L" & i).Select
ActiveCell.FormulaR1C1 = "=R]]C+RCI[-3]"

Range("M" & i).Select
ActiveCell.FormulaR1C1 = "=R]]C+RC[-2]"

Next i
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'2010
With Worksheets("Production™)

Range(Cells(3, 1), Cells(IRowP, 4)).Select
Selection.Copy

Range("P3").PasteSpecial Paste:=xIPasteValues

Set myRngP = Range("P3", "S" & IRowP)
myRngP.Sort _
Keyl:=Range("'S3"), _
Orderl:=xIDescending, _
Orientation:=xITopToBottom
End With

For c =1 To IRowR 2

Range("T" & c+ 2) = _

Range("R" & ¢ + 2) * Range("S" & ¢ + 2)
Next c

Fori=3 To IRowP

Range("U" & i).Select
ActiveCell.FormulaR1C1 = "=R]]C+RC[-3]"

Range("V" & i).Select

ActiveCell.FormulaR1C1 = "=R]]C+RC[-2]"

Next i
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1 Code for generating production curves

Sub makefigure()
Dim d As Integer
Dim e As Integer

For d = 1 To ActiveSheet.Chart{@sts.Count
ActiveSheet.ChartObjects(d).Activate
ActiveChart.ChartArea.ClearContents

Next d

maxrow = Range("L2").End(xIDown).Row
ActiveSheet.ChartObjects("2010Pmin").Activate
With ActiveChart

With .Axes(xICategory)
.HasTitle = True
.HasMajorGridlines = True
AxisTitle.Text = Worksheets("Production”).Range("C1")
End With

With .Axes(xIValue)
.HasTitle = True
AxisTitle.Text = Worksheets("Production”).Range('D1")
End With

End With
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ActiveChart.ChartTitle.Text = "2010Pmin"
ActiveChart.ChartType = xIXYScatterSmoothNakkers

For d =1 To maxrow 2

ActiveChart.SeriesCollection.NewSeries
ActiveChart.SeriesCollection(d).XValues = Range("L" & d + 1, "L" & d + 2)
ActiveChart.SeriesCollection(d).Values = Range("M" & d + 1, "M" & d + 2)
ActiveChart.SeriesCollection(d).Name = Range("H" & d + 2)
ActiveChart.SeriesCollection(d).Border.Colorindex = Range("G" & d + 2).Value +

maxrowp = Range("U2").End(xIDown).Row
ActiveSheet.ChartObjects("2010Pmax").Activate
With ActiveChart

With .Axes(xICategory)
.HasTitle = True
.HasMajorGridlines = True
AxisTitle.Text = Woksheets("Production").Range("C1")
End With

With .Axes(xIValue)
.HasTitle = True
AxisTitle.Text = Worksheets("Production”).Range("D1")
End With

End With
ActiveChart.ChartTitle. Text = "2010Pm'ax
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ActiveChart.ChartType = xIXYScatterSmoothNoMarkers
For e = 1 To maxrowp?2

ActiveChart.SeriesCollection.NewSeries

ActiveChart.SeriesCollection(e).XValues = Range("U" & e + 1, "U" & e + 2)

ActiveChart.SeriesCollection(&alues = Range("V" & e + 1, "V" & e + 2)

ActiveChart.SeriesCollection(e).Name = Range("Q" & e + 2)

ActiveChart.SeriesCollection(e).Border.Colorindex = Range("P" & e + 2).Value + 2
Next e

maxrowp = Range("U2").End(xIDown).Row
ActiveSheet.ChartObjects("2010PIntegrated").Activate
With ActiveChart

With .Axes(xICategory)
.HasTitle = True
.HasMa3orGridlines = True
AxisTitle. Text = Worksheets("Production").Range('C1")
End With

With .Axes(xIValue)
.HasTitle = True
AxisTitle.Text = Worksheets("Production”).Range("D1")
End With
End With

ActiveChart.ChartTitle.Text = "2010PIntegrated"
ActiveChart.ChartType = xIXY ScatterSmoothNoMarkers

For d = 1 To maxrowp 2
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ActiveChart.SeriesCollection.NewSeries
ActiveChart.SeriesCollection(d).XValues = Range(&d + 1, "L" & d + 2)
ActiveChart.SeriesCollection(d).Values = Range("M" & d + 1, "M" & d + 2)
ActiveChart.SeriesCollection(d).Name = Range("H" & d + 2)
ActiveChart.SeriesCollection(d).Border.Colorindex = Range("G" & d + 2).Value +

2
Next d
For e = 1 To maxrowp?2
ActiveChart.SeriesCollection.NewSeries
ActiveChart.SeriesCollection(e + maxrowf).XValues = Range("U" & e + 1, "U"
&e+2)
ActiveChart.SeriesCollection(e + maxrowf).Values = Rang("V" & e + 1, "V" &
e +2)

ActiveChart.SeriesCollection(e + maxrowf).Border.Colorindex = Range("P" &
e + 2).Value + 2
ActiveChart.Legend.LegendEntries(maxrow}).Delete
Next e

End Sub

1 Code for generating Utilization curves

It is smilar to the way of generating Production curve, while worksheet should be changed as
“Utilization”.

1 Code for generating impact curves

Sub SortAll()
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Dim used As Integer
used = Worksheets("Total").UsedRange.Rowsr€o

Worksheets("Total").Range("A2", "Z" & used).Font.Colorindex = 1
Worksheets("Total").Range("A3", "Z" & used).ClearContents
Worksheets("Total").Range("AD3:AE5").ClearContents

‘2010

Worksheets("Production™).Activate
maxrow = Range("L1").End(xIDown).Row

Worksheets("Production”).Range("L2", "L" & maxrow).Copy
Worksheets("Total").Range("A2").PasteSpecial Paste:=xIPasteValues
Worksheets("Production™).Raa('J3", "J" & maxrow).Copy
Worksheets("Total").Range("B3").PasteSpecial Paste:=xIPasteValues
Worksheets("Total").Range("A2", "B" & maxrow).Font.Colorindex = 3
Worksheets("Production™).Range("U2", "U" & maxrow).Copy
Worksheets("Total").Ran@#2").PasteSpecial Paste:=xIPasteValues
Worksheets("Production”).Range("S3", "S" & maxrow).Copy
Worksheets("Total").Range("P3").PasteSpecial Paste:=xIPasteValues
Worksheets("Total").Range("02", "P" & maxrow).Font.Colorindex = 3

'2010
Worksheets("Utilization").Activate
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Maxrowu = Range("L3").End(xIDown).Row
Worksheets("Utilization").Range("L3", "L" & Maxrowu).Copy
Worksheets("Total").Range("A& maxrow + 1).PasteSpecial Paste:=xIPasteValues

Worksheets("Utilization").Range("J3", "J" & Maxrowu).Copy
Worksheets("Total").Range("B" & maxrow + 1).PasteSpecial Paste:=xIPasteValues

Worksheets("Utilization").Range("U3", "U" & Maxrowu).Copy
Worksheets("Total").Range("O" & maxrow + 1).PasteSpecial Paste:=xIPasteValues

Worksheets("Utilization").Range("S3", "S" & Maxrowu).Copy
Worksheets("Total").Range("P" & maxrow + 1).PasteSpecial Paste:=xIPasteValues

'2010
Worksheets("Total").Activate

With Worksheets("Total")
Range("A3", "B" & maxrow 1 + Maxrowu- 1).Sort _
Keyl:=Range("A2"), _
Orderl:=xIAscending

End With

With Worksheets("Total")
Range("O3", "P" & nmaxrow- 1 + Maxrowu- 1).Sort _
Keyl:=Range("02"), _
Orderl:=xIAscending

End With
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‘2010

Dim i As Integer
Dim j As Integer
Dim | As Integer

maxrow! = Range("A1").End(xIDown).Row

For i = 2To maxrowl- 1
Range("E" & i + 1) = Range("A" & i + 1) Range("A" & i)
Next i

For i =2 To maxrowt} 1
Range("S" & i + 1) = Range("O" & i + F)Range("O" & i)
Next i

For j = 3 To maxrowl
If Range("B" & j).Font.Colorindex = 3 Then
Range("F" & j) = Range("B" & j)
End If

Next j
For j = 3 To maxrowl
If Range("P" & j).Font.Colorindex = 3 Then
Range("T" & j) = Range("P" & j)
End If

Next j

For | = 3 To maxrowl
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If Range("B" & I).Font.Colorindex = 1 Then
Range("G" & |) = Range("B" & 1)
End If
Next |

For | = 3 To maxrowl
If Range("P" & I).Font.Colorindex = 1 Then
Range("U" & I) = Range("P" & I)
End If
Next |

Dim k As Integer
Dim m As Integer

'2010
maxrowp = Cells(Rows.Count, 6).End(xIUp).Row
Maxrowu = Cells(Rows.Count, .Bnd(xIUp).Row
Maxrowp2 = Cells(Rows.Count, 20).End(xIUp).Row
Maxrowu2 = Cells(Rows.Count, 21).End(xIUp).Row

For k = maxrowp To 1 Sted
If Range("F" & k) =" Then
Range("F" & k, "F" & k + 1).FillUp
End If
Next k

For k = Maxrowp2 To 1 Stefd
If Range("T" & k) =™ Then
Range("T" &k, "T" & k + 1).FillUp
End If
Next k
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For m = Maxrowu To 1 Stefd
If Range("G" & n) =™ Then
Range("G" &m, "G" & m + 1).FillUp
End If
Next m

For m = Maxrowu2 To 1 Sted
If Range("U" & m) =" Then
Range("U" & m, "U" & m + 1).FillUp
End If
Next m

'2010
For i =1 To maxrowp 2
Range("H" & i + 2) = Range("E" & i + 2) * Range("F" & i + 2)
Next i

For j =1 To Maxrowu 2
Range("l" & j + 2) = Range("E" & ] + 2) Range("G" & + 2)

Next j

For i = 3 To maxrowp

Range("J" & i).Select
ActiveCell.FormulaR1C1 = "=R]]C+RC[-2]"

Next i

For j = 3 To Maxrowu
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Range("K" & j).Select
ActiveCell.FormulaR1C1 = "=R]]C+RC[-2]"

Next j
Fori=1 To Maxrowp2 2
Range("V" & i + 2) = Range("S" & i + 2) * Range("T" &i + 2)
Next i

For j =1 To Maxrowu2 2
Range("W" & j + 2) = Range("S" & | + 2) * Range("U" & j + 2)

Next j

For i = 3 ToMaxrowp2

Range("X" & i).Select
ActiveCell.FormulaR1C1 = "=R]]C+RC[-2]"

Next i

For j = 3 To Maxrowu2

Range("Y" & j).Select
ActiveCell.FormulaR1C1 = "=R]]C+RC[-2]"

Next j

'2010
Dim Imin As Integer
Dim vData As Variant
Dim Imin2 As Integer
Dim vData2 As Variant
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vData = Array(maxrowp, Maxrowu)
vData2 = Array(Maxrowp2, Maxrowu?2)

Imin = Application.WorksheetFunction.Min(vData)
Imin2 = Applicaton.WorksheetFunction.Min(vData2)

Fori=2To Imin
Range("L" & i) = Range("J" & i) + Range("K" & i)
Next i
Fori=2To Imin2
Range("Z" & i) = Range("X" & i) + Range("Y" & i)
Next i

Call makelcurve

End Sub

Sub makelcurve()

maxrowp = Cells(Rows.Count, 6).End(xIUp).Row
Maxrowu = Cells(Rows.Count, 7).End(xIUp).Row
Maxrowp2 = Cells(Rows.Count, 20).End(xIUp).Row
Maxrowu2 = Cells(Rows.Count, 21).End(xIUp).Row

Dim Imin As Integer
Dim vData As Variant
Dim Imin2 As Integer
Dim vData2 As Variant
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vData = Array(maxrowp, Maxrowu)

vData2 = Array(Maxrowp2, Maxrowu?2)

Imin = Application.WorksheetFunction.Min(vData)
Imin2 = Application.WorksheetFunction.Min(vData2)

For d = 1 To ActiveSheet.ChartObjects.Count
ActiveSheet.ChartObjects(d).Activate
ActiveChart.ChartArea.ClearContents

Next d

'2010
ActiveSheet.ChartObjects("2010Imin™).Activate
With ActiveChart

With .Axes(xICategory)
.HasTitle = True
.HasMajorGridlines = True
AxisTitle. Text = Worksheets("Production").Range("C1")
End With

With .Axes(xIValue)
.HasTitle = True
AxisTitle.Text = Worksheets("Production”).Range("D1")
End With

End With

ActiveChart.ChartTitle.Det = "2010 Imin"
ActiveChart.ChartType = xIXY ScatterSmoothNoMarkers
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ActiveChart.SeriesCollection.NewSeries
ActiveChart.SeriesCollection(1).XValues = Range("A2", "A" & Imin)
ActiveChart.SeriesCollection(1).Values = Range("L2"", & Imin)
ActiveChart.SeriesCollection(1).Name = Range("D1")

‘2010

ActiveSheet.ChartObjects("2010Imax™).Activate
With ActiveChart

With .Axes(xICategory)
.HasTitle = True
.HasMajorGridlines = True
AxisTitle.Text = Worksheets("Production").Range("C1")
End With

With .Axes(xIValue)
.HasTitle = True
AxisTitle.Text = Worksheets("Production").Range('D1")
End With

End With
ActiveChart.ChartTitle. Text = "2010 Imax"
ActiveChart.ChartType = xIXY ScatterSmoothNoMarkers

ActiveChart.SeriesCollection.NewSeries
ActiveChart.SeriesCtdction(1).XValues = Range("02", "O" & Imin2)
ActiveChart.SeriesCollection(1).Values = Range("Z2", "Z" & Imin2)
ActiveChart.SeriesCollection(1).Name = Range("R1")
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‘2010

ActiveSheet.ChartObjects("2010lIntegrated").Activate
With ActiveChart

With .Axes(xICategory)
.HasTitle = True
.HasMajorGridlines = True
AxisTitle.Text = Worksheet$Production").Range("C1")
End With

With .Axes(xIValue)
.HasTitle = True
AxisTitle. Text = Worksheets("Production").Range('D1")
End With

End With
ActiveChart.ChartTitle.Text = "2010 lintegrated
ActiveChart.ChartType = xIXYScatterSmoothNoMarkers

ActiveChart.SeriesCollection.NewSeries
ActiveChart.SeriesCollection(1).XValues = Range("A2", "A" & Imin)
ActiveChart.SeriesCollection(1).Values = Range("L2", "L" & Imin)
ActiveChart.SeriesCollection(1).Name = Range("D1")

ActiveChart.SeriesCollection.NewSeries
ActiveChart.SeriesCollection(2).XValues = Range("02", "O" & Imin2)
ActiveChart.SeriesCollection(2).Values = Range("Z2", "Z" & Imin2)
ActiveChart.SeriesCollection(2).Name = Range("R1")
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1 Code for calculating three indicators

‘2010

Dim max As Double
Dim Min As Double
Dim IngYmax As Integer
Dim IngYMin As Integer

max = Application.WorksheetFunction.max(Range("Z2", "Z" & Imin2))
IngYmax = Worksheets("Total").Cells.Find(max).Row
Range("AD4") = Range("O" & IngYmax)
Range("AE4") = max

Min = Application.WorksheetFunction.Min(Range("L2", "L" & Imin))
IngYMin = Worksheets("Total").Cells.Find(Min).Row

Range("AD3") = Range("A" & IngYMin)

Range("AE3") = Min

Fori=2ToImn-1
If Range("L" & i).Value < 0 And Range("L" & i + 1).Value > 0 Then
Range("AD5") =-Range("L" & i) / (Range("L" & i + 1} Range("L" & 1)) *
Range("E" & i + 1) + Range("A" & i)
Elself Range("Z" & i).Value > 0 And Rangél" & i + 1).Value < 0 Then
Range("AD5") =Range("Z" & i) / (Range("Z" & i + 1} Range("Z" & 1)) *
Range("S" & i + 1) + Range("O" & i)

End If
Next i

End Sub
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