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Abstract

A Methodology for Radical Innovation
— illustrated by application to a radical Civil Engering structure

Cobus van Dyk

Department of Civil Engineering
University of Stellenbosch
Private Bag X1, 7602 Matieland, South Africa

November 2008

Radical, far-beyond-the-normnovation engages unknown developmental fronterside the
familiar fields of standardised practice, requirimgw and broad perspectives. This implies
significant uncertainty during problem solutionhetmore radical, the greater the uncertainty. No
systematic procedures for managing radical innomatéexist. Research managers agree that
traditional, standardised innovation approacheshadioprovide sufficient support for managers to
cope with the degree of functional uncertainty ¢gpiof radical innovations. An efficient approach
for delimiting and describing its uncertainties amdnaging the development process during the
radical innovation process is sought. This thegighesizes a methodology for radical innovation
from Systems Engineering and Management of Teclgyadlbeory. Its application in a case study
illustrates how it facilitates efficient strateglecision-making during radical innovation.

Systems Engineering, by its comprehensive persecprovides a valuable non-intuitive
framework from which required radical innovatiométionalities and uncertainties are identified,
delimited, characterised and developed. Managemgfiechnology concerns the core theory of
technology; its perspective on technology provittes radical innovation process with a means of
characterising and delimiting status, potential andertainty of functional, technological elements
in the system.

The resulting Radical Innovation Methodology isified through application to an emerging
renewable energy concept, the Solar Chimney Povemt,Pwhich responds to a demand for
innovation aimed at sustainable energy generalfibe.radically tall chimney structure required by
the plant, proposed to stand 1,500 meter tall,eseas a fitting case for illustrating the methodglo
Addressing and solving of challenges and uncerésmntelated to the radically tall structure and

associated costs are required toward competertbesafoncept in a global energy market.






Samevatting

‘n Metodologie vir Radikale Innovasie
— geillustreer deur toepassing op 'n radikale &iiegenieurs struktuur

Cobus van Dyk

Department van Siviele Ingenieurswese
Universiteit van Stellenbosch
Privaatsak X1, 7602 Matieland, Suid Afrika

November 2008

Radikale, ver-buite-die-norm innovasie benader kabde ontwikkelingsgrense wat buite die
bekende velde wat gestandaardiseerde praktyk kageddit benodig nuwe en breé perspektiewe.
Radikale innovasie gaan gepaard met toenemend&eshséd gedurende problem-oplossing — hoe
meer radikaal, hoe groter die onsekerheid. Daamergyeen sistematiese prosedure vir die bestuur
van radikale innovasie nie. Navorsingsbestuurdessr ssaam dat tradisionele, gestandardiseerde
innovasie-benaderings nie voldoende ondersteurangbastuur voorsien om die graad van tipiese
funksionele onsekerhede van radikale innovasie aeteler nie. 'n Effektiewe benadering om
onsekerhede af te baken en te beskryf asook omomle@ikkelingsproses tydens die radikale
innovasie proses te bestuur word benodig. Hierd#stsintetiseer 'n metodologie vir radikale
innovasie vanuit stelselsingenieurswese- en tegielestuurteorie. Die toepassing daarvan op 'n
gevallestudie illustreer hoe dit doeltreffendeatstgiese besluithneming tydens radikale innovasie
fasiliteer.

Stelselsingenieurswese voorsien 'n waardevolleimigtiewe raamwerk deur sy omvattende
perspektief vanwaar vereisde radikale innovasikdiomaliteite asook onsekerhede geidentifiseer,
afgebaken, gekarakteriseer en ontwikkel kan worfnblogiebestuur is bemoeid met die kern-
teorie van tegnologie. Die perspektief op tegnaogborsien tydens die proses van radikale
innovasie 'n wyse tot karakterisering en afbakenira; tegnologiese status, potensiaal en
onsekerheid van funksionele tegniese elementeeistdisel.

Die hieropvolgende Radikale Innovasie Metodologmdvgeverifieer deur die toepassing daarvan
op n ontluikende hernubare energie konsep, naath#ilSonskoorsteen Kragstasie, in antwoord op
‘n behoefte vir innovasie vir volhoubare energierekking. Die kragstasie benodig "n radikaal hoé
skoorsteen struktuur, van "n voorgestelde 1,50@mfeiogte, wat 'n gepaste geval ter illustrasie



van die metodologie bied. Adressering en oplossamgdie uitdagings en onsekerhede verwant aan
die radikaal-hoé struktuur en gepaardgaande kested benodig met die oog op bevoegdheid van

die konsep in "n globale energiemark.
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General information and abbreviations

General
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* summarised information on the content and flowhef dlocument (with specific reference
to chapters)

* the thesis statement and Radical Innovation Metloggadiagram

* the “ideal” performance requirements for the Chignpnghich may prove handy especially
in the more technical chapters of Part II.

Lists of the figures and tables follow at the efthes document, after the references.

References used in the Appendices that were netergéed in the main body of the dissertation
are referenced after each Appendix.

Digital versions of this dissertation with the nefieced articles and calculation and modeling
files are available from the author.

“He”, “his”, “him”, “man” and “mankind” are in thisdissertation used in referring to both the
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CHAPTER 1

INTRODUCTION

Mankind is surrounded by problems — sources ofialiffy that challenge the standards and
liberties that he values. Problems need resolutiorensure man’s survival, safety, health and
security; successfully resolving a problem earns iteese securitiedf he can overcome it in a
revolutionary or breakthrough — in radical — way his greater success earns him favour over
competitors, challenges and problems.

A radical striving “far beyond the norm” [Webster 2008] chasaistically engages unknown
frontiers and new sets of values, standards ansppetives, implying increased uncertaintythe
more radical, the greater the uncertainty — andadiptable progress during problem solution. This
thesis investigates the systematising of radicalowation to understand and manage its

uncertainties, leading to more efficient innovation

1.1 Introducing radical innovation

1.1.1 Innovation and radical innovation defined

Due to equal competence of companies in the maragemf operations, human
resources, marketing and strategy, corporate faeasntly shifted to the key to their
competitive advantage: innovation [Harrison and §am2002]. Aninnovationpresents a
solution to a problem by realising a product framdreative invention all the way to market
inception [Stefik and Stefik 2004].

While incremental innovation involves the exploitation of existingunttional,
parametrically-defined capabilities within the aaxttof a familiar field radical’ innovation

“changes the game” by providing significantly mdesourable functional definition that

' Uncertainty, in this thesis, refers to the undedinqualifiedor quantified probability of achieving a preferredanme.
" Several texts investigate characteristicsdisfuptive (relative to the current market state) technolegiBisruptive
technologies are characterised by high innovatiorcertainties, with potential transforming change thie
product/market economySustaining technologies support competitive advantage throuwglative, incremental
developments with the aim of enlarging market sharplanatory texts include Walsh [2004] and Kokétfal. [2004].
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transforms the existing technological and product feature gean customer—supplier
relationships and marketplace economies [Harrisah Samson 2002, Leiffer et al. 2000].
Table 1-1 provides a comparison between the chaistits and terms typically encountered

in incremental and radical innovation.

Table 1-1. Characteristics of incremental and @dmovation.

Incremental innovation Radical innovation
Exploit the existing Explore the potential
Familiar field, smaller uncertainties Unfamiliaelid, significant uncertainties
Parametrically defined Functionally defined

Novel implementation of

codified/standard practice Absence of codified/standard practice

Dramatic results Transforming results

Uncertain terms, sporadic project
Clear terms, goals, business plan, termination/revival, change of
financial projection, funding priorities/champions, multi-disciplinary,
multi-criteria uncertainty

Goal: diminish uncertainties to justify further

Goal: product )
investment

In some cases, the impact of incremental innovatio&ly appear dramatic being
characterised by novel implementation of codifiedign practice through interpretation and
manipulation from scientific first principles, th@shieving dramatically improved designs
within a specific, familiar field. A distinction ismade, however, between dramatic
incremental innovation and radical innovation. Ratinnovation is required in thebsence
of sufficient codified design practice at one orrenéower levels in a system. Therefore, it
requires innovationoutside the familiar realms of standardised, formaliseeotly and
practice by identifying, re-interpreting and addieg the basic system functionality that
requires solution. With radical innovation a mapeakthrough in one or more governing
parameters is sought in an exploring manner thraxgénsive familiarisation with the root
of the problem in a possibly unknown context. Crdisgiplinary perspectives often need to
be introduced in order to identify and charactetisese roots and sources of uncertainty in

the radical problem [Stefik and Stefik 2004]. Ashrological capability is progressively



acquired and developed, the limiting factors andeutainties diminish to a point of
acceptability with regard to general engineeringaicpce. This definition of radical
innovation is central to the development of thejactof this thesis.

Examples of historical radical innovations are tlse of steam to propel ships hereby
substituting sails, turbines substituting pistogiaas to generate power, the substitution of
vacuum tubes with transistors, the Internet andApello Space Project, each disrupting
normative technological standards [Christensen dwlwver 1996] by introducing
revolutionary performance standards.

Pure radical and incremental innovation are comsitldo be extremes, incremental
innovation being the case where the radical charatts of the innovation are diminished

to a state of manageability by standardised desigtihods.

1.1.2 Difficultiesin managing radical innovation

Although executives of established companies ackeuye that radical innovation is
critical in providing them with long-term renewaldagrowth, their successful development
and deployment of radical innovations remain unjgtatlle and fuzzy [Leiffer et al. 2000].
In contrast to incremental innovation, which is releéerised by short-term, clearly defined,
parametrical processes with committed funding aaebpment teams, radical innovation is
characterised by high degrees of multi-disciplinanyd multi-level technical, market,
resource and organisational uncertainty and ungtegdallity. Its time frames are long-term
with sporadic project terminations and revivalshlimeear recycling of the response to
previous setbacks and stochastic change of pasrénd champions, thereby creating a mix
of accelerating and retarding factors [Leiffer le2800].

The all encompassing goals of the radical innowvapooject are to overcome project
discontinuities and progressively reduce the nopigoal, non-intuitive uncertainties
through their sufficient characterisation in ortiem@ttract investors for the next phase of the
innovation life cycle. This cannot be achieved bgrenparameterised design and relevant
organisational support, which is the subject ofremeental innovation. The reduction of
uncertainty is not predictably progressive or sefag its degree may fluctuate throughout
the project.

Due to the lack of understanding of the proceskesugh which radical innovation

emerges, executives either choose to disengageataainovation or make autocratic strategy



decisions based on knowledge of mainstream busirmeggecting to see specific project
goals, early market research results and detaitehdial projections. Alternatively they
settle as “fast followers” of radical concepts mthihan actively manage its innovation
[Leiffer et al. 2000].The need for a systematic approach to managingutieertainties in

radical innovation is evident.

1.2 Thesis statement: a methodology for radical innovation

Radical innovation can be better managed and havweur more surely predicted, the more
thorough its uncertainties are delimited and chtaresed. Adequate competencies to identify and
track these uncertainties are crucial. The thdatement is formulatedRadical innovation can
be systematised through the synthesis of exidti@gry to form a basis for strategic decision-
making.

Two scientific fields, Systems Engineering and Mgeraent of Technology, are engaged for
its potential contribution to the synthesis of ateynatic approach aiding radical innovation.

Systems Engineering (SE) involves interdisciplinalschnical effort to transform a
requirement into a synthesised solution of subsystand components [(based on) INCOSE
1998]. SE, by its comprehensive nature, could gpi®wialuable insight into the required radical
innovation functionalities resulting in a systernatnon-intuitive framework within which
uncertainties and deficiencies can be identifiedintted, characterised and developed.

Technologyis a widely abused term summoning images of hégittgadgets or only
perceived as the “grey mist floating” behind a camps’ product portfolio [Ford and Saren
1996]. Broadly defined, it is the mechanism throuwghich mankind leverage its efforts to
improve its quality of life [Harrison and Samson02] Its scientific comprehension could
unlock insight into the building blocks of enginiegr endeavour. Management of Technology
(MOT) concerns the core theory of technology ansl dtynamics, innovation, project
management and policy in an ethical, environmeestanomical and political context [Van Wyk
2004a, Steele 1989]. Its perspective on addredsingtionality and managing technological

" Although Management of Technology (MOT) generalpplies with reference to@mpany(due to the relevance of
MOT for managing the unit of an engineering compsaenterprise — technology), this dissertation tsempany” only
to the extent that it is a facility implementing MiCthe principles and methods proposed in thisediation apply to the
generic facility requiring radical innovation. Insamilar fashion the term “board” or “board of angany”, throughout
this dissertation, refers to the final decision mgkauthority of the company or facility implemergiMOT.
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potential could provide the radical innovation mse with a means of characterising and
delimiting status, potential and uncertainty ofteys elements.

1.3 Motivation

1.3.1 A systematic approach for the management of radical innovations

Several texts focus on the subject of radical imtion, gaining insight from
characteristics, challenges and strategies pemtéiveeveral radical innovation case studies
[Grulke 2001, Stefik and Stefik 2004, Leiffer et @&000] or addressing organisational
competencies required to cultivate radical inn@ratjLeiffer et al. 2000]. No systematic
approach, tying together these fragmented insightstools in order to address the radical
problem, is presented. Technology roadmaps for giagathe identification and/or
development of disruptive technologies (refer totRoteii in Section 1.1.1) were compiled
[Gerdsri and Kocaoglu 2003, Vojak and Chambers 200dlsh 2004, Kostoff et al. 2004]
and draw mainly on business, managerial and MOiQhts to formulate perspectives and
methodologies to identify and develop or managenagaotentially disruptive technologies.

The only resources toward managing the erraticetaim characteristics of radical
innovation (stated in Section 1.1.2) are commdicidriven or vague and fragmented
approaches to solving the radical problem. Theistesyatising could improve the
management of radical innovation through the qgéiaation of uncertainty, resulting in a

higher success rate in realising radical innovation

Extending project management to radical innovatmamagement

Global competition over the past decades drovesfitsmmcompile a comprehensive
incremental innovation project management knowledgese whereby systematic
management tools enable project teams to move exmphovation along efficiently.
On this basis, firms have become adept at contimaprovement, operating on the
premise that future results can be predicted thraaxgeriential trends with uncertainty
being the exception on a well-defined developmexth pThis body of knowledge is not
adequate for the management of the degrees of-tewdti uncertainty encountered in
radical innovation [Leiffer et al. 2000]. No methaystematically addressing the

technical challenges associated with radical intiomaexists. In order to radically
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innovate, new approaches and tools must redefiaetrdditional project management

toolbox.

Svynthesis of SE and MOT approaches

Comprehensive radical innovation processes presymakst in the mind-and-
method of technology management experts. Formatisedry, however, only contains
elementstoward a common radical innovation methodology. Sffers systems
breakdown and analysis methods to identify gapgbenradical innovation system. MOT
provides technology assessment, trend identifinadind strategy formulation.

SE system innovation engages radical innovationh wreluctance because
uncertainties at subsystem levels perpetuate toanageable uncertainty at higher
system levels. Sherwin and Isenson [1966], wheestigating the role of technological
innovation in the successful acquisition of weapgstems for the United States military,
supports this assertion when observing that prdggictre is almost imminent when lower
level technologies are still developed during sgsib of a higher level system.

Standardised practice for synthesis at upper systéuels is not geared to
accommodate the uncertainties perpetuating fromedovels, thus the definition of
radical innovation (Section 1.1.1) as innovatiorcugsing on basic functionality,
operatingoutsidefamiliar practice. Mitigation of uncertainties ttugh addressing these
lower levels in the system calls for the identifica and addressing of the required
functionality or technology — mere novel interpteta of standard practice will not
suffice. The field of MOT is concerned with the ragament of these functionalities or
technologies. A focussed attempt to direct the mstngtegic approaches and tools of
MOT to be applied in the management of the deveynof the sought technologies,
may reduce uncertainty to more manageable propsrtio

Further, although detailed knowledge is limitedeatly, conceptual phases of the
innovation life cycle, important decisions typigakommitting up to 75% (based on
standardised, non-radical SE theory) of projectedl fife-cycle cost must be made with
changes during later life cycle phases having agvemplications on project cost
[Blanchard and Fabrycky 2006].

This thesis proposes a synthesis of SE and MOTrigeemto a generic systematic

radical innovation methodology. It proposes theéherance of SE, aiming to manage the



radical innovation problem identified by Sherwingth uncertainty in user systems due to
perpetuated lower level uncertainty), by extendimgh level system performance
measurement and strategy formulation to incorpayasatitative low-level technological
evaluation, assessment and research and develogR&D). This is achieved through

the application of MOT methods during the decisioaking process.

1.3.2 Technological insight into radical innovation decision-making

The quantification of the impact of technologicaiprovements on multi-disciplinary
criteria (in order to make informed decisions) reamaa complex task for the technology
manager. By adhering to a technology-based peispethe decision-maker gains insight
into the characteristics of the systems that fdrendompany products, and into the maturity
of these units with consequent identification otemainties, improvement potential, trends
and barriers. The vessels — technologies — hamgssierall system advance are thus
understood more thoroughly. In this way the tecbggplmanager is equipped to vouch for
the development progress, direction and deadlimegblmg rational radical innovation
decision-making at an executive level. Althoughrdoaom decisions on radical innovation
are generally made on the grounds of strategicnbasi sense, the proximity of the
technological insight enables decision-making bamethe status of technological elements

of the company product portfolio.

1.3.3 Sustainable technological innovation

The almost unrestrained rise of technological @mise in the 28 century had an
immense — and largely unsustainable — impact onstiwal, economical and ecological
environment [Stern 2006]. Consumerist values jestithis short-term rise in the name of
progress and achievement of market share. Whilem fan economic and marketing
perspective, these endeavours were very succesbayl, are catastrophic failures when
viewed in a broader, sustainable context [Van W§R4b, Stegall 2006], for instance where
health and environmental interaction is concerrfeatd and Saren 1996]. Post-millennial
man is now faced with the task of taking respoiigybfor these catastrophic impacts,
cultivating a long-term perspective in an attitwdeustodianship [Stefik and Stefik 2004].

The solution lies with harnessing technological povand impact by a sustainable

approach. In order for technology to be managediefitly, engineering perspective should



widen to view companies and projects as socio-teahsystems, responsive to the broader
environment [Harrison and Samson 2002]. The contamt process may require radical
technological intervention in several spheres afiedg, economy and ecology, demanding
the fast-tracking of radical technological solusdor circumvention of the numerous global
crises, such as adverse climate change, wateritycaanitation, malnutrition, famine and

energy requirements, to name a few [Lomborg 208%hcedures that could guide this
radical innovation, proposed by this thesisz emerging with the rise of sustainability and

systems sciences, providing holistic approachesitdwustainable solutions.

1.3.4 The Solar Chimney Power Plant

The methodology developed for this thesis respoadsdemand that is representative of
the great need for sustainable solutions: thah®fdevelopment of the Solar Chimney Power
Plant (SCPP), and more specifically its 1,500 megtkichimney structure, until feasibility is
proven. The second part of this dissertation fogsuse the application of the developed
methodology on the radical innovation of this chaynhence, a brief summary of its
context, principle of operation and challengespprapriate to illustrate its contribution to
motivation for this research.

When engaging the subject of the SCPP one is stratlonly by conceptual simplicity
and a hope for a sustainable solution through eomssee energy generation that is not
dependant on water availability, but also by theeshreality of the challenges of realising a
chimney structure of more than twice the heighbipsed) of the tallest structures in the
world.

A SCPP, illustrated in Figure 1-1, consists of ansparent circular solar collector
supported relatively low above the ground surfawe @tall chimney central to the collector.
Turbo-generators are located at its base. Solaatrawl penetrates the collector roof and
heats the ground beneath, which in turn heats die@nt air causing it to rise through the
chimney, driving the turbine and consequently gatieg electricity [Pretorius et al. 2004].

An economy of scale applies to the SCPP; the erautput of the power plant increases
exponentially with increase in collector and chimpisee. A 1,500 meter tall chimney yields
almost three times more energy annually than ar@B€er tall chimney [Schlaich 1995],
forming the basis for insistence from proponentthef SCPP technology in Southern Africa

for the immediate realisation of a 1,500 metercitne [Stinnes 2004]. Realisation of this



structure holds a key to the market feasibility toe SCPP but the challenges and
uncertainties presented by its structural and emdnaealisation qualify it as a radical
innovation, sufficient to serve as a case for itating the validity of the methodology
proposed in this thesis. The need for a technotteyelopment strategy to scale from known
science to the unknown realm of this envisaged rsém&ture — its radical innovation — is

evident.

1.4 Thesisdeliverables

A systemised, methodological approach to managidgal innovation is presented.
A secondary objective comprises the set up of anvation strategy for improvement of the
performance of the SCPP chimney structure.

Figure 1-1. An artistic representation of the SC®&¢hlaich 1995].
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1.5 Thesis development and dissertation layout

The dissertation commences with the formulationttld methodology presented as the
argument of the thesis, the Radical Innovation Methogy (RIM), reported in the first part of
the document, which is subsequently, in the se@amtof the document, applied to the problem

of the SCPP chimney structure radical innovation.

15.1 PART I: Formulation of the Radical Innovation M ethodology

The first part of the dissertation deals with tlewelopment and formulation of the RIM
theory. Chapter 2 investigates SE in serving asmpcehensive perspective on a radical
innovation: mapping its critical uncertainties ib@ader context while breaking it down into
its essential functional elements. Chapter 3 ingasts MOT as a means of describing and
delimiting uncertainty, corresponding to requireeivdls of functionality, through the
determination of technological characteristics, urit and R&D risk. Chapter 4 reports the
synthesis of the identified theories into a methogyp, thereby formulating the RIM.

152 PART Il: Application of Radical Innovation Methodology on the Solar Chimney

Power Plant chimney structure

In the second part of the dissertation the valwatof the proposed RIM theory is
presented: the RIM is applied on the SCPP chimneyctsire, a technology demanding
radical intervention to innovate it up to a statenarket feasibility. Chapter 5 introduces the
SCPP project as a response to market requiremsgts,up a chimney reference case for
subsequent use as subject for the RIM applicatiohidentifies the required performance of
the chimney system to reach market satisfactiol€Hapter 6 the chimney system is broken
down into its intrinsic technological elements imder to acquire a functional and
technological perspective on the chimney. In Chaptevaluation of the system performance
response to augmentation or introduction of indigidtechnologies is performed to identify
critical technologies whilst the characteristicsatanity and R&D risk of the critical
technologies are assessed in Chapter 8. Chaptarcudes part Il of the dissertation with a
summary of the findings of the previous chapteid subsequent strategy formulation.

The dissertation concludes in Chapter 10 with arsarg of the thesis. The contribution
of the thesis to the scientific context is verifimad recommendations for furtherance of the

research are made. The validation of the RIM bymaesd application on the SCPP chimney



iIs summarised. Finally, the convergence of the anpd chimney system performance, as it
emerges from the first iteration application of tR&M, to the required performance is

recorded in an epilogue.

1.6 Thesis scope

1.6.1 Applicability of the Radical Innovation M ethodology

The RIM provides a basis for radical technologioalbvation from which organisational
competencies required for management of the inmmvéte-cycle and product diffusion can
be interpreted. These aspects are not specifiadtlyessed in this thesis.

Phase-independent RIM application

The principles and logical structure containedha RIM are applicable throughout
the various phases of the radical innovation lifele, iteratively diminishing uncertainty
to a functional, reliable, efficient solution. Atihgh performance criteria may change or
become more detailed with project progress [Hanresad Samson 2002], the proof of the
thesis is not limited by the phase-dependent ckeniatics of innovation evolution and
technology adoption life cycles. Additional readirdescribing the phases of innovations
include Geoffrey A. Moore’sCrossing the chasifMoore 1991] and Everett Rogers’
Diffusion of innovations, %edition[Rogers 2003].

RIM iterations

The RIM can be implemented iteratively up to aestahere standard incremental
innovation is sufficient for its furtherance, thieyeincorporating updated requirement
specifications and technical data to refine resw@td diminish uncertainty onto
technological feasibility. In applying the RIM orhet SCPP chimney innovation,
however, only a single iteration is needed to ftate the validity of the RIM as a
systematising approach delivering information oditglgic value.

RIM applicability on technical uncertainty

Radical innovation is often defined and the managenthereof grasped through

comprehension of the uncertainties it presehéshnicaluncertainties are related to the
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integrity and accuracy of the underlying scientkiowledge and technical specifications
of the product and its manufacturing, maintain&jiletc. Market uncertainties focus on
customer needs existing in customer-product reatiand distributionOrganisational
uncertainties, stemming from conflicts between thainstream organisation and the
radical innovation team, include issues relatedht® project team competencies and
management support and expectatidtssourceuncertainties include the availability or
acquisition of budget and competencies [Leiffeale000], as well as the source of the
development incentive, varying from market-driveretologically, macro-economically,
socially or politically driven [Ford and Saren 1998lthough the creation of radical
innovation-friendly organisational competencies dndgsiness models are critical for
cultivating radical innovation, this thesis is cented mainly with the resolution of
technical uncertainties. However, the RIM identifies distimoles for the technology
manager, strategist and expert — these are indillydrteported. In the application of the
RIM on the SCPP chimney innovation all of theseschre enacted. Additional reading
discussing organisational topics and competenanetude Richard Leiffer et al.’s
Radical innovation — how mature companies can oatsuopstarts[Leiffer et al. 2000]
and Mark and Barbara Stefik'Breakthrough — stories and strategies of radical
innovation[Stefik and Stefik 2004].

1.6.2 Depth engaged in Systems Engineering and M anagement of Technology

The fields of SE and MOT could contribute a widaga of tools and approaches to
expand and extend the RIM. Engineered systems amgpa@sed of various interacting
resources, e.g. human resources, information, aoftwmaterials, equipment, facilities and
finances acting over the whole life cycle from ogptuialisation through detail design,
construction and operation to decommissioning phaghis thesis is only concerned with
the synthesis of the basic framework of the RIM dsadubsequent application on the set up
of a research strategy for the SCPP chimney streietsl a validating study. It considers only
SE and MOT resources that contribute to the syigh#sa generic formulation of the RIM
and, furthermore, those that contribute to the yeabnceptual phase at which the
development of the chimney currently lies. Thisgghanly requires consideration of extreme

action configurations as concerns the extreme ihgpdiate of structures at fully operational



state, as is typical during Structural Engineerdesigns. Subsequent life cycle analyses
could present a comprehensive approach to the ér&tl and MOT resources.

1.6.3 Structural Engineering scope

Although its principles are applicable to any radlimnovation, this thesis implements
the RIM only in a Structural Engineering contextcéncerns a reinforced concrete concept
[Schlaich Bergermann und Partner 2004, Van Dyk @64t is currently defined for a SCPP
chimney conceptual solution. Thus, in order to dyeittustrate the application of the RIM,
the scientific context is kept within familiar baderies (with the exception of less familiar
technologies that could be identified during apgtiien of the RIM). Thereby this research
can utilise the familiar expertise and resourceglobal and South African (SA) academy

and industry in the reinforced concrete field.
The Radical Innovation Methodology might be apfieato resolution of an increasing number

of mankind’s radical innovation challenges, manggaiso those technical problems that go “far
beyond the norm”.
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CHAPTER 2

AVIEW FROM SYSTEMS
ENGINEERING

Systems Engineering (SE) concerns the applicatioengineering toward the solution of a
complete problem in its full environment by systéimassembly of subsystems and components in
the context of the lifetime use of the system [ICEIN2007]. This panoptic view on engineering
development could provide a perspective on radigcadvation from which the radical problem and
the source of its uncertainty and required fundiidy is located, delimited and characterised — the
SE concepts required to support this statementd@eussed in this chapter. The innovation
methodology that serves as blueprint on which thd R based is chosen from SE theory and is

introduced here.

2.1 Definition of Systems Engineering

Engineeringis concerned with the economical use of limitedotgces for the benefit of
people, satisfying user requirements; to deternhio@ the physical factors can be altered to
create the most utility at the least cost. An eagins forced to create artefacts using incomplete
knowledge [Harvey 2007], ouncertainty SE, with “system” defined as an assemblage of
functionally related subsystems and componentsifayra complex, useful whole, involves the
interdisciplinary approach governing the total t@chl effort over the life cycle of the system
required to transform user requirements into aesysolution [INCOSE 1998]. This definition is
chosen from several others because of its inctinatd the idea-creation to market-inception
definition of innovation. Furthermore, it emphasishe complex, multi-disciplinary and multi-
criteria approach needed to understand radicalatiun — and the formulation of the RIM.

Blanchard and Fabrycky [2006] defines SE as “gaugiresering” with emphasis on

e atop-down approach viewing a system as a wholgadsimg of various components,
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* more complete effort to initially define system wegments, in an interdisciplinary
(multi-perspective) development approach and
» life-cycle orientation whereby all phases from syst functional requirements
determination, conceptualisation, design and deweémt, production, distribution,
operation, maintenance and disposal are adhemratitay decision-making.
Benefits associated with the implementation of Skngples and tools involve the
comprehensive and diffused characterisation of gtarkquirements and consequent system
development throughout the system life cycle. Theesalt in reduction of system life cycle cost

and acquisition time of risk mitigating technologjie

2.2 Systems hierarchy

Systems are composed of interrelated componentst{fmal parts), attributes (properties of
the components) and relationships (links betweenpaments and attributes). A user system is a
set of these components interrelated toward a canobgective. A system hierarchy breaks the
system down from the user system level into smaliéisystems or components through as many
levels as are needed to fully describe the systematibnality (Figure 2-1 shows a general
systems hierarchy down to the lowest level — tHanhaterials). Each level describes the system
in more detail. The lower of two systems in a hielng is called a subsystem.

USER SYSTEM> PRODUCT SYSTEM> SUBSYSTEM-> COMPONENT->
MATERIAL

Figure 2-1. General systems hierarchy.

A systems view on development provides a systerpatispective on all facets of the system
and those surrounding it in order to identify amdirdit critical areas, for subsequent outsourced
development. For example, a naval ship (produdesyk consists of several subsystems like
hull, propulsion, weapons and command and contvbich in turn consist of various sub-sub-
systems (e.g. command and control consists of canuation, radar, sonar, action information,

etc.).

' A product system is a user system excluding lagissupport, personnel, etc.
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SE is concerned with the synthesis and integragfoexistingcomponents into higher-level
systems and not with their individual developmetnponents are perceived as “black boxes”
and should not still be developed during synthesithe product system (refer to Chapter 1,
Section 1.3.1, second subheading).

A systems breakdowns the process of dissecting and delimiting th&tesy into its essential
sub-systems and components for focused synthegiR&D purposes.

2.3 A systems perspective on the challenge of radicalriovation

When a high degree of uncertainty relative to stathdlesign context is encountered at sub-
system levels, the augmented uncertainty at ustersiylevel make for unmanageable levels of
uncertainty (Section 1.3.1) — this states the ehgk of radical innovation in SE terms. Figure 2-
2 illustrates this in a hypothetical systems higngir Synthesis of a product system incorporates
a component that is still under significant devel@mt and hence still contains significant
uncertainty. Activity concerned only in a singlellogn Figure 2-2) constitutes incremental
innovation (a familiar, standardised design enviment, portrayed by the small arrows within a
single box in Figure 2-2). The uncertainties in éolevels propagate to unmanageable degrees
of uncertainty in the higher system levels. Radioalbvation occurs across system hierarchy
levels therebyincurring great uncertainties due to venturing side standardised design

environments

T USER SYSTEM
T |
5 |

N R
14 PRODUCT INCREMENTAL
é SYSTEMS INNOVATION
o P
I | |
2 sussvsTems | IR Fepian

INNOVATION

= 1
()} | —h [ |
> COMPONENTS [ 1[unpER DEVELOPMENT. | | | | |
w

Figure 2-2. The difference between radical andemantal innovation from a SE perspective.
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A systems perspective on radical innovation coulovigdle a framework from which the
extent and delimiting of uncertainty are determin€de developer could isolate the source of
uncertainty in terms of the systems level, lifeleyphase and scientific field it originates. He
could then decide, based on the perceived riskthefspecific development up to sufficient
certainty, whether to focus on in-house developm&thnology acquisition (transfer from

external sources) or the termination of research.

2.4Systems hierarchy breakdown, functional allocation and failure mode
identification

The systems hierarchy breakdown, failure mode iflesion and functional allocation are
performed to logically determine which technologaes present in a system. These perspectives
are implemented and integrated to ensure thatriitad user-required and failure mitigating

functionalities are incorporated in the user system

2.4.1 Systems hierarchy breakdown

The hierarchical breakdown of a system into it®esal functional components provides
top-down insight into each functional part. All fitonal modeling commences by
formulating the overall system function. By breakime overall system function into small,
readily diffusable sub-functions, the form of thystem follows from the assembly of all sub-
function solutions [Tumer and Stone 2001]. It ischimr a manager to decide at what level of
detail such analyses must be carried out and dealdl to a listing and evaluation of every
functionality in the system. Rather, the aim isolmain an understanding of the overall
system and of the critical developmental issuesctfanalities and uncertainties presented
[Ford and Saren 1996].

2.4.2 Failure modes and their relation to functionality

A failure mode is any manner in which a system eleinfails to accomplish its objective
[INCOSE 1998]. Blanchard, when defining failurerfra systems perspective, states that a
failure has occurred any time the system, on any levahefsystem, is notunctioning
properly — failure occurs, therefore, due to déhsenceof function [Blanchard and Fabrycky

2006]. These absent functionalities can be idedtifin a comprehensive method and



framework within the defined systems hierarchy. Tdentification of failure modes and
their root causes, provide important directionhie tunctionality that needs to be addressed
in the system synthesis. It is therefore essetttimentify as many as possible critical failure
modes in a system.

While regarding prior knowledge and experience ssemtial input, several tools toward
failure mode identification exist, including FakumMode Effect and Criticality Analysis
(FMECA) and Failure Tree Analysis (FTA) [Blanchamd Fabrycky 2006].

2.4.3 Functional allocation

A functionis a specific action necessary to achieve an ttbged-unctional allocation
forms part of the determination of system requiretsavhich adheres to user requirements
through technical responses and design attribtéti®g‘how” the user specifietivhat” is
satisfied [Blanchard and Fabrycky 2006]. The fumedl description of a system serves as a
basis for identification of the technological fulocialities required in the system for it to
accomplish its objectives; design synthesis caraibeed at specifically addressing these
requirements. The uncertainties in lower levelspptrating to higher levels could be
engaged through the determination and allocaticiurdtionality at positions of uncertainty
in the system, and not through the limiting procedwf standardised design practice.

During functional allocation, the requirements diffused from user system level as far
down the hierarchical structure as is deemed nape$ss assign critical input design criteria
for the essential elements of the system. Fundtialh@cation presents a description of the
functionalities of the system to establish a fumaal performance baseline in terms of user
requirements for subsequent design and suppoviteedi[Blanchard and Fabrycky 2006].

2.4.4 Linking failure modes and functionality to technolagy

The fundamental definition of technology aseated competencf/an Wyk 2000]
predicates a positive link between the functioreditof a system and the technologies
bringing into being (creating) the qualities inystem that enables it to fulfil its objectives
(competence). Functionality stateghat is required; technology determindsow the
requirement can be addressed.

Samsung Advanced Institute of Technology (SAITed®eines R&D themes (see Figure

2-3) in response to identified failure modes irrehhology performance specification phase.
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These themes are addressed througgchnology treghat stipulates technology flow from
the R&D theme to systematically deploy the key fiows, thereby implementing

corresponding core technological solutions [Che20@g].

R&D
Theme

15t Function 2n Function ‘ Core Tech.1

A
AN

2n Function Core Tech.2

2nd Function

Core Tech.3

[ 1* Function | | gynction deployment from basic principle

to specific technologies of R&D project.

NS

—| 1%t Function
Principle Functions Engineering
Basic Functions |:> Technologies

Figure 2-3. The link between R&D theme, functiotyatireakdown and core technology
identification [Cheong 2006].

2.5Further Systems Engineering concepts

This section introduces SE concepts that may piwlpful in understanding of further

aspects and approaches surrounding the develomhtra RIM.

2.5.1 System baseline and the Ideal Final Result

A baseline(section 2.4.3) against which a given alternativelesign can be evaluated, is
established early in the development process, dllgicspecifying the functional
requirements that the system must perform in otdeyatisfy user requirements. Baselines
are expressed in terms of technical performancesunes that are defined as goals for each
appropriate system level [Blanchard and Fabryck@620In radical innovations the user-
required baselines might be far from currently achble technology performance, the
technological limit representing a metric that tabe surpassed to obtain breakthrough.

At this stage, the introduction of the Ideal FiRasult (IFR), a lateral, non-incremental
approach to problem solving, is apt. IFR directstéchnology developer to thaison d'étre
of technological endeavour — the solution of annidied need — as opposed to mere

incremental improvement for gaining market shatejst encouraging non-standardised,



problem oriented thinking [Shirwaiker and OkudanO@D The IFR is defined as the
“absolutely best solution of a problem under thesgiconditions” [Savransky 2000].

Technologicakontradictionsare that which inhibit technological innovatiddeality, on
the other hand, presents the notion that a cortiadi(e.g. transport from point A to point B
uses too much fuel due to work performed to move@hig can be opposed by an ideal
solution (that of using ledsiel, through, for instance, significant decreakée transporter
weight). While envisaging the IFR aseverse engineeringpproach, investigating solutions
starting fromthe IFR and reversing to currently feasible caltgds, may direct radical
innovation strategy from its current inadequatdéustatoward an acceptable solution. This
could possibly gaining technological performanastahce’ further than incremental thought
and methods would allow.

In this thesis IFR is interpreted as the licenseailaduct what is termedrtual probing It
may be beneficial to, for the purpose of understandhe impact of a future technology
improvement, perform girtual probe[Van Dyk 2006] where technologies are allowed&o b
augmented outside the extent of their physicalttirfas currently perceived) by assuming a
‘what if stance to their performance improvemeRtobe is defined as the “enquiry into
unfamiliar or questionable activities” [Webster 300 virtual probe then essentially
constitutes the artificial augmenting of technobadi capability. Through thevirtual
augmenting of technological parameters or conceias insight into system performance
response can be gained. This lateral approaclkkitigiroutside the box’, creates opportunity
for radical innovations to materialise; incrementahovation practice would outlaw this
radically innovative approach on the basis of itghbér risks, greater expense and non-
compliance to standardised design limits. It mayabgued that moving outside physical
technological limits is unprofitable (because iperceived as being unrealistic) but the IFR
concept supports the notion of looking toward pheferredsolution, rather than thealistic
solution in order to proceed with development irway better directed to the optimal

solution.
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2.5.2 Performance criteria

Choosing performance criteria for radical innovasio

User defined requirements form the base from whrdieria for system evaluation is
identified. System performance evaluation must e@sklrall the governing facets that
pertain to the performance of the system. Systerfoqpeance evaluators often measure
radical innovations with the same criteria usedgsess incremental innovations, leading
to autocratic decisions based on mainstream bussipgaciples or idealistic numbers
based on questionable assumptions [Leiffer et @DOR Initial decisions about growth
opportunity promised through the realisation oédical innovation must be based on the
deliverable benefits of the innovation and on masiee if the envisioned benefits are

delivered.

Identification and breakdown of criteria

The first formal evaluation of a radical innovatigenerally takes place when the
project applies for funding. Initial evaluation mutetermine whether there is enough
promise to warrant the next step by the investeiffer et al. 2000]; the criteria chosen
for the evaluation ofadical innovations must capture the contribution of eronsid
technological benefits and market impact suffidietd convince potential investors to
invest in the next development phase.

As innovation evolves along its life cycle, mordadked investigation and certainty is
required; similarly the criteria on which a systénevaluated incorporate more detalil
with increasing system depth. Table 2-1 illustrates point by depicting typical criteria
at pre-construction phases of a projectradical innovations the earliest developmental
phases may include a broader-than-standard rangeitefia due to the fact that the
conceptual ‘feasibility’ must be proven to potehtiavestors in light of the sought
functionality amongst uncertain multi-disciplinary  surroundingshis  entails
comprehensive investigation into new functionatlfteological) or scientific fields with
their own sets of governing criteria.

A perspective on the breakdown of functional perfance evaluation criteria which
aid the choice of criteria, is based on work byf€las[1978].Primary criteria pertain to
the fulfilment of a system’s primary purpose. Teecondary criteriapertain to the
establishment of structure and containment to enti# system to perform its primary



function. Resources needed to develop or produceapy and secondary functionality,
e.g. production time, direct further choice of erid.

Table 2-1. Typical criteria at various life-cyclagses.
System life-cycle
phase

Radical innovation
phase

Example of governing criteria

Benefits of technology in terms of potential markieare

Primary user-required function
Conceptualisation Conceptual reliability, structural performance
Estimated cost, also of required R&D
Structural reliability
Overall construction cost
R&D cost
Pre-feasibility Maintenance cost
Maintainability
Constructability
Environmental impact
Structural reliability (in depth validation)
Maintainability
Maintenance cost

Detailed construction cost (materials, transpabolr,
contracts, etc.)
Feasibility Constructability

Environmental impact

Political, social and technological feasibility
Supportability

Disposability

2.5.3 The complexity of radical innovations

Radical solutions, and especially those gearedusiamable, holistic solutions, are
generally complex systems that have to adhereébtoad range of non-standard requirements
to achieve success. Similarly to the several twoedlisional images required to convey all
the geometrical information of a three-dimensioolgjlect, the complexity of these systems
cannot be known in one glance and has to be viefn@md several less encompassing
perspectives, each revealing distinct information arder to understand the whole.
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Furthermore, because non-standard perspectives bsayunfamiliar, the impact of
developments in the system could be non-intuiteguiring significant familiarisation and
modeling efforts. Solutions may also emerge fromradicted, unfamiliar sources.

An active approach must be adopted to incorporatghin managed resource
expenditure, all perspectives that could contribatéical impacts on the system state;
standard criteria cannot merely be assumed becthese do not necessarily provide
prominence to critical areas of the system.

In order to accommodate decision-making where pleltcriteria are concerned, Multi-
criteria decision-making methods can be utilisediéw the impact of technological change
on the attractiveness of a system; an overview hidsé methods is provided by
Triantaphyllou in Multi-criteria decision making: an operations resela approach
[Triantaphyllou et al. 1998].

2.6 Systems analysis process — a model for innovation

Successful technological innovation requires theouation process to be well managed.
Attempts to model innovation reveal it to be vergmplex. No model appears to be
representative for utilisation as a general modklinmovation, failing to recognise the
cumulative, complex and often disorderly naturénabvation. One report, focusing on technical
and market competencies of a firm, states thatthalfespondents used for its study did not have

a formal process for assessing the strategic w@l@® innovation to their businesses [Harrison
and Samson 2002].

2.6.1 Innovation models

Several models attempt to identify characteridfieg define innovation — organisational
and technical attributes that require cultivatiordifferentiate core technical capabilities and
market insight toward effective innovation. Innawat models attempt to capture the
following two traits, depending on their applicatifiHarrison and Samson 2002]:

* sequential linear activity with functional respdmbiy stages defining distinct points

for decision-making during the innovation process]

* aconversion process from technological opportuisitmarketplace needs.



2.6.2 The systems analysis process

The innovation model chosen as representativeeobéisic steps of technical innovation
on which the RIM is based is provided by standdtdi&ory in thesystems analysis process
shown in Figure 2-4. The principles and proceduoe &nalysis of system solution
alternatives, presented by the systems analysisepsp provides systematic steps to
determine system performance in terms of specifiser requirements. These steps may

prove to be useful in radical innovation for thelesation of system performance.

—1 __ Evaluation of user requirements |1

ANALYSIS APPROACH 2 EVALUATION CRITERIA |3 EVALUATION TECHNIQUES 4
Problem definition Define criteria Select appropraite evaluation techniques
Goal analysis Define variables Define modeling requirements
Identification of feasible alternatives Identify risks and uncertainty

1

—> REQUIREMENTS (USER/MARKET) [1

; Setup
evaluation |5
model
DECISIONS 9
EVALUATION OF
ANALYSIS RESULTS 8 ALTERNATIVES 7 DATA INCORPORATION 6

Recommendations Run model Collection of data je——
Trade-offs Sensitivity analysis Processing of data
Identify risk and uncertainty

Figure 2-4. The systems analysis process [bas@&laomrchard and Fabrycky 2006].

The model starts with the evaluation of user rezyoents (1). Market requirements and
uncertainties must be understood and diffused rectlitechnical development. The analysis
approach (2) continues the process with comprebhensioblem definition, specific goal
analysis and the proposal of feasible alternatisluation criteria (3) are set up and
variable risks and uncertainties identified. Evéluatechniques (4) involve the choice of the
appropriate evaluation and simulation techniquelse Evaluation model is set up (5)
followed by the collection and processing of d&pa Alternatives are evaluated (7) by way
of an evaluation model and these results are aghlgad interpreted (8) with reference to
recommendations, possible trade-offs and stratégkcand uncertainty. Decisions are made

and strategy formulated (9) governing appropriatmsequent action (10). Note that

" Number of block in Figure 2-4.
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Engineering Management (dotted blocks) manages plexzessing and diffusion of
requirements and decision-making between the gicated R&D divisions.

Although fairly linear, this model incorporates ttraits mentioned in section 2.6.1 of
converting user requirements to active strategmstten through distinct phases evaluating
the state of the system. Proposed solutions (ali®es) are evaluated in terms of their
fulfilment of the user specified criteria (represeg system complexity) and technical
performance measures. The iterative implementaifathe systems analysis process model
gathers increasing insight toward sound decisiokimggBlanchard and Fabrycky 2006].

2.7 Conclusion

This section introduces SE principles as a framkviimm which radical innovation can be
understood and managed more systematically andiegffiy. The top-down view of SE,
breaking user-required functionality down into hiehical levels, allows the technology
manager a comprehensive perspective on the systm sidibsequent delimiting and
characterisation of its areas of opportunity andewtainty which could be addressed through the
application of MOT.

SE contributes useful theory to innovation managemnmies approaches and tools could be of
substantial benefit to radical innovation. The egst analysis process, a systematic innovation
model, is introduced whereby a system is proposgdaasolution in response to user
requirements, evaluation criteria are distinctlga@ped, a model toward evaluation is set up and
data is collected and entered into the model towhedevaluation of alternatives. Evaluation

results are formulated into strategy.

During the implementation of the systems basedagmbr on radical innovations it is imperative
to characterise the current standing of the funetiies — and their ensuing technologies — in the
system in order to deal with the actual units opiavement and quantify uncertainties from a
technological perspective; also for identificatioh similar technologies and technological trends
from technology scanning and foresight proceduiesthe next chapter such a technological
perspective is proposed that could aid radicalmation through ‘filling in the gaps’ exposed by the
systems perspective.
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CHAPTER 3

MANAGEMENT OF TECHNOLOGY:
APPROACH AND TOOLS

SE provides a logical framework and procedure tbmile and identify functionality and
associated uncertainty in the radical innovationthis chapter Management of Technology (MOT)
theory is investigated for its potential contriloutiin describing these technical uncertaintiesugho
the determination of technology characteristics rauadlrity.

The chapter commences with a definition of techgpland background on MOT. Subsequently
MOT approaches and tools for technological assessnsean, foresight, trend identification and

strategising are investigated.

3.1 Definition of technology

The word “technology” is a widely abused term ususummoning images of high-tech
gadgets when in reality it is the building blockseagineering endeavour — the “major stimulus
for change in society” [Twiss 1992] — and the mexdia by which mankind leverage its efforts
to improve his quality of life [Harrison and Samsa@02]. It is not the “grey mist floating”
behind the products of a company [Ford and Sar&®]19nsight into technologies could add
vital insight into the elementary subsystems cosupgi the user system. Rather than
characterising the whole through a semi-empiriggdraach, a technological perspective is the
“most potent ingredient” for understanding and amvag the capabilities of systems [Blanchard
and Fabrycky 2006]. A fundamental definition of Heology describes it as *“created
competence” [Van Wyk 2000] (mentioned in sectiod.f), i.e. bringing into existence a
competence toward a set of inherent qualities thedracts in a wider socio-economical
environment [Harrison and Samson 2002].

Technology can be characterised as a unit of aisalysmeasuring progress of a company,
serving as a basis for strategy development byuatiag overall technological position and
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performance. This comprehension of technology copldve critical in conditions of
unpredictable technological change and uncertafftgrd and Saren 1996] as typically

encountered in radical innovations.

3.2 Management of Technology background

Management of Technology (MOT) concerns the coreomh of technology and its
engineering dynamics, innovation, project managéraed policy in an ethical, environmental,
economical and political context [Van Wyk 2004aeeb¢ 1989]. Its approach and tools aim to
provide companies and researchers with a handtbesntechnology portfolio in order to grasp
their standing relative to competitors and managériology as their primary assets [Harrison
and Samson 2002]. Its perspective on technologydgowovide the radical innovation process

with a means of characterising and delimiting tedtbgical status, potential and uncertainty.

3.2.1 Technology theory

Apart from the organisational competencies soubhbugh MOT, proponents of its
theory believe that formulation of a fundamentaluature for technology theory could
greatly improve understanding, management and imgheation of this all-important
commodity, forming a framework against which alk thetails of an individual technology
can be mapped. Classification and characterisatimmd prevent corporate managers from
being blindsided by new technology and enable themsystematically map their
technological environment and predict definitiveelepments [Van Wyk 2004a].

Although technology has not undergone that profowminprehensive classifying
simplification that marks the development of maslds of knowledge as they grow toward
maturity (e.g. Chemistry’s periodic table of cheatielements), recent decades saw renewed
focus toward this goal with the definition of keypncepts and frameworks clarifying
technological thought [Van Wyk 2004a].

3.2.2 Thevalue of technology theory for radical innovation

The application of SE on the radical innovation jpeon yields a comprehensive
perspective on the system for delimiting, and sqbeet characterisation, of areas of

opportunity and uncertainty. The assessment ofntEolgies in a system engages the actual



units of improvement — functionalities, the systenbuilding blocks — and quantifies
uncertainties and opportunity for improvement asnséom a technological perspective.
Figure 3-1 illustrates this point through an exammplf a system hierarchy depicting
hypothetical technological information (the graphdach box display typical technology
growth curves; these are elaborated later in thépter) on the functional (i.e. technological
— refer to Section 2.4.4) breakdown of each levieth khe large arrows indicating more
potential for growth. Regions promising large paiEnfor growth based on their
technological maturity, for instance the graph loa tight at subsystem level, can be isolated

for specific R&D focus.
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Figure 3-1. Technology growth curves of system fiamality at various levels provide

information on its growth potential.

Technology characterisation and classification ifjeal the current technological
standing contributing technological insight from ierh technology development can be
managed efficiently. Similar technologies can benidied from technology scanning
procedures for potential acquisition. Technologntr identification and foresight provide
systematic attempts to predict the growth of tetboyo

This chapter continues by providing approaches wuds focused on the gain of

technological insight. Although the field of MOT\&rs a wide range of organisational and
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managerial approaches, only theory that is deenredtly applicable to the development of
the RIM is included in this thesis.

3.3 Technology assessment

Technology assessment deals with the charactemsatd classification of technology, i.e.
the description of distinctive, differentiating faees. Technology assessment as defined by Ford
and Saren [1996] provides a qualitative base frofichv to concentrate on strategising
technological R&D. It concerns the circumscriptiocharacterisation, completion and
classification of a technology portfolio, the detémation of technology origin, maturity and
company competence, and the performance of the @oynp manage, exploit and acquire
technologies.

Srategic Technology Analysis (STA) is a recent initiative proposing distincol® based on
technology theory, aimed at assessing technologmeks technology fields. Technologies are
interpreted through several frameworks on the gieuaf their intrinsic characteristics. A
technology is proposed as antity, i.e. dissectible and distinguishable, havinigrnal features
[Van Wyk 2004a]. This implies a possibility for i@nalysis. The technology features and

frameworks presented by STA are introduced heotagsify and characterise technologies.

3.3.1 Technology characteristics

Technologies can be grouped in terms of inhereatacteristics olinternal potency.
Dissection of a technological entity and identifioca of its unique features give rise to the
formulation of the Framework of Basic Features (Table 3-1) with seven distinctive
technology character traits identified and accongshiby a practical question [Van Wyk
2004a]. The Framework provides and enforces a oehnemsive perspective on the
technologies in a system to also identify the ndnoi#ive features. The Framework is
typically used to structure technological preseotatand propose a common frame of
reference and terminology, as well as communicatfon specialists presenting to non-
specialists. The Framework also provides the sioint from which other frameworks in

the STA are approached.



Table 3-1. Framework of Basic Features [Van Wyk42(Q0

Characteristic Question
Function What does the entity do?
Principle of operation  How does it do it?
Performance How well does it do it?
Structure How is the entity composed?
Fit What is the hierarchical position?
Material What is the entity made of?
Size How large is the entity?

The theory of inventive problem solving [Altshuller et al. 2001] is a methodology for
generating innovations. It also defines typicalrelkteristics that describe the physical state
of a technical system. When solving technical peotd these characteristics help identify the
technical contradictions residing in the probleneirg intrinsically focused on problem
solving, its list of typical technology charactéids is of a more practical nature than the
mere identification of basic features by the Framdwof Basic Features, investigating also

the technological environment to identify solutions

3.3.2 Classification of technology

Technology taxonomies provide a logical informatioamework whereby all kinds of
information from definition, capabilities and magtrproperties to typical modeling are
organised and made accessible [IMTI 2003]. Thetivglapotency of technologies in the
system are grasped and placed within the greatgexioof technologies in the technological
landscape in order to identify similar technologe®e assessed for potential acquisition.

Medical [Evans 2005] and manufacturing technology Tl 2003] are fields where
progress was made toward setting up comprehenssleology taxonomies focusing on
creating a technological information base captuangl exploiting knowledge, experience
and data to provide “access tlte right information at the right time at the right place’
[IMTI 2003].

In investigating taxonomical characteristics of geh technology the following is

identified: the three fundamental aspects of plasieality can be classified as matter,
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energy or information which is handled in one akthmodes, namely process, transport and
storage. All technologies can thus be connectédrms of their basic function and presented
in a coherent matrix called thdine Cell Technology Functional Classification Matrix
(Figure 3-2) [Van Wyk 2004a]. The figure containamples of technologies fitting the nine
categories, for example, DVD technology storingpinfation (bottom right cell in Figure 3-
2).

WAYS OF HANDLING
Process | Transporti Store

Ironore | Ships, cars, |

0 . ps, I

|‘2 w Matter extraction ! trains | Warehouse

8 al E Solar power | Transmission | Batte

oz nergy plant : line : v

N [T T T T T T T S e T T T eR T ]
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<T Information cPU : Infrared : Harddiskdrive

Figure 3-2. Nine Cell Technology Functional Classifion Matrix [Van Wyk 2004a].

3.4 Technology scan

Technology acquisition is the process of identifyibeneficial technologies outside the
company’s portfolio and its transferral, insert@md integration in the company [Ford and Saren
1996]. Technology scan involves the familiarisation of the technical st with its broader
technological environment, otechnology landscape, through an understanding of the
characterisation and classification of internal {te system) and external technologies. The
market relevance of internal technologies is agskanad similar technologies identified from the
landscape for acquisition of their relevant elermerithe applicable technology landscape,
containing knowledge relevant or peripheral andridtto the subject (constituted by the sum of
expert knowledge, journals, conference proceedimgs,), is scanned for identification of
technologies that could fulfil the functionalitispecified by the system functional architecture.
Furthermore, the identification and acquisitionaof emerging technology that fulfills the same
functionality of a mature enabling technology caovide significant competitive advantage.

Technology scan involves the meeting of cross-gisary experts each contributing from
his field of knowledge, “challenging and stretchicmnventional thinking” on the best solution

and practice [Floyd 1997]. The scan must not betdithto familiar or developing technologies



and must include competitor and untried technolaigrnatives. A scan could also look to
nature for acquisition of its tried-and-proven heological’ solutions [Stefik and Stefik 2004].

The complex, multi-disciplinary nature of radicahovations could make technology scan an
integral stage toward the solution of the radicalbfem — looking outside the constraints of
conventional design. Radical innovation would tgtii require a more extensive technology
scan in an attempt to investigate all potentiakigbuating technological avenues.

3.5 Technology roadmapping

Technology roadmapping provides structured, flexitdchniques for planning technology
development support and long-range technologyegjyatits efficacy in recent years has led to a
wide range of definitions and purposes of and é&@dmaps, exploring and communicating the
relationships between evolving and developing markproducts and technologies over time
[Walsh 2004, Phaal et al. 2004]. The impact of medbgical and market changes can be
anticipated in terms of potential threats and oppuoties [Phaal et al. 2004] and strategy can be
formulated proactively.

Technology roadmapping entails approaches and adbspectrum of tools to aid in the
identification, selection and development of tedbgizal alternatives to satisfy a set of product
needs [Walsh 2004]. A team of experts are co-ofedrganising and presenting the critical
technology-planning information to make and leveragformed investment decisions. Needs
are identified and addressed through technolodies upon investigation, are found to be
critical to the realisation of required performarnagegets. Development of these technologies up
to the sought performance targets can be spetyfioehnaged and its time frames calculated.
The extent of the knowledge base serving technologgdmaps is vast; texts providing
introductory reading on the evolution and curraatus of technology roadmaps include [Phaal
et al. 2004, Phaal and Muller 2008, Walsh 2004].

Roadmaps are concerned with mapping the uncegaiofi the “future” — vision, goals and
potential change. Threats and opportunities masateal or disruptive, in nature; a legitimate
concern about many roadmap formats is that theybaeed in favour of the preconceived,
preferred development route. Healthy roadmappiraulshaccommodate potentially disruptive
uncertainties [Phaal and Muller 2008]. Some effbdse been made to expand the applicability

of roadmaps to cover longer periods of developm@atching into higher levels of uncertainty
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and absence of knowledge base. Gerdsri and Kocdag@B], Vojak and Chambers [2004],
Walsh [2004] and Kostoff et al. [2004] characterike developmental phenomena typical of
roadmaps for disruptive technologies. These drawnlmnan business, managerial and MOT
insights to formulate perspectives and methodootpeidentify and develop or manage against
potentially disruptive technologies. Their resufierve as useful parallel reference for the
independent study performed for the proof of thesih subject in this dissertation, aimed at
drawing on existing, fundamental bodies of knowkdg

The successful implementation of technology roadrimapas a managerial tool has brought
about the creation and acceptance of similar tecls such as technology foresight and

forecasting as well as data scanning [Walsh 2004].

3.6 Technology foresight

Where the technology scan and roadmapping appregmio@ide insight in the current and
preferred technology stataschnology foresight, defined as a systematic attempt to look into the
future of technology, society and the economy, doektend it by identifying trends and
predicting social, economic and environmental récfe pro-active technology strategy. The
long-term nature of some systems, e.g. most anglreeering projects and large facilities such as
ships or aeroplanes, leave them particularly valpler to uncertainties arising from unforeseen
changes [Ford and Saren 1996]. Technology foressguh expert-based approach to developing
medium to long-term strategy by extrapolation agrg patterns to minimise risk during long-
term project planning.

Technology foresight suits the characteristics aflicgal innovation well, explicitly
recognising that the future is uncertain and tleabssly disruptive events can and will happen.
Practical benefits of deploying foresight approachee the receptiveness and response to signals

of change and better judgement for resource allmtd§iohnston 2003].

3.7 Technology trend identification

The value of a technology can be related to a coatioin of its performance improvement
and an assessment of its maturity and the riskcagsd with R&D up to the required

performance level. A new, emerging technology hajsisat potential simultaneously with



significant uncertainty with regard to its actualvdlopment up to profitable status while, on the
other hand, a mature technology presents low rktisns with lower return on investment.
Technology trend curves and theCascade of Technological Trends are tools included in STA in

order to evaluate technology maturity toward sgrat®rmulation [Van Wyk 2004a].

3.7.1 Technology trend curves

The technology S-curve and other technology tremdes

Various types of visualisations are used to desctérhnological trends. Curves
depicting change of technological parameters raddth resource expenditure are used to
portray change in characteristics of relevant rogtof performance [Van Wyk 2004a].

The technology S-curve [Abernathy and Utterback 1978] depicted in FigaS

displays a typical growth phenomenon in technology.

Breakthrough zone Mature Ageing

Growing

Performance

Emerging

Resource expenditure
Figure 3-3. Typical shape and phases of the teolgdb-curve [Abernathy and
Utterback 1978].

The emergence phase of a technology is characterised by a l@adignt performance
increase relative to resource expenditure implyimgh risk, high return R&D
investment. Higher gradient performance increasesgnts agrowth phase, with
subsequent decreasing performance increments \gsigmithe maturing phase where

R&D investment is of fairly low risk with low retaron investment. During thaging
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phase, technology becomes obsolete, nearindrtdakthrough zone (also known as a
technology threshold [Ford and Saren 1996]) whita iphysical or socio-economical
barrier to technology performance growth. At thigage there is a strong incentive for
advancing R&D into unchartered territory [Van WylO(a] to develop radical,
disruptive technologies for better performance womhs [Ford and Saren 1996,
Christensen 1992]. SE defines factors that stanthenway of attaining objectives as
limiting factors. Location of limiting factors enable the ident#teon of factors thatan

be altered to make progress possible, referredststrategic factors [Blanchard and
Fabrycky 2006], these becoming critical focus aiedbe development process.

The actual shape of S-curves is seldom as eleggmbrérayed in Figure 3-3. Periods
of continuous incremental change are often intesguke by shorter periods of radical
discontinuities [Ford and Saren 1996]. Radical iratmn technology growth curves are
particularly spread with starts and stops, det@amd waxing and waning of funding
[Leiffer et al. 2000], requiring vision, enduranard patience during strategic decision-
making.

Other technological trend curves include size arsd curves depicting improvements
in specified parameters (e.g. the increase of épaaty of a computer CPU over time).
Substitution or diffusion curves [Christensen 19@&#e Figure 3-4, depicting substitution
of material platform technologies used in integilat@cuits over time [Bowden 2004])
describe the pattern in which an existing technplisgdisrupted and replaced by a new
technology. Early scanning for and acquisition wbsitute technology is needed when
technologies near maturity and obsolescence toressmely succession of next
generation technology.

Parameters to be used as performance criteriad@ctachnological performance
capabilities (storage density, reliability, capgcétc.) of the trend-assessed technology or
the number of publications or patents filed withanparticular technological field.
Although the latter methods have drawbacks dueatging publication quality, research
focus, differing national patent laws and secrélog, method does have the advantage of

simplicity [Savransky 2000].
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Figure 3-4. Substitution of material platform teologies in integrated circuits
[Bowden 2004].

Subijectivity of trends

Technological growth is easily manipulated by fastihat are not technical in nature
but responds to non-technical, firm specific, pcdit, social or economical pressure
[Christensen 1992]. The immense impetus that palifpurpose and military endeavour
provided to the radical scaling of technologiesimyithe Apollo space project [Murray
and Bly Cox 1989] and the two world wars is evidégmbugh the incredible range and

depth of innovation following these events [Comktand Lockney 2007].

3.7.2 Cascade of Technological Trends

Technological change occurs in distinct cascaddscanld therefore identify the current
level of technological development and predicttypcal future focus for technology R&D.
Five cascade levels are observed in@ascade of Technological Trends (Figure 3-5) [Van
Wyk 2004a] providing insight into the level of déwmement of a technology. At Level 1
material function and structure are the main patarseof change. Level 2 improves
structure, principle of operation and size. Levedc®ounts for improved performance and
Level 4 for decrease in cost and improvement ietgadnd health issues and environmental

impact. Level 5 investigates technology substituaad diffusion into its relevant markets.
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Figure 3-5. Cascade of Technological Trends [Vark\2§04a].

3.8 Strategising technology development

Technology strategy connects business goals toahagkjuirements through consideration
of technological prowess [Harrison and Samson 2002joughout the technology identification,
assessment, scan, foresight and trend identificgtisases, a foundation of insight into the
current and potential technology position is gajndifferentiating it from a wider technology
landscape. This equips the technology manager foragtive response to changes in the
technology landscape enabling pro-active shifthwegard to technology strategy.

The field of MOT contains approaches and technigieesssist in the formulation of
technology strategy. These include the settingfup&® roadmaps [Harrison and Samson 2002]

and technology R&D risk assessment.

3.8.1 Strategy maps

Strategy maps are used to visualise technologiat tbr the formulation of strategy,
examining the interactions and balances betweesppetives for each alternative in a given
scenario [Yu 2005]. Consider as an examiehnological Position Analysis which is a tool
to determine which technologies are in a positmmake critical contributions to improving
system performance and market satisfaction [Clgua091]. Figure 3-6 portrays an example
of a Technological Position Analysis map displayimgstomer satisfaction against
technological strength with subsequent technoldgic@rities. The high satisfaction—high



strength areas describe a company’s core compet€heghnologies T2 and T3 are
developing toward that area, their small size iatiiig emerging and growing technologies
while T1 is mature, moving away from core influet@xause of displacement by succession

technologies).

Core Tj = Technology |

|
|
7

high : Degree of Maturity
|

| mature
moderate

[y

negligible

Contribution to customer satisfaction

.

weak  below  average above  strong
average average

Technological strength

Figure 3-6. A strategy map depicting technologpradition [adapted from Clausing
2001].

Many other strategy techniques and tools exist anagerial theory. A useful initial
reading elaborating on strategising techniques taots is provided by the tex@rategic
management of technology and innovation, 4™ edition [Burgelman et al. 2004]. Technology
roadmapping (discussed in Section 3.5) contribatiesther knowledge base on the spectrum
of technology strategy visualisation methods [W&8h4, Phaal et al. 2006].

3.8.2 Research and development risk

Technology trend curves suggest the depth of R&duece allocation needed to realise
the augmented level of performance, or the teclyyldentified for introduction to the

system. These requirements vary with technologyyedding on the nature of the
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improvisation. For example, an emerging trend intemal characteristics may require a
R&D drive toward in-depth understanding of generadterial behaviour and phenomena
necessitating large R&D input, while the acquisitaf a familiar, mature technology in the
system may merely require an interfacing desigre fisk associated with the development
of an individual technology must be determined befthe formulation of technology
strategy. Its qualification aims to describe onpeas of radical innovation uncertainty: that
of R&D risk [Goforth 1999].

Experts in the field under consideration shouldilved in determining R&D risk
associated with developing technological ability tap the required level. With limited
information available on the possibility of readhithe required technological performance
levels, forecasting methodi&e the Delphi method, limit analysis and trendretation can
be introduced toward the allocation of these reslels. The Delphi Method is an established,
systematic interactive forecasting method that gas®es the value of expert opinion,
experience and intuition and allows using the kaitnformation available, when conclusive
scientific knowledge is lacking [Wikipedia 1 200T)imit analysis relates the proximity of
current performance status to an absolute limitifrénd correlation one technology is a
precursor to another and therefore predicts itsarfMeredith and Mantel 1995].

Table 3-2 is presented to distinguish five levdl®R&D risk. R&D risk is defined as the
probability of R&D not achieving the results aimed for; low R&D risk iodies a higher
probability of achieving preferred results; high B&isk may require major input before
achieving good results. In radical innovation tieks of achieving user-required goals are

typically high and demands patience from the intava

3.9 Conclusion

MOT theory and tools are introduced to expand taenéwork presented by SE through
viewing technology as the functional elements ajieeering endeavour. Uncertainties, as are
typically associated with radical innovation, aréaacterised by gaining insight into
technological attributes and maturity thus prowdimsight toward well founded strategy
formulation. Several MOT tools are introduced taritterise and classify technologies in order
to determine their position in the technology larage. A technology scan familiarises the

current system with its technological environment ssurrounding landscape. Technology



roadmapping provides structured, dynamic technideesplanning technology development
support and long-range technology strategy. Teduyol foresight investigates future
technological trends. Technology trend curves ateoduced for estimation of technology
maturity, prediction of its growth and the deteration of R&D risk. Finally, technology

strategy techniques are introduced utilising thegimt gained into technologies, thus providing
assistance for well founded decision-making.

Table 3-2. Definition of R&D risk.
Risk level R& D effort needed to achieve sought result

Very low  Minor: little extra resources demandedrengesign problem
Low Some: some resources demanded; integratioangsproblem
Moderate Moderate: fair amount of research ressuleenanded
High Significant: significant research resourcesndeded

Very high  Major: long-term dedicated research resesidemanded

MOT is an emerging scientific field. Several teglassifying MOT tools and visual aids are
emerging [Walsh 2004, Phaal et al. 2005] as ‘iratgt sets of management tools and processes
underpinned by well-founded conceptual framewofRs$iaal et al. 2005]. Future contributions

may expand the MOT approaches and tools introdurctds chapter.
The previous and current chapters provided SE a@d Mpproaches to systematising radical

innovation. The next chapter develops the RadicabVation Methodology as a synthesis of the
contributions of SE and MOT.
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CHAPTER 4

THE RADICAL INNOVATION
METHODOLOGY

This chapter proposes a generic formulation oRid. The argument for “systematising radical
innovation through synthesis of existing theoryoimt basis for strategic decision-making” (thesis
statement from section 1.2) to form a pragmatic ho@blogy is given in this chapter. The
uncertainties in radical innovation are comprehendsing SE principles; required functionalities
are identified and their uncertainties charactdriggough the description of technological building
blocks using MOT insight. The RIM is formulated thgs argument. Each phase is introduced and
discussed through a breakdown of the principles tgpdtal tools contributing to its procedure.
Reference to the organisational roles require@dfacution of the RIM is provided.

[Note: Where the RIM development refers to previaestions, reference is provided in
brackets. The subsections of section 4.1 are deérexteording to the five primary phases of the
RIM, e.g. block 1 in Figure 4-1 is discussed intigr4.1.1, block 2 in section 4.1.2, etc.]

4.1 Formulation of the Radical Innovation M ethodology

The RIM is graphically represented in Figure 4-heTcolour codes depict source theory as
follows: red blocks are derived specifically frohetsystems analysis process, orange blocks are
derived from SE theory while blue blocks are datitem MOT theory.

The central row depicts the primary phases of tié & setting up a reference case (marked
with a “1” in Figure 4-1) which is subsequently bem down into its functional systems
hierarchy to identify technological elements (2pldged in the system. These technologies are
independently augmented or introduced to form adtéves for evaluation of their impact on
system performance (3). Critical technologies adated for subsequent assessment of their
characteristics, trends and R&D risk (4), thus tovle information to, in conjunction with the

information on potential performance impact, setaugtrategy (5) toward realising the radical
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innovation. These procedures are facilitated byté¢lsanology manager. Input is provided by the

board who is responsible for strategy specific gagg (top row), and the technology experts,

who contribute technology specific insight and daang the RIM procession (bottom row).

Technology Setup of 1 :\.2 Formulation of alternatives 3 as-sl-:z::_;ls?ind 4 \
manager / > reference case : breakdown || «| Setup of evaluation model trend identification Strategy 5‘
System Definition of — Technology |, “| Evaluation & comparison R&D risk —/| formulation ]
specific :[identification ]} L of alternatives ne 1

Technology

Te::;:rlto;?y R&D for |.=ai|ur?e. que Technology ’ .Tgchnological Technological insight, data, Appropriate
technological L |dent|f|cat|onJ scan insight and data scan and foresight action
specific insight and data | Functional allocation |

POSITION /
ROLE
Board / (i - - o :
. Functional Articulation of Criteria for Appropriate
Strategy Requirements R . !
= allocation goals evaluation action
specific \ J

T

Figure 4-1. Graphical representation of the RIM.

4.1.1 Set up of reference case

The RIM commences with the articulation by the bloaf radical performance
requirements and functionality in the form of gelequalitative or semi-quantitative
requirements.

A reference case solution is synthesised by teahraod systems experts based on
current technological capability and insight into the pesh. Decisions about what is
included in the reference case must be made withraerstanding of the governing and
preferred functionalities, failure modes, evaluati@riteria and potential technology
acquisitions. Being the subject of radical innowati the reference case may be a non-
feasible system. It only needs sufficient desasiptio provide the technology manager with
an understanding of conceptual functionality befengering the RIM cycle. Consider the
following historic case as validation: National Aerautics and Space Administration
(NASA) did not possess the technology to “land aanrma the moon and return him safely to
Earth” at the start of the Apollo Space Project My and Bly Cox 1989]. Available



technological capability was synthesised into aog&ther insufficient system in terms of the
project objectives; the systewas sufficient to identify critical functionality redgements
that were subsequently developed to realisedtieal objective.

All subsequent development in the current RIM tierais performed in relation to this

reference case.

4.1.2 System breakdown and identification of technologies

The technology identification phase provides thdical shift in R&D focus from
parametrical, optimising design improvement — asypcal of incremental and dramatic
innovation — to the functional perspective thagssential for solution of radical innovations.
The technology identification phase of the RIM iwes the breakdown of the reference case
into its systems hierarchy (section 2.4) as far midhe levels as is deemed necessary to
reveal its intrinsic functional components. Thisid¢tional breakdown asks the questions:
what functionalities are required of the system andsgstems antiow do they achieve these
functionalities. Generally, functionalities to r&simitigate or circumvent extreme actions at
any given phase throughout the system life cyckeraquired. Failure mode identification
provides the system breakdown with a comprehenstérom which insufficiencies in the
design can be identified and addressed throughdafidectionality. Technology scanning
(section 3.4) identifies technologies that adhereallocated functionality and mitigate
identified failure modes.

An iterative procedure with communication betwebe functional allocation, failure
mode analysis and technology scanning is requivedefine all functional elements of a
complete system hierarchy (section 2.4.4); Figuiilustrates this relationship toward re-
articulating the reference case from a technologygpective — a technology tree portraying
the company technologies in order for them to idgm@ind understand technology flow and

pro-actively develop R&D roadmaps.

4.1.3 Evaluation and comparison of alternatives

Formulation of alternative solutions

The RIM evaluation and comparison phase deterntimegpotential otechnologies

to impact system performance. Alternative solutia@ts not constitute mere design
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variations but are intelligently chosen technolagicariations of the reference case. A
sensitivity approach investigating the system behavwith variation in parameter
values is not sufficient to determine the behavimiua system under radical technological

innovation (section 1.1.2).

REFERENCE
CASE

I

\! Vv L
Technology Functiqnal Eailur_‘g mgde
scan allocation identification
N/

TECHNOLOGY
PERSPECTIVE

Figure 4-2. Intercommunication between functionlacation, failure mode

identification and technology scan yields the tetbgy perspective.

While parametrical studiedo register sensitivity to system attributes thaey not
allow for determination of the potential of hewhtrnoduced functionalities/technologies
comprising different sets of parameters. This plasthe RIM incorporates the system
performance evaluation process of incremental iatiom, as set out in the systems
analysis process (section 2.6.2). The radical iation perspective presented in the RIM,
however, requires introduction of new technologiicadctionality or the augmenting of
technology performance variables up to preferretles rather than reverting to
incremental, more realistic values.

Each technology identified in the previous RIM phas acquired or augmented and
individually integrated with the reference caseyteld a list of solution ‘alternatives’.
The degree of augmentation is chosen in concurremite envisioned technical
capability (with input from technology experts) arde goals now expressed as
quantitative, functional, criteria-based technipatformance measures. Note that in the

case of radical innovation, goals are predominanatiical and the augmented reference



case may not readily attain to it. In the caseheftechnology being new to the system
(i.e. not a parametrical augmentation) the impadsaddition to the system is studied.
Technologies may be augmented by the virtual pglprinciple — the preferred
outcome — (refer to section 2.5.1), not being s#aliby normative performance
standards. This provides insight on how a systesparedsif a technology could reach
the virtually augmented state of performance. Teldgy trend analysis could

subsequently comment on the realism of the paarouftual probing.

Set up of evaluation model

An evaluation model is set up in response to evainecriteria specified by the
board, making sure that all significant performarattributes of the system are
accommodated (section 2.5.2). In radical innovattma model must remain flexible as
knowledge of governing functionalities, failure nesd and performance criteria
introduced in new technologies may shift the footishe problem solution. Where the
evaluation model of incremental innovation evalsgterformance in terms of standard
limit state equations, radical innovation requieesnore accommodating model in case
technologies from differing fields, with differingpverning parameters and equations, are
presented. Decisions during radical innovation &hbe based on the envisaged benefits
of the preferred state of performance of the tetdgyand the potential resulting market
size.

Multi-criteria decision-making methods (briefly ntemed in section 2.5.3) could
provide decision-making models that capture ovegratformance trends in response to

technological changes.

Evaluation and comparison of results

Data is gathered to determine the response of eaofpmented/introduced
technological alternative to the various critetias entered into the evaluation model and
alternatives are evaluated and compared. Alteresitthat hold the most potential are
identified, distinguishing the technology portfolilato a spectrum ranging from core to
peripheral technologies. Strategically criticalhieglogies are separated for entrance into
the technology assessment and trend identificgi@se. Note that although this filtering
to identify critical alternatives could be implented to maximise resources the entire
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technology portfolio must be considered during tetyg formulation and further
iterations because of the possible change of gowgaspects of the concept.

The radicality and magnitude of technological endea required to achieve user
defined goals can be grasped during this phaseebpiikg the radical requirements and

goals in mind. Progress can be measured agairss thquirements.

4.1.4 Technology assessment, trend identification and research and development risk

This phase of the RIM provides approaches and témishandling the functional
uncertainties identified in the technology idewctiion phase. In incremental innovation
codified procedure and field theory provide su#fidi insight for the development process;
radical innovation does not have this luxury — timeertainties are functional in nature and
not necessarily parametrical. Technologies idexttifo hold significant potential to improve
system performance are assessed in terms of dobindlogical attributes and growth trends;
technology trends are also identified to estabgsbwth tendencies and maturity of the
technology. The R&D risk associated with developtadran individual technology must be

assessed before the formulation of technologyesjyat

Technology characterisation and classification

The critical technologies are characterised (sec8a3.1) and classified (section
3.3.2) with the aid of the MOT tools to gain indighto the inherent attributes of internal
technologies and their relative proximity to othechnologies in the technology
landscape. Technology scanning could identify simiechnologies; their benefit and

acquisition must be considered (section 3.4).

Technology trend identification

Technology trends are investigated to determinelvtechnologies promise the most
potential for increasing system performance. A mebdbgy that is emerging or growing
contains inherent potential and must be distingadsinom mature or aging technologies
that do not promise significant breakthrough cdmitions (section 3.6.1). If technologies
that are critical to the system are mature thepgwcisof scanning for younger substitution
technologies could be considered.

Technology foresight methods aid technology tredédniification; it could be

particularly integral in radical innovations by aing to predict future trends, thus pro-



actively, strategically engaging future problemghwradical solutions (section 3.5).
Foresight by multi-disciplinary experts could g@althe probability of a technology
actually growing at the determined direction arté.ra

The Cascade of Technological Trends determinesuhent level of development of
a technology, furthering the technology trend infation by predicting the typical future
focus for technology R&D.

R&D risk assessment estimates the risk associatbdR&D to bring technologies to

required performance levels.

4.1.5 Technology strategy formulation

The strategy phase of the RIM considers all altereavaluation data and technological
knowledge from the previous RIM phases. Where,mdumcremental innovation, strategic
decisions are made with business sense based ightimsto financial models, R&D risk
models and short to medium terms time frames, aadnmovation decision-making utilises
SE and MOT insight gained during the previous obaptThis provides knowledge and
insight into potential performance improvementtw system as well as into the potential of
realising required technological performance levels

Knowledge of the impact of technologies on systearfggmance combines with
knowledge of the potential for and probability e€hnological improvement to integrate into
a knowledge basis for strategising an optimisedcehdnnovation R&D roadmap. The
functional, technology-based perspective on radioalovation guides board decisions
through a systems perspective and insight intopitential of the technology portfolio.
Consequent technology priorities are articulatedtite R&D facilities of the company
through re-allocation and prioritisation of resascfor further R&D and subsequent re-
introduction to the system (section 3.7).

During the formulation of technology strategy, naietion with several non-technical
parties, such as financial executives or investoegsuire efficient communication of
technological information. This can be achievedtigh the active visualisation of results
(section 3.7) and use of common terminology (sec8a3.1) for their comprehension of

technology-based business or problem solving piaient
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4.2 Radical Innovation M ethodology dynamics

4.2.1 Insight, not rules

The RIM does not propose a series of rules to MHlewed painstakingly in order to
determine the optimal radical innovation R&D pdibt should primarily be used as a means
of gaining insight into the system and potentialifs improvement. The methodology can be
customised or re-configured to be optimally apfileao specific radical innovation projects.
The RIM does not necessarily result in discreteltesnd strategy, merely providing insight
into system technologies; technologies can oftealdseure or indefinable.

4.2.2 Repetition and iteration of the Radical Innovation Methodology

The RIM approach and principles, being genericalbplicable, could be repeated or
incorporated in the radical innovation design psscas often as is deemed necessary,
refining the solution and subsequent strategy eiutéry iteration. As uncertainty diminishes
more detailed functionalities, corresponding tedbgies and criteria are sought [Blanchard
and Fabrycky 2006] up to the stage where the R&Dn@nageable through established
incremental innovation frameworks.

Iterative implementation of the RIM approach mat@san improved understanding with
each cycle. The insight in one RIM iteration magrgpnsight in other aspects of the system
— in complex systems, where technologies form phgn integrated whole, understanding
one technology brings forth understanding of anothe

During radical innovation, funding has to be justif and secured for the next iteration

development cycle. The RIM could be applied totegally motivate such project funding.

4.2.3 Educated guessing in radical innovations

Resources for technological R&D are limited; herm@clusive information on radical
innovation issues is not always available. In raddionovations, where ideas may be too
radical to be acceptable in standard academic qatldns, one sometimes has to resort to
expert opinion and intuition to gather data on ahit®logical subject. This may be

unpublished, unofficial information.



4.2.4 Generic applicability of the Radical Innovation M ethodology

The RIM, being defined as a generic methodologyldde customised for numerous
other radical innovations, for example linking amuter and a human brain or even a
managerial challenge like HIV/AIDS management é&ficy. The functional, problem-
solving perspective on innovations, proposed byRhd, takes a step back to identify the
problem-system or the system of which the problerms§ a part. Gaps and uncertainties are
delimited from the functional systems breakdown famttions required for addressing these
gaps are stated, answering “what” nature of funeiities are required to ensure success.
The impact of augmented or ideal performance imgmuant of the uncertainty is evaluated
to identify critical elements in the system. Thesaments are characterised and classified in
terms of broader, related elements. They can besssd in terms of their potential for
realising the sought improvement by investigating potential of developing their current
state up to the sought, preferred st&&ategy is formulated by integrating the ideal
improvement measures and the potential of realiege ideals; a priority list of critical
technologies is set up. Resources are re-allocatestidress the development of critical
functionalities.

The author is of the opinion that the functionapsrspective proposed by the RIM could
encourage decision-makers faced with any radicallaiges to rethink problem solution
from a functional, problem-solving focussed persipec This could replace the incremental,
relative perspectives that results in incrementhtive results that are often used during

innovation.

4.3 Critical role-playersduring the Radical Innovation M ethodology

Technology managers, the company board and teaiy@xpert roles are differentiated in

this section to illustrate their critical interamti during the RIM. Figure 4-1 depicts these three

levels as differentiating technology managing @yt oriented (central row)), board (strategy

related (top row)) and technology expert (techniglaigdetail related (bottom row)) events.

4.3.1 Theroleof thetechnology manager

The technology manager facilitates the five coragels of the RIM as they are stipulated
in the introduction to section 4.1. His main rotethe RIM entails establishing a systems
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perspective on the innovation in order to identifyctional gaps; and the subsequent
investigation toward filling in these gaps throughplication of MOT. The technology
manager is not an expert in any specific technoldgfield; his expertise lies with the
technology management processes, having a penrgpeati understanding systems and
overviews. Note that the technology manager isnegessarily the project champion, i.e. the
person responsible for commitment and drive toigealadical solutions, but merely
facilitates the RIM. The technology manager isnedi in MOT methods thus performing the
assessment and trend identification phases of ti\M iR conjunction with experts. A
summary of all relevant technological informatiaande compiled containing visualisations
for presenting information. This provides the boavdh a comprehensive systems and
technological perspective on radical innovatiore)de efficient strategy can be formulated.

The technology manager possesses skills that ettabgathering of data concerning the
phases of the RIM. He must know to ask the boaddtachnology experts questions that are
strategically aimed at acquiring adequate, relevasdful data for efficient incorporation into
the RIM phases to highlight critical aspects astiés of the radical innovation.

The extensive focus on and use of tools availabkbe technology manager may hinder
the flow of the RIM while essential, governing taological characteristics still run the risk
of passing by undefined, uncomprehended or un-résed. The focus of the technology
manager must rather be to aim to understand themyand the synthesis of its technologies
through the optimal implementation of appropriagehhiques and tools. The technology
manager must consult expert knowledge instead rafngi to understand every technical
aspect of the radical innovation; expert insighhaes the most invaluable and efficient
source of technological and systems comprehension.

The board trusts the technology manager to diffirge company strategy into R&D
priorities [Roussel et al. 1991]. Technology expework closely with the technology
manager, trusting him to represent their capabdiind the technology development status in

the boardroom.

432 Theroleof theboard

The board is responsible to deliver the requiresibaseline for reference case synthesis.
These requirements provide insight in the functiitiea and technical performance measures

needed to realise the radical innovation. Furtheemat provides information on the



evaluation criteria as specified by the user famomporation in the evaluation model. Upon
receiving information on technology evaluation, @amson, assessment, trend and R&D
risk, the board plays an integral role in the folation of strategy, aligning technology
potential with the priorities of the company. Res®s are then re-allocated according to

technological priorities.

4.3.3 Theroleof thetechnology expert

The technology expert serves the technology managerthe radical innovation with
specific technical insight and contribution. R&Dperformed to formulate a representative
reference case. Close conference with the techyolognager is critical in order to
incorporate all governing facets for user satisfacts specified by the board. Functionality
and failure mode information is provided for thdtisg up of the systems hierarchy and
technology tree. Further, the proximity of the teclogy expert to the technology field and
peripheral landscape leaves him the best equippedrform a technology scan in search of
similar or substitute technological solutions. Digrithe technology assessment and trend
identification phase, the technology manager amukeexcollaborates to gather data for the
description of each critical technology. R&D riskdescribed by the expert in the particular
technology. After strategy formulation the techmylcexpert receives and diffuses the re-
allocation of resources and R&D focus, developiaghhologies toward an improved next

iteration reference case.

4.4 Conclusion

This chapter introduces and formulates the RIM,ctating Part | of the dissertation. It

distinctly discusses each phase of the RIM showiawy it applies to systematising radical

innovation and characterisation of its uncertasiténd required functionalities. Technology

managers, the company board and technology expled are differentiated, illustrating their

critical interaction.

A theoretical solution to the argument of the thesis as stateskation 1.2 is formulated. A

systematic approach to form a basis for strategicistbn-making in radical innovation is

synthesised from established SE and MOT theory.
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Part 1l of the dissertation commences in the n&gpter. It aims to providealidation of the
premise of the RIM through its application on tleda® Chimney Power Plant chimney structure,

i.e. to formulate R&D strategy for radical innowatiof the chimney toward realisation.



PART I

VALIDATION OF
THE RADICAL INNOVATION METHODOLOGY —
APPLICATION TO THE SOLAR CHIMNEY POWER
PLANT CHIMNEY STRUCTURE



58



CHAPTER 5

SOLAR CHIMNEY POWER PLANT
CHIMNEY BACKGROUND, CONCEPT
AND SHORTCOMINGS

"Therein is the tragedy. Each man is locked
into a system that compels him to increase his
herd without limit—in a world that is limited.”

- Garrett Hardin

With the turn of the millennium mankind is facedtwimmense challenges. Global crises range
from famine and water shortage to sanitation anteanics to energy war€limate change- a
major 2£' century global challenge — is the term circumsoghthe actions and symptoms of a
planet in disequilibrium. The actions: significamegularities in global and local climate patterns
The symptoms: tremendous economic loss [Stern 2088jine and human death. The cause: non-
sustainable development [IEA 2003].

But every challenge presents an opportunity. Mahkmust think outside the confines of
incremental, relative, standardised problem sahjtilhe must radically innovate. Massive
breakthroughs should be realised in order to stgmdo these challenges, to present pro-active,
outside-the-box, sustainable solutions to relievimgery, preserving Earth and saving human lives.

This chapter proposes the Solar Chimney Power RBGPP) as one potential solution — a
technology for generating clean electricity. ThePE®Ccomprises a solar collector, turbines and a
chimney of significant dimensions; only with an eomy of scale may the plant achieve current
market competitive costs. The proposed heightHerchimney of 1,500 meters, places it far outside
current Structural Engineering norms. Radical iratmn is required.

The chapter commences with a formulation of theemtive for clean energy generation,
stipulating the requirements for a solution. TheP®Cds introduced as a potential solution and a
conceptual design within constraints of currentieeering knowledge and capabilities — but with
significant uncertainties — is proposed as a refecase for application of the RIM. Uncertainties
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in the design and theoretical background are ifledtiand related to the ideal solution, hereby
grasping the extent of the required innovation.

5.1A contemporary context for radical innovation

The following section provides the context from efhihe drive for greatly improved system
functionality (standard or non-standard and raglieabues. Global and South African incentives
for the innovation of clean energy technologiesrfdhe context from which requirements for its
efficient innovation are formulated. These createfamourable environment for radical

innovation.

5.1.1 Climate change and global energy trends

Climate change and the demise of oil

The global phenomenon of climate change, said t@wdiesed partially by excess
Greenhouse ga{GHG) emissions from human activity [IEA 2003], ¢Rusing an
increasing number of irregularities in climate pats leading to various adverse effects
including human death, famine and immense econdass [Stern 2006]. Critics of
climate change ascribe its phenomena to the fltionmthat are perceivable throughout
Earth’s history [An Inconvenient Truth 2008Nhichever way, mankind is to pursue a
sustainable relationship with his surroundings +aéic consummation of the Earth’s
resources is not sustainable and cannot be pursisedtandard behaviou(based on)
Hardin 1968] Various mitigative measures including policy addipin, realisation of
economic mechanisms and public awareness aim &se\the adverse impact of human
activity.

An associated shock to global economies is theahdiminishing of oil resources as
predicted in literature [Grove 1974, Deffeyes 2Q0@f]lieved to be a driving force behind
soaring, fluctuating prices of oil markets over frest years[Renewable Energy World
2007]. The world is “addicted to” [US State of tNation address, 2006] a resource that

is, almost daily, becoming more expensive.

' Greenhouse gases are components of the atmogpia¢reontribute to the “greenhouse effect’. An eecef these
gases is the main activator of adverse climate gh@iE A 2003].

" During the final stages of compiling this docum@aarly 2008) the oil price in the United Stated hiaen to more than
five times its value at beginning 2002.
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Sustainable energy generation and clean energssethi

Climate change and ramping oil prices are gradusiiting the focus of global
planners and technologists toward more efficiemnserving, sustainable ways of
generating and managing energy [Deffeyes 2005].thEtmore, poverty stricken
countries lack domestic energy generation whilegnsupplicating technologies are key
to their upliftment from the “trenches” of limitedccess to economic opportunity,
education, information and healthier livelihoodsntéd Nations 2005, Schlaich 1999].
Dealing with energy in a sustainable manner testifof a long-term.stewarding
relationship with the Earth — a truly sustainabp@raach toward maintaining ourselves,

our neighbours and our surroundings.

Growth in the renewable energy industry

Environmentally aware energy markets are despdoatsustainable, economically
viable energy solutions but economic inertia stthmimmediate inception of renewable
energy technologies. The ch8agnergy technologies generally have high pollution
levels while clean energy technologies are geneexibensive. In spite of their relatively
high costs several clean energy technologies arergéng through a global energy
“market pull” due to increasing environmental awesss. Increasingly large investments
for capacity installation, R&D to decrease the cobtclean energy technology and
formulation of supporting policies are observedbgldy. More than $66Bn was invested
in 2007 in new renewable energy capacity worldwike Figure 5-1), up from $30Bn in
2004 [Renewable Energy World 2007]. ProponentotErghermal electric technologies
predict around 300% decrease in generation cokinhe next 15 years. Half the cost
reductions are based on performance R&D but therobalf is attainable through
scaling-up to larger plant sizes and volume praduaceffects [Pitz-Paal et al. 2003;
Schlaich 1999; Mail and Guardian 2008a]. This caosh renewable energy technologies
to a state of competitiveness with conventionalgyngeneration technologies.

I Note that the cost of conventional energy productippears low because it seldom incorporates qaaséal life
cycle costs such as pollution and environmentalratiggion; more realistic, long-term models inclutiese costs
yielding higher values.
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Figure 5-1. Annual investment in renewable eneapecity (excluding large hydro),
1995-2007 [Renewables 2007]

5.1.2 South African energy and renewable energy trends

Energy demand and emissions footprint

South Africa has the highest energy consumptiorcapita in Africa with a very high
reliance on the non-renewable, coal, which is uledover 92% of the electricity
generated [DME 2003, Banks and Schaffler 2006 h@ugh South Africa is only the 97
largest world economy based on gross domestic ptoMorld Bank 2006], its per
capita GHG emissions are amongst the ten highe#tenwvorld [Parker and Blodgett
2007].

The South African power utility, ESKOM, states ihetr Annual Report 2006
[ESKOM 2006] that the South African government pesigrowth target of 6% per
annum require an augmentation of existing nati@aglacity by 2,000 MW per annum
over the next 20 years. Early in 2008, howeverctatsty blackouts were experienced
due to ashortfall of approximately 3,000 MW delivered power [Mail dauardian
2008b]. Projections show that ESKOM could run duxcess base lo¥dy 2010.

As a developing country, South Africa has not maddormal commitment to

reducing emissions below current levels as hadrakdeveloped countries signed under

v Base load is the steady capacity of power supgdgndless of total power demand, the latter bemgmmodated by
“peak load”. Running out of base load implies panera electricity shortage (not only during peak dad).
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the Kyoto Protocol [UNFCCC 2003]. It is anticipatétht pressure from governments,
civil society and consumers of South African gowdlsgrow and persuade South Africa
to commit to GHG reduction targets inducing ecormimcentive to invest in clean

energy technologies. Together with energy shortaigisschallenge presents significant
opportunities for energy diversification througle implementation of renewable energy
technologies.

South African renewable energy resource, indusitytargets

South African wave and wind energy resources ardemate compared to the best
sites in the world while the solar resource inrtbeth western regions of the country rank
amongst the highest in the world [DME 2003] (Fig&€). Although solar energy
currently contributes insignificantly to the natarelectricity pool one South African
energy scenario predicts solar thermal electribrietogies to contribute almost 25% of
the domestic energy generation pool by 2050 [BamkkSchéaffler 2006].

In anticipation of pressure on the national powaneagation capability and the global
push toward clean energies, the South African gouent set a target of 10,000 GWh of
electricity to be produced by renewable energy B3 [DME 2003] including the
installation of solar thermal electrical power pkanvith a total capacity of 300 MW
[NER 2004].

Figure 5-2. Global solar radiation [Solar Millenmii2004].
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5.1.3 An incentive for radical renewable energy technologinnovation

These ethical and economical issues (discusseedctioss 5.1.1 and 5.1.2) are creating
incentive for ventures outside normative desigmikltar, incremental innovation practice is
found limiting or depleted — inadequate to provide measure of change required to mitigate
ensuing challenges. It does not deliver a sufficigpproach for managing progress to
accommodate the developmental jumps demanded tgateitthe challenges. Engaging
radical innovation, with its higher threshold ofcentainty, can be motivated more easily.
Uncertainties that were previously perceived aslénble are now engaged, being motivated
by the greater return on investment (or even ndggsthat the realisation of radical
innovations promise.

Pressure to generate clean energy and the glob&lased energy crisis presents
unprecedented opportunities for the development atibrnative energy generation
technologiesClean, non oil-using, cost-effectigolutions are sought. Where, previously,
extensive innovation of these “new” functionalitiegas overlooked in the light of
economical performance, the drive for their rediiisacan now be justified.

Significant political and economical drives for ate energy innovation are currently
present in most countries, also South Africa, eattng environments for radical innovation.
The global renewable energy industry is expectantddical breakthroughs to “change the
game” (refer to section 1.1.1) of the global enarglustry in the next decades.

The RIM is applied on one such a radical cleangneoncept — the SCPP. A systematic
approach to the radical innovation is needed taoamree its immense structural and costing
challenges. This may elevate the concept to a peareidate for harnessing the clean

energy provided by the sun.

5.2The Solar Chimney Power Plant chimney reference cas

The SCPP is a solar power plant that produces @erargy and does not need a continuous
supply of cooling water [Schlaich 1995] making itulique “cluster” energy generation
technology since solar radiation rich regions oftaffer from water shortage. It could contribute
to mitigation of the climate change crisis if dey@dd up to a state of structural integrity and

financial feasibility.



5.2.1 Chimney operating principle and required dimensions

A SCPP system, illustrated schematically in FighH® consists of a transparent circular
collector system, typically from glass or plassapported relatively low above the ground
surface. Central to the collector is a tall chimesggtem with a power conversion unit located
at its base. Solar radiation penetrates the coli@obf and heats the ground beneath which in
turn heats the adjacent air. Hot air rises throtinghcentral chimney driving turbines which
generate electricity [Schlaich 1995].

An economy of scale applies to the SCPP. The engegerating performance of the
system greatly depends on the magnitude of the rdioes of the chimney because the
driving force that causes air to flow through thegstem is a function of the pressure
difference between a column of cold air outside armblumn of hot air inside the chimney
[Pretorius et al. 2004]. The energy output of tlever plant increases exponentially with
increase in chimney size — see Figure 5-4. A 1y8@€er tall chimney yields three times the
energy of a 750 meter tall chimney annually.

Over the history of the SCPP several proposals weade with regards to its optimal
dimension configuration, mainly based on estimatidny Schlaich et al. [2004b]. More
recently Pretorius [2007] published design shek& provide energy output for various

power plant dimensions.
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Figure 5-3. Schematic representation of the SCRRI§&h 1995].
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Figure 5-4. Annual energy production by the SCRR/éwious plant configurations
[Schlaich 1995].

A demand for an output of 200 MW peak generatiopacdy was proposed for the
design of a SCPP to be situated in the sun-ricliiéan Cape, South Africa [Stinnes 1997].
The proposed geometry of this SCPP system commise300 meter diameter collector with
a 1,500 meter tall chimney shell, 160 meters immditel’ [Van Dyk 2004]. These output
values and dimensions express semi-quantitativeuiresgents governing early
conceptualisation.

5.2.2 Reference case set up

The reference case is chosen in the midst of R&fviag hence it is difficult to
determine which R&D state is the best representatioa typical chimney structure. The

range of conceptual proposals for the solutiorhefachimney is summarised and background

Y The dimensions provided here, and that was alsadl irs the Van Dyk [2004] study, are based on uripbbb
correspondence with the University of StellenbaSokar Chimney research group during early stageesiarch on the
SCPP performance. Recent research results show th@ensions to yield peak power of 275 MW [Preter2007].
Schlaich [1995] predicts a much higher peak.
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for the choice of reference case is provided. Téference case is subsequently chosen.
Geometry and actions for the reference case amgfiggebased on knowledge available at

the time of reference case synthesis.

Conceptual proposals in realising the chimney

A chimneyis defined as “a vertical flue that provides ahp#trough which air or
smoke is carried away” [Webster 2008] implying tkealisation of a sustained through-
flow channel. The SCPP requires a simple, largeneiar hollow cylinder that is not
particularly slender and subject to very few usemdnds in comparison with inhabited
buildings [Schlaich et al. 2004b]. A few concepts @roposed for fulfilment of this
definition.

Schlaich et al. [2004b] proposes a freestandingfasted concrete chimney as the
optimal solution and mentions guyed tubes with wgated metal sheet walls and cable-
net designs with cladding or membranes as altermabncepts.

Another concept, the Floating Solar Chimney, cosg®isuccessive aluminium-
supported balloon rings, inflated with a lighteashair gas (NH3, He) making the
structure buoyant. It promises a chimney heightease by a factor of three, increasing
peak power output by 350%, and a significant deaéa cost [Papageorgiou 2004]. This
concept is not wind-resistant but deflects sigaifity under strong winds. Energy
generation capacity decrease temporarily, but aswimd subsides the structure and
energy Yyield return to its normal state.

The Atmospheric Vortex Engine concept [Michaud &fidhaud 2006] replaces the
chimney functionality by the centrifugal force of \@rtex of warm buoyant air
manufactured by ‘steam injectors’. The vortex heigbuld extend into the lower
troposphere (10-15 kilometers) resulting in a hptggnt efficiency. The solar collector is
replaced by naturally heated surface air. Dismisgaboth the chimney and collector
structures decreases costs substantially.

Note that no concepts of significant height haverbeealised; a 200 meter tall, cable
stayed, metal sheet chimney was constructed asP® $dot plant in 1981/82 [Schlaich
et al. 2004a].

A choice must be made from the array of conceptwelsas variations within the
concrete concept.
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Background for the choice of reference case

The concept that is characterised the most thoratighe stage of determination of
reference case is chosen in order for the RIM aot stith less uncertainty than other
concepts would contribute. The reference scientifintext is preferred within roughly
familiar boundaries to allow useful, illustrativp@ication of the RIM and less diversion
to acquisition of expert knowledge. (Technology extp instigate technology acquisition
but their expertise is gained through significagaurce expenditure, something that this
study cannot hope to emulate. Only limited expesburces were available. These had to
be used sparingly and efficiently, in this caseyahdating the RIM rather than solving
the SCPP problem. Note that this does not imply aleguisition of radical technologies
was not considered in this application.)

The reference case entering the loop of the RIMndbe¢he subject of radical
innovation, may be a non-feasible system (sectidnlfl Being a radical innovation it
still requires significant technological improveniém achieve a state of feasibility.

The choice of chimney reference case

The concept solution chosen in this dissertatioringted to that of the self-
supporting reinforced concrete structure, as idisatd by Schlaich [2004b]. The
reinforced concrete concept, as it is currentlyirdef, is not a feasible solution by
conventional Structural Engineering standards [thase Van Dyk 2004]. The other
concepts are dismissed because of high uncersiasigociated with their unfamiliar (to
the author, who partially fulfiled a role as anpext in this study) technological
environment in order to remain within more famili@chnological boundaries. This
enables the current RIM application to draw off tBoAfrican expertise and resources
(Note that although South Africa also has a wethlgsshed steel industry, steel-based
SCPP chimney concept(s) was not investigated updacommencement of this study;
hence it was decided to remain within therefamiliar technological environment.).

South Africa has an established reinforced condretestry and academic fraternity.
Numerous thin shell reinforced concrete chimneyseHaeen constructed in the country.
South African industry is well connected to intdromal expertise in this field.

Furthermore, the reinforced concrete concept wquisumably be cheaper in South



Africa than the higher technology steel-net, cablembrane and vortex concepts due to
higher acquisition and construction costs requimgthese higher tech concepts.

Thus the RIM application and validation — the ptiorsubject of Part Il of the
dissertation — need not be distracted by resousmEnt on familiarisation with
technology specific issues but can be enhancedohyenient access to technological
information and proximity to cutting edge technaglog

Knowledge base during reference case set up

A knowledge basis based on interaction with StmattéEngineering experts and
completed introductory research further supportréfierence case that is proposed in this
chapter.

Commercial secrecy forced the University of Stddlesch Institute for Structural
Engineering (US-ISE) to engage independent reseanckthe chimney with the only
guidance contained in publications by long-time elepers of the concept, Schlaich
Bergermann und Partner [SBP 2004, Schlaich 19999 Hhd Schlaich et al. 2004a,
2004b]. Publications state structural feasibilifytlee chimney based on the introduction
of circumferential cable stiffening, “bicycle wheeaystems at several levels inside the
chimney to stabilise the structure and reduce nateolume. Schlaich concludes that
“perhaps the spoked wheethgbicycle wheels.. are the only really new feature of solar
updraft towers$CPP’§ compared to existing structures” [Schlaich e&l04b].

A scoping study on the chimney structure [Van Dykl &an Zijl 2002] identified
key areas for further reseafchFollow-up research addressed the chimney-foumdati
interaction [Van Dyk 2004, Van Dyk and Van Zijl 2]0the study of dynamic effects of
the chimney [Rousseau 2005, Harte and Van Zijl 2G0%W mitigation of resonance
inducing behaviour [Alberti 2006, Harte and VanlZ007, Van Dyk et al. 2006].
Measures for the improvement of the structural gremiince [Schindelin 2002, Sawka
2004, Alberti 2006] and cost [Van Dyk 2004] wer@mposed, including circumferential
and longitudinal stabiliser configurations. Reimfement placement, wall thickness re-

configuration [Lumby 2003], the circumferential figning structures [Lourens 2005],

Y Erratum: In Van Dyk, C. & Van Zijl, G.P.A.G. (20pSolar chimney: improving the concefroceedings for
International Association for Shell and SpatialuBtures Conference in Warsaw, Poland, June 20@2fittst global
eigen-mode is reported to occur at 0.3133 Hz. Vaise is erroneous and should be 0.1 Hz.
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thermal loading on the chimney shell [Nel 2005] amable stayed chimney stiffening
[Fraser 2006] were also investigated in introduc®&D efforts.

Of this research some conclusive results contributbe reference case. Inconclusive
research, having been identified and charactefakidough only in part) by technology
experts, can be incorporated as technology aliggsain the RIM. The US-ISE research
adds much insight into the mechanisms surroundiaghimney but several major issues
remain to be addressed. The structural feasilmléym made by Schlaich et al. [2004b] is
yet to be confirmed being subject to the major uiadeties that constitute the radicality

of this concept.

Reference case geometry

The proposed chimney geometry is based on collibog(of which some results
are unpublished) between the US-ISE and the Bdrgiddniversitat Wuppertal Statik
und Dynamik der Tragwerke (BUW-SDT) in Germany.

The chimney comprises a 1,500 meter tall, 160 mediameter chimney tube
constructed from thin shell reinforced concretee Téference case location, on which all
climate and action data is based, is chosen agrgigh mining town in the Northern
Cape, South Africa. A dimensioned illustration dietchimney reference case also
depicting the approximate geometry and locationtled circumferential stiffening
systems (bicycle wheel ring stiffeners) is providedFigure 5-5a together with the
chimney-to-foundation transfer system (Figure 5-8byl a section through this transfer
system (Figure 5-5c¢). The cylindrical reinforcedhcte shell starts from an elevation of
125 meter (as seen in Figure 5-5c¢) to allow foimal air through-flow area below this.
It extends to the tip, elevated at 1,500 meter abground level. The cylindrical shell
thickness decreases linearly from a thickness 38 fneters at 125 meter to 0.3 meters at
1,000 meter elevation from where it remains corstgnto the tip. Axial and flexural
forces are transferred to soil level through 36like structures (Figure 5-5b) connected
to 36 columns directly below the shell. The soltirdrical reinforced concrete columns
stand 350 meter tall and are 10.7 meter in diam#terfin-stiffeners stand 350 meter tall
with a toe length of 160 meters at ground level andwvidth of 2 meters. Six
circumferential stiffening systems are placed agular 220 meter intervals from the



chimney top, i.e. at 400, 620, 840, 1,060, 1,280 BBO0 meter elevation (see Figure 5-
5a).

The proposed foundation structure consists of X8angular reinforced concrete
beams, each 160 meters long, 0.5 meters broad.ande?ers deep, supporting each fin
and column.

The Finite Element Method (FEM) model based on tig®metry and used for
numerical analyses in this study is presented ipefglix A.

Actions

The main actions working on the chimney are graaiig wind load. Operational and
maintenance load associated action is considerd@ toegligible. The proposed region
for the implementation of the SCPP shows negligigismic action; hence no earthquake
effects are included in the reference case. Rasearthe effects of thermal action on the
1,500 meter tall chimney [Nel 2005] determined ttegt impact of the extreme thermal
load case is small relative to the gravity and wacston (a numerical analysis determined
it to contribute to approximately 0.04% of the atebuckling factor); damaging thermal
cracking in concrete is assumed to be resistecelnjildeinforcement design.

The wind loading model used in the reference caggavided in detail in Appendix
B. A gravity acceleration of 9.81 meters per secegdared is assumed. The change in
this value due to an elevation of 1,500 meter @igible.

5.3Definition the Solar Chimney Power Plant chimney deelopment as radical

innovation

With the reference case defined, this section ples/i quantitative and qualitative
descriptions of its shortfall and uncertaintiesatieke to an ideal (feasible) structure, thereby
providing a measure of its radicality. During theitial phases of the RIM, qualitative
performance measures are specified. In the SCRRnelyi case these measures constitute the
need for clean, non-oil based, cost-effective engemeration for South Africa. Re-articulated in
terms of the SCPP concept quantitative performaneasures are specified. A peak power
output of 200 MW requires a 6,900 meter diametdlectmr and a 1,500 meter tall, 160 meter

diameter chimney.
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Figure 5-5. a) Dimensioned illustration of the chiawy. b) transfer-to-foundation

system. c¢) chimney cylinder depicted in blue cargton lines.

The currently proposed SCPP chimney, synthesisad ftandardised theory and practice,
presents significant shortfalls from entering tharket for economically competitive energy
generation technologies. Current practice failgl@tivering the sought levels of performance
improvement. The investigatidmeyondthese standard technological levels — radicalvation
— must be engaged to break through to higher levklsser satisfaction. The current section
(section 5.3) investigates the radicality of theictural behaviour of the reference case proposed

in section 5.2.2, i.e. a description of the mainertainties from a structural perspective. It soal



compared to trends of realised structures in imguls electricity costs are compared to those of
South African and international power utilities.

A perspective on what is required of the radicalowation provides rudimentary goals for
the first iteration RIM toward achieving feasibjlitMore detailed quantitative descriptions can
be defined in response to functional technologigahls as they are identified during the
technology identification and evaluation phaseshef RIM, and in further iterations. Detailed
shortcomings in the design and theoretical backgtauust be identified at these further stages
and related to the ideal solution, hereby delingitamd quantifying uncertainty in the innovation

in increasing detail.

5.3.1 Structural challenges

SCPP chimney specific uncertainties and shortfall

The 1,500 meter tall SCPP chimney concept presset®ral major technical
uncertainties. Knowledge and insight into thesenf@n important guide to structural
realisation. The main uncertainties in scientifiedry are:

» The applicability of the current mathematical fotation of awind extrapolation

model

e The uncharacterisebcal wind direction variationsover the height of the tall
structure [Rousseau 2005].

* Wind around the chimney almost always enterdridwes-critical flow regimedue
to its large diameter and the relatively high wiredocities. This flow regime is
under characterised due to physical limits in expentation leading to
uncertainty in determination of the dynamic windi@t on the chimney [Alberti
2006].

* The cross wind force spectruns an integral parameter in the estimation of
structural response to the cross wind excitativalues vary greatly with the
building aspect ratio and the level of turbulenoethe approach flow. It is
currently only characterised for square and reatmgross sections but remains
to be characterised for circular cross sections.

* Bucklingin column structures are prevented by design agaircritical buckling

factor which is taken, in the case of conventiawiling tower design (a similar
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cylindrical thin shell structure), to be equal t§\B5B 2005]. This factor is used

when simplified analysis is performed, as opposethbore realistic and accurate
nonlinear stability analysis, considering finiteagts. It was calibrated to be safe
for cooling towers, while allowing use of a genbralvailable analysis method.

Such calibration has not yet been done for the S®@BRce the applicability of

the design guideline to the SCPP chimney is unicerta

These fundamental, theoretical uncertainties apecdy of radical innovations and
necessitate exhaustive familiarisation with thehtetogical environment of the
innovation. Note that in radical innovation officieeferences may not necessarily be
available because of the radical, often intuitiveyn-academic” postulations prevalent in
radical thinking.

Physical shortfalls in the structural performance quantified by determination of
buckling and frequency response values (refer tpefsdix A for more information on
the models used for these numerical FEM analysdd@mppendix C for the structural
evaluation model developed later in this RIM apgiien). By performing a linear elastic
buckling analysis of the chimney under gravity, pemst wind (a 1,000 year return
period wind applies — refer to Appendix B, sectiBda) and internal suction load
(comprehensively reported in Appendix G) the ficstical buckling factor of 1.63 is
computed. This showssagnificant shortfallfrom the stated critical buckling factor of 5.

Frequency response analysis describes how a seuctiven its material and
geometrical characteristics — and, hence, its ¥ibeation frequencies — transmits and
responds to dynamic excitation. Holmes [2001] dbssrthegust load factoanalysis, a
method determining a quasi-static factor for agian on the along wind overturning
moment [Australian Standards 1989] exerted onuwctire (refer to Appendix C, section
C2 for the validation of the use of this methodjhcErtainties in the applicability of this
method to the SCPP chimney warrant the use of 802y&ar return peridd in
calculating the reference wind for application histmethod. The ideal result is assumed
as the result from application of a 500 year reperiod wind; a 1,000 year return period
wind is used in the buckling analyses (refer to émiix B, section B1l), but it is

estimated that with adequate experimental testichar@cterising actual wind

Vi A 2,000 year return period is associated with $tmes that are essential to post-disaster recameagsociated with
hazardous facilities in [ISO DIS 2007].
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phenomena) reliability of the chimney frequencypmesse could be reached for a 500
year return period wind. Under these conditiongdaal result gust load factor of 1.50
applies. The analysis parameters and results pogteel in Appendix C2. The reference
case gust load factor of 1.513 (Appendix G, sec@l) does not far exceed the ideal
gust load factor. Although, for this criterion, theference case performs close to the
ideal and can be designed according to standargisedice, it must remain represented
because it exemplifies the basic structural intggsf the system and may be adversely
affected by other technology introduction.

Constructability presents major uncertainties ialistng a tall structure such as the
SCPP chimney. Only recently, with the constructtbthe 800 meter tall Burj Dubai was
concrete pumped above 600 meters [Putzmeister 26@riher, the chimney reference
case requires large volumes of building materifals example, 25 times more concrete
than the Millau Viaduct which is the tallest bridgethe world and has a total length of
2.46 kilometers. Materials may not be readily aalaé and its transport and handling
may be logistically challenging.

Further uncertainties include those contributednbgdeling “new” technological
concepts and project management and financing. M PBiocess-specific uncertainty
concerns the difficulty of setting up a model fbimaney evaluation not knowing whether
acquired technologies may change behaviour contplatel present new sets of failure

standards and functionality to subsequently beatfarised and incorporated in the RIM.

Civil Engineering structures

Civil Engineering structure systems are inheremptlgne to uncertainty. Structural
projects are typically once off and have long tifreanes and large budgets compared to
the repetitive nature in the manufacturing sectberg optimisation and automation is
possible. One of the primary functionalities of iciengineering structures is the
resistance of long return-period extreme loadsjiregy them to have very high levels of
structural reliability — there is no room for uniz@nty, especially not for the significant
uncertainties (that cannot be mitigated by staridadd design practice) prevalent in
radical innovation.

A brief look at current limits in ultra-highrisergttures and cooling towers provide a
grasp into the magnitude of technological scalimguired from “normal” Civil
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Engineering structures toward the realisation ef ICPP chimney. The Petronas Towers
in Kuala Lumpur, at 452 meters, the 101 storey @iai®1 in Taiwan, at 509.2 meters
and the Burj Dubai, at a height of approximatelyO 8@eters (construction to be
completed in 2008/9) as well as several other hltghrise structures are pushing the
boundaries of conventional design and constructidigh-tech technologies enable
dynamic stability control systems and breakthrooghstruction methods. Still, thin shell
reinforced concrete cooling tower stacks, portrgysimilar shape and basic structure as
the proposed reinforced concrete SCPP chimney, balerecently reached heights of
200 meters [Harte et al. 2007].

The 1,500 meter height of the SCPP chimney is égobd the normative heights of
similar structures but rumoured future projectscgate a development drive toward taller
structures with plans for buildings of 1,852 metédé Jabar tower, Bahrain), 1,022
meters (Murjan Tower, Bahrain) and 1,001 meterstof@er in Madinat al-Hareer,
Kuwait) [Wikipedia 2 2008].

5.3.2 Cost requirements

Energy costs of the reference case, when relateavéoage market costs, provide a
further indication of the measure of radical inniima required in the SCPP chimney to reach

a state of feasibility.

Current and realistic SA electricity cost

SA electricity costs are of the lowest in the wajfithgineering News 2007a). The
levelised electricity codf (LEC) provided by the SA electricity utility rangieom
R0.18/kWh (reported for the year ending 31 MarcB2{ESKOM 2007]). The national
electricity utility stated that prices are “unsusébly low” due to its basis on historic
costs [Finance 24 2005]. Costs will be increasedwualty by more than 18%
[Engineering News 2007a] to accommodate for sigarift capacity expansions in the
next decades [Engineering News 2007b]. Early inrB2BBKOM opted for a price hike of
53% [Mail and Guardian 2008c]. As an indicator aternational electricity costs

comparison, the 2004 cost of electricity for indiastclients in Brazil (comparable to the

Vil | evelised electricity cost indicates the averagest per kilowatt-hour of electricity over the lifiene of the project,
i.e. including construction, fuel, operating andim@nance costs. Electricity costs are calculagsfbaFebruary 2008.
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developing SA economy) and Japan of RO0.35/kWh ardOZRkWh, respectively
[Australian government 2006], can be consideredwsing the SA electricity cost to be
relatively low.

Note that cost models used by industry often doimdtide contemporary life cycle
costs like pollution tax, that are due to incretse LEC of fossil fuel power plants, or
additional revenue from “carbon credits” and goweent feed-in tariffs that could
greatly impact the financial feasibility of cleanezgy technologies in the future.

In the light of the above described fluctuation anddeling inaccuracies used for
determination of life cycle energy cost, a valueRdf.00/kWh is considered as the base

reference cost (ideal result) in this dissertation.

SCPP electricity cost

The reference SCPP installation cost is an estohm@81.44Bn, resulting in a LEC of
R8.65/kWH. Appendix D expands the cost model and associ@ssLmptions.
Significant cost reductions are required to dea@dahse SCPP costs to the assumed state
of market competitiveness of a LEC of R1.00/kWh.

5.4Conclusion on Solar Chimney Power Plant chimney b&ground, concept and

shortcomings

This chapter commences the RIM application on t68® chimney by an introduction to
market requirements. Global and SA climate chamgeemergy crises are presented as a context
urgently requiring radical innovations. Clean, rmhfuel, cost efficient energy production could
provide solutions to the challenges stated. Thasalitgtive demands are re-articulated as
quantitative requirements and, if met by a 200 MG@P® concept, comprise a 1,500 meter tall,
160 meter diameter chimney with a 6,900 meter diansolar collector.

A detailed reference case for this concept is pledias the coalescence of research

collaboration between the US-ISE and the BUW-SDd eonceptual background by Schlaich,

% A publication by Fluri et al. [2006] in which theurrent author co-authored, reports a LEC of €018A® which
equates to around R3.63/kWh (1€=R11.50 as on 28uBpb2008). This significantly lower value occimscause the
chimney used in that study had no stabiliser fifiester structures which contribute to 80% of thestcof the current
chimney system. The current cost model withoutsfiffeners yields a LEC of R2.82/kwWh. The differenis due to
discrepancies in the energy performance modelcaréncy value. Further, a glass roof collector wsed in the Fluri
et al. study [2006] that accounted fagnificantcosts. Also note that the LEC is very sensitivuotuations in interest
and inflation rates.
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Schlaich et al. and Schlaich Bergermann und Paf8ehlaich 1995, Schlaich et al 2004a and
2004b and Schlaich Bergermann und Partner 2004 Téference case is related to
contemporary achievement and norms to understamdniasure of radicality relative to the
sought performance. All subsequent (first itergtiBM technology acquisitions are related to
this reference case.

Some uncertainties in the SCPP chimney where itkshtin this chapter. They could, of
course, be addressed individually, in an isolateshmer. These uncertainties can, however, be
placed in a framework from which a functional focosuld investigate their criticality for
subsequent more focussed and accurate mitigatiothd next chapter the reference case is
broken down into its essential technological eletsém gain insight into the building blocks and

uncertainties of the SCPP chimney system.
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CHAPTER 6

TECHNOLOGY IDENTIFICATION
IN THE SOLAR CHIMNEY POWER
PLANT CHIMNEY

The reference case SCPP chimney proposed in thepsechapter enters the next step in the
RIM, i.e. the system breakdown and technology ifieation phase. The chimney reference case,
synthesised through current incremental practick associated theory, was proven to fall short of
sought performance levels. In the critical shiftfe€us presented by the technology identification
phase of the RIM, the constraints of conventioresdigh practice are shaken off by engaging the
raison d’étre— the functionality — of the system and its eletaen

In the first step, the system is broken down toegsential functional elements through the
system functional breakdown. Failure mode iderdtfan identifies vulnerable and absent
functionalities of the system. Technology scan ps®s mitigative and amending technological
functionalities from the technology landscape. &articulating functionality as technology, a
technology tree is presented. Finally, a list @htelogies is set up, combining the technology tree

and previously identified theoretical uncertainties

6.1 Functional breakdown of the Solar Chimney Power Plat chimney

The functional breakdown engages the system decsitigpo process by asking the
following: what functionalities are required of SCPP systems, lama do they achieve these
functionalities. The reference case is decompostaiis functional hierarchy as far down the
system levels as is deemed necessary to reveatritssic functional components. Note that this
study concerns the expansion of the chimney systdgnas it exists during its fully operational
phase (assuming that construction is completeddasdmmissioning had not yet commenced —

study scope defined in section 1.6.1, under tls¢ ioint).
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The SCPP system consists of three main subsysté@scollector (denoted with “A” in
Figure 6-1), the turbine (“B”) and the chimney ()CThe collector function ‘collects’ solar heat
energy and feeds it through the turbine whereiitstic energy is converted to electrical energy.
The pressure differential between the air insigedhimney and the air volume outside provides
the driving force causing air to flow through thestem (see section 5.2.1).

Section 5.2.2 introduced the SCPP chimney functiena vertical channel for air flow,
requiring a simple, large diameter hollow cylindeat is subject to no habitation demands. Any
chimney consists of several sub-systems that dmné&ivarious functionalities to the system.
Figure 6-1 displays these subsystems of the SCifhely system: a foundation (denoted by a
“1” in Figure 6-1), chimney-to-foundation transf@&) and chimney tube (3). Each of these is
investigated in this section to identify its furctality. Note that the SCPP chimney may also
accommodate a diffuser (depending on the choidarbfne configuration) to optimise air flow
but its functionality is not structurally interesgi; hence it is not considered further. It is,
however, important to take notice of every subsysend component of the system for a

comprehensive perspective on the whole.

(2)/] » f‘x..
. A = e I,'.-i ﬂ — — —a —
(1)

N

Figure 6-1. Subsystems of the SCPP system (debgtbtbcks) and of the chimney system

(denoted by circles).



6.1.1 Chimney foundation functionality

The chimney foundation system considers subterrangeological and geotechnical
information to present a foundation structure suipg the super-terranean structures. It
must present sufficient load bearing capacity fansferral of static and dynamic loads, i.e.
compression, tension and shear, to the soil/rodistsates, as well as for fastening and
anchorage of super-terranean systems.

The fixity of the chimney, i.e. the degree to whitdhbase support is constrained against
translation and rotation, depends on the soil dtarstics. In the SCPP reference case the
Sishen soil characteristics show sufficient stievhich, in combination with appropriate
foundation design, allow full constraint of theustiure against practically all translation and
rotation degrees of freedom (refer to Appendix écton Al.2) for the validation of this
assumption), i.e. to support the chimney. Previmsearch shows that the chimney base
could be in tension under extreme static and dyoawind loading, hence anchorage

functionality is required [Van Dyk 2004].

6.1.2 Chimney-to-foundation transfer functionality

The chimney-to-foundation transfer structure trarsftatic and dynamic loads imposed
on the chimney tube, as well as its own loadsth@afoundation into the soil/rock substrate.
The chimney is presented with a functional contoin between load transferral and the
creation of space for air through-flow from the leotor and turbines to the chimney. A
functional solution that transfers all loads to teutanean systems (through large fin shaped
columns) while creating a through-flow channel ttoe passing air is presented in Figure 5-
5b [Van Dyk 2004]. The transfer structure can aapport the turbine and its airflow duct

configuration.

6.1.3 Chimney tube functionality

The chimney tube consists of a large diameterphglivertical channel for air flow. It is
subject to gravity and exposed to extreme windoactind must be functional in resisting
these loads throughout the life time of the stmectény obstruction in the air flow channel
incur losses, decreasing the energy yielding capatithe SCPP system. Such obstructions
[Van Backstrom et al. 2003] may include frictionahell surface properties or the

' Actions can also baccommodateds with the Floating Solar Chimney concept (réesection 5.2.2).
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circumferential stiffening structures that are eutty implemented in the reference case.
These stiffeners present another contradictionatiecrg an optimal through-flow channel

while using part of the cross sectional area farcstiral stiffening. Obstacles in the tube (e.g.
circumferential stiffener system) may be aerodymafty shaped to reduce losses [Von
Backstrém et al. 2003].

Apart from physical flow obstructions the air floshannel must be shaped for optimal
through-flow conditions, within limits of structdrdeasibility. A gradual flaring of the
chimney inner area with height increase keepsltwe fate optimal [Von Backstrom 2000].
Exit losses occur when the rapidly flowing air gesithe chimney meets the relatively
stagnant body of air above the chimney [Fluri armh\Backstrom 2006]. These could be
mitigated by an aerodynamically more favourablerciey exit geometry.

Several structural stabilisation systems can berparated in the chimney tube system to
mitigate or circumvent adverse structural behaviéailure mode identification isolates the
functionalities required for mitigative measurefieTfunctional—failure description aims to
identify failure modes for mitigating design andtiopsation of structural performance
(remember that failure occurs not only when physstaictural limit states are not reached

but also when a performance goal is not attained).

6.2 Failure mode identification

In Structural Engineering failure mode identificattioften suffices for the identification of

many of the functions necessary in the systemgsialiised design processes are set up to resist
all known failure modes in order to satisfy usejuieements. The radical nature of the SCPP
chimney, however, warrants a deeper investigationing to cover all possible failure modes in
the system in a comprehensive, unassuming way itterstifying lacking functionality. All
potentially significant perspectives toward crititailure mode identification must be engaged.
Two perspectives are used to identify failure modethe SCPP, i.e. material failurapparent
failure cause) and action-based failui@of cause of failure).

6.2.1 Material failure modes

Ultimate limit state based technical failures iwilcistructures occur due to material

failures, although they are not necessarily thd oamse of failure. Local material failure



may be the consequence of global effects, for elamepcessive deformation resulting in
local stress concentration causing concrete crgshin

The main materials present in the reference casenely are concrete, reinforcement
steel and structural steel. Table 6-1 presentprénalent failure modes of concrete, steel and

reinforced concrete at the material level.

Table 6-1. Material failure modes.

Material Failure mode

Compression (crushing)
Tension (cracking)
Shear

Concrete Fatigue due to repetitive load

Material deterioration
= Carbonation
= Poor mix (e.g. water-cement ratio)

= Aggressive environment (chlorine, salt, ice)
Alkali-Silica reaction

Plastic yield

Corrosion and other aggressive environment based
Steel effects

Fatigue

Brittle tensile failure (high carbon steel)

Reinforced  Bond slip

concrete Spalling (carbonation/corrosion)

6.2.2 Action-based failure cause

The root causes of failure are generally actioreba¥arious actions on the structure,
together with their dynamic interaction, providegpective on the causes of failure modes.
The actions on the chimney were stipulated in sadi2.2 and Appendix B, section B1. The
action based failure modes are reported in Tal#le Mote that the entries in Table 6-2 are
the result from specialist (expert) investigatiome SCPP chimney behaviour.
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Table 6-2. Failure modes from an action perspective

Action

Failure mode

Gravity
= Axial load

= Shearing load

Axial failure due to gravity and winddd

Shearing failure due to gravity amtiioad at positions of
shear transfer

Wind action

= Along-wind cantilever
pushover

= Wind-induced
circumferential ovalling

= Dynamic along-wind
resonance

= Dynamic across-wind
resonance

= Wind configurations

= Frictional wind forces

Flexural or shear failure due to total wind inducedment
on a section along the chimney height [Van Dykle2@06]

Flexural or shear failure due to total pressurgritigtion-
induced moment on a section around chimney circrents
[Van Dyk et al. 2006]

Failure by resonance. Wind gust frequency spedeasity
indicates resonance potential due to low excitdtiequency
[Van Dyk et al. 2006]

Failure by resonance. Impulses in along-wind fdnaeight
about by periodic increase in Reynolds-numbersecaus
sudden, significant fluctuation in the drag coeéit
resulting in resonance probability [Van Dyk etZ006]

Failure by resonance. Periodic, alternate vortexiding
produces low frequency alternating transverse fogsalting
in resonance probability [Van Dyk et al. 2006]

Localised flexural or shedhuige due to wind pressure
combinations on a specific surface

Failure by resonance. Excitation of higher modess tdu
various wind configurations along height and ciréerance
[Rousseau 2005]

Axial or shear failure. Anypstruction to air flow cause
frictional forces, e.g. shell surface roughnesshstructions
in the inner area

6.3 Technology scan for mitigative, amending and optinsing measures

With the chimney failure modes identified, the teclogy manager and experts scan the

technology landscape for mitigative measures tarmse the impact of failure modes on system

performance. Improved structural performance isghbuhrough implementation of novel,



intelligent manipulation and control of detrimentaitions and response in the structure. Note
that mainly detrimentahctionsare considered here, but that material basedéathodes could
also be addressed by scanning the technologicds¢ape for relevant functionality, e.g. a
lighter, stiffer material could mitigate bendingdastructural response modes. The scanning
process aims to identify specific functionalitieesponding to failure modes identified) for
incorporation in the system, thus moving outsidmagardised design practice by engaging the
functional/technological sphere. This is achievieugh the utilisation of external devices or
adaptation of inherent characteristics like matepiperties. The detail integration of the
identified technologies with the current chimnegteyn, like fastening and design against device
failure, are not considered during system synth¢4$itack box” components are merely
integrated into the system and not developed thieese refer to section 2.2).

Note that several of these mitigative technologies already incorporated in the chimney

reference system, such as longitudinal stiffeningfiffeners and circumferential stiffeners.

6.3.1 Longitudinal stiffening

In an attempt to decrease global chimney cantildesrding and increase global free
vibration frequencies and critical buckling resmta factors, longitudinal stiffening
resistance is sought. Trees and industrial towssgighe direction to formulating a solution;
their lower regions taper to a broader base emgrgie moment of inertia and, hence, the
resistance against cantilever bending. The fifestdrs already incorporated in the reference
case (refer to Figure 5-5b for visual representdtiare examples of such longitudinal
stiffening. Cable stays could stiffen structuregbyviding additional support.

Longitudinal stiffening can further be achievedotlgh alteration of the chimney
geometry, e.g. through the incorporation of parabblyperboloid cooling tower shapes
(Figure 6-2 — cooling tower geometry incorporatedthe SCPP chimney), increase in
diameter or wall thickness re-configuration. Geamat changes must be implemented in
close coordination with thermo-dynamical expertsalisration of the through-flow channel

geometry has significant influence on the energgpction capacity of the system.

6.3.2 Circumferential stiffening

Circumferential bending due to the total wind puessdistribution moment around the

circumference can be mitigated by circumferentidiffeming improving structural
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performance under static, dynamic and buckling ilt@dThe bicycle spoke wheel concept
incorporated for the reference case (refer to EigbH5a for visual representation) is an

example of a circumferential stiffening technology.

Figure 6-2. Parabolic hyperboloid geometry incogped into the SCPP chimney [Sawka
2004].

6.3.3 External damping system

External damping measures have been in use for tharethree decades [Datta 2003]. It
involves the addition of a device that reducescstmal response to prevent discomfort,
material fatigue and subsequent structural faitlwe to vibration. It reacts to the resonant
frequency oscillations of the structure by meansdive, passive or semi-active damping
systems, e.g. springs, dashpots or pendulums. Manyping devices exist; their impact
relies on a thorough understanding of the theorgyolamics and their behaviour in order to

efficiently utilise it in the global system.



6.3.4 Manipulation of wind—structure interaction

Wind-structure interaction manipulation systemscuwinvent oscillation behaviour
[Holmes 2001, Alberti 2006] caused by periodicatlgparating vortices by warping or
distorting adverse air flow and separation. Sevesiabl—structure interaction manipulation
technologies exist, e.g. helical strakes, perforaterouds and spoiler plates located around
the upper outer regions of the chimney, as sedfigure 6-3a) [Kumar et al. 2008] and b)
[Internet 1 2008].

by e

Figure 6-3. a) Systems for the manipulation of @oiihduced vibration [Kumar et al.

2008] and b) an example of helical strakes wragyednd the upper third of a chimney
stack in transit [Internet 1 2008].

6.3.5 Improvement of material characteristics

The improvement or durability of material charaistiges directly improve the resistance

of a structure to compressive, tensile, flexuragas and torsional shear loading as well as to
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material fatigue and deterioration. Furthermore ihherent damping characteristics of a
structure which dictate how a structure respondsatononic excitation are functions of its

geometry and material.

6.3.6 Directional design

The notion of designing a foundation only ftirectional dependenwind, as is found in
nature with the root systems of trees — only growimto the regions that are experiencing
more action — could decrease material volume reduand, hence, lower capital costs. The
structure is appropriately strengthened only inrgions that resist statistically determined
wind-based actions as presented with the aid ohd-vose (Figure 6-4 presents an example

of a wind rose with radial histograms depictingyailence of wind direction and speed).
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Figure 6-4. A wind rose displays statistical datarevailing wind directions and speeds
[WeatherSA 2007].



6.4 Integration of functionalities into a technology tree

A functional technology tree combining all the gisi from the previous sections follows in
Figure 6-5, providing a comprehensive functionataidown of the SCPP chimney system.
Technologies active in the system can be placedcomprehensive framework from which gaps

can be identified and substitute technologies psedo

LEVEL 1 LEVEL 2 LEVEL 3 LEVEL 4
chimney ——  foundation —[ bearing
anchorage
| Sl st bearing and
foundation transferral of loads
transfer

space for air

through-flow aerodynamics

support PCU

—[ flaring
— chimney tube —— R ——[ surface friction

channel
flow obstructions aero-
shaped

"

—[ chimney height

|
=
=
C
w
D

improvement of material
characteristics

4[ longitudinal stiffening

— structural integrity circumferential stiffening

—| external damping |

8 - ] ] 3
manipulation of wind-
L structure interaction )

A[Qeometrical stabilisation |

4[ directional design ]

Figure 6-5. SCPP chimney system functional techmpotcee.
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The functional flow from R&D theme through functality to core technology as mentioned
in section 2.4.3 is evident. For example, the L&/ehimney tube system (R&D theme) breaks
down into a Level 3 contradiction between the optimair-flow channel and realisation of
structural integrity. Trade-off between contradio can be visualised and understood from a
systems perspective.

The rest of this dissertation focuses on the intiomaof thechimney tube- the technologies
depicted in orange in Figure 6-5. Several of thtesbnologies may also have an impact on the
integration and configuration of foundation andnehey-to-foundation transfer subsystems (e.g.
geometrical stabilisation and longitudinal stiffiegitechnologies).

Material level failure modes (summarised in Tablg)&re combined under one technology
field, namely “improvement of material charactadst. Materials science is a complex field
with many factors contributing to its charactedstiThe in-depth investigation of each material
failure mode (stated in Table 6-1) is not perfornmede; rather, the “improvement of material
characteristics” is investigated from the perspectof three material attributes that are
representative of and readily used in structuraigie namely the elastic modulus, weight and
damping ratio. The failure modes of Table 6-1 drenHuenced to a greater or lesser degree by
these attributes.

In terms of the definition of radical innovationoprded through Figure 2-2, the synthesis of
technologies in a feasible SCPP chimney systemtighia stage subject to significant
uncertainties in its theoretical basis and failmiggating technology subsystems or components.
They do not attain to the sought levels of perfaroga— development up to these levels is
uncertain. Other technologies may prove to betteiress the functionality. These uncertainties
in lower system levels perpetuate to the higheelleand become unmanageable. For example,
uncertainty of realising sought material charastes performance levels — a Level 4
functionality — perpetuates to higher system leasld becomes unmanageable in the synthesised

system.

6.5 List of identified technologies

Technologies and theoretical uncertainties idesdifirom information gathered up till now

are listed for subsequent investigation and intctida in the RIM system evaluation phase.



The technologies identified and represented in tdehnology tree together with the
theoretical uncertainties (discussed in sectionl).@&e compiled to form a list of technological
priorities to enter the evaluation phase of the RIMe list is provided in Table 6-3 and is
numbered; the same numbers are used in the negtecha assist readability. Note that two
technologies are added (under “General” in TabB:@he increase of the chimney height could
decrease the LEC by increasing energy generationtla sensitivity of the wind model to
terrain surface roughness could indicate sengitofithe structure to this wind model parameter.
The characterisation of trans-critical flow is saoit with the wind-structure interaction
manipulation technology. The flow regime predicigedfic adverse phenomena and flow

characteristics that manipulating technologies taimitigate.

Table 6-3. List of technologies.

From fundamental theory
Wind velocity extrapolation model

Wind direction variations over chimney height
Applicability of prescribed critical buckling faatto SCPP chimney
Cross wind force spectrum

From technology tree

P owhPE

Chimney flaring

Inner surface friction

Aerodynamic circumferential stiffener

Improved material performance (density, elastic ulas, damping)
Cable support adding longitudinal stiffness

10 Parabolic hyperboloid geometry

11.Enlarged chimney diameter

12. Number of circumferential stiffeners

13. Wall thickness variation

14.External damping devices

15.Wind-structure interaction manipulation; charadation of trans-critical flow
regime
16. Directional design

© o NOo O

General

17.Heightened chimney
18. Parametrical wind model sensitivity (terrain sugaoughness)
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The entries in Table 6-3 form the list for evaloatin the next RIM phase, whereby system
alternatives are formulated and evaluated. Not¢ tpenerally, during the next phases (data
gathering toward formulation of alternatives forakwation as well as in the technology
assessment phase) deeper insight into the criyicaflitechnologies is gained which may have
remained unknown up to this stage. If at any stadechnology is proven to be inadequate in
contributing significantly (to achieve radical inration) to the improvement of system
functionality and performance it may be filtered otithe list to optimise R&D resources.

6.6 Conclusion on Solar Chimney Power Plant technologyglentification

During the technology identification phase of thiviRhe SCPP chimney reference case is
broken down into its functional hierarchy to reveaatrinsic functional subsystems and
components. Thigunctionalperspective provides a view on the system thabtrconstrained by
standardised design practice and theory. Specifictionalities that are required in the chimney
are identified by failure mode identification. Techogy scan proposes solutions for
functionality against failure. The chimney functbriechnology tree is formulated, portraying
core technology solutions as they respond to speRi&D themes. A list of technologies is
compiled from this tree and the theoretical undeties identified during the reference case set
up. This list is considered in the next phase & RIM, where alternatives are formulated
through augmentation or of the identified techn@egr introduction of required functionalities.

The technology identification phase of the RIM pd®s the radical innovator with a systems
perspective on the SCPP chimney and views themyistéerms of the technological elements it
consists of. Subsequent technology acquisitionstradegic technology decisions can be sorted
in terms of the technology tree set up in this t&ap



CHAPTER 7

EVALUATION OF
POTENTIAL IMPACT OF
TECHNOLOGIES ON THE
SOLAR CHIMNEY POWER
PLANT CHIMNEY SYSTEM

The RIM system evaluation phase determines thenpaleof technologies to impact SCPP
chimney system performance. Each entry on theodlisthimney technologies identified in the
previous chapter is investigated for augmentatiomtyoduction of a fitting technology solution.
The different SCPP configurations resulting fromgmented or introduced technologies are
evaluated and compared in this RIM phase. (Note ttea detailed results are not shown in this
chapter as it may distract from the main develognoérthe RIM thesis. Appendix G, section G2
contains the calculations and the resulting impac¢tgach technology on the various identified
criteria.)

This phase of the RIM incorporates the system padoce evaluation process of incremental
innovation, as set out in the systems analysis gg®qsection 2.6.2). The radical innovation
perspective presented in the RIM, however, requinesaugmenting of technology performance
variables up to preferred values or the introdurctbnew technological functionality, as opposed to
reverting to standard, realistic values as is @yfpauring incremental innovation. An evaluation
model is set up in response to board specifieduatiah criteria making sure that the performance
attributes that are significant during the curnexdical development phase of the chimney system are
accommodated. Reference is made to the Appendioesaicing more detailed information
concerning the evaluation model.

Alternatives are entered into the evaluation madeletermine the response of each alternative
to the individual criteria specified in section 5Alternatives that hold the most potential are
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identified, distinguishing the chimney technologyrgiolio into a spectrum ranging between core
and less significant technologies.

7.1 Formulation of alternatives

This section reports on the research performesrtmdlate sufficient detail of each of the
SCPP technologies listed in Table 6-3 (in sectiob) 6or engaging the augmentation or
introduction of the required functionalities. Thensitivity of the SCPP system to the
technologies can subsequently be investigated. dregious chapter identified the list of
technologies, some indicating specific devices amcepts, such as the parabolic hyperboloid
geometry, whilst others only specify general funictility with no specific solutions that satisfies
the functionality identified or proposed, e.g. theernal damping devices.

Note that investigations on fundamental theory éumasnties in scientific theory — section
5.3.1) aim to contribute more detailed informatiorthe current reference and evaluation models
in order to diminish uncertainty, i.e. it aims tesdribe phenomena and design limits in more
detail where conservative assumptions were madeousy.

Not all uncertainties or augmented or introducechm®logies investigated in this study
gained significant progress toward identifying $ioias within the resources allocated to their

R&D. These are pointed out where applicable.
7.1.1 Wind velocity extrapolation model

A wind extrapolation curve characteristic of frdnteeather systems is currently used in
the chimney reference case. Three-second windnguskata stated in a wind map in the
SABS 0160:1989 Loading Code [SABS 0160 1989] fone thasis of the wind extrapolation
curve. The reference case wind model set up in AgipgeB use a factorial adjustment of
1.53 [ISO DIS 2007] to adjust from a three-secongtgvelocity of 40 m/s [SABS
0160:1989] to an hourly mean wind velocity of 26r#&. Investigation into more detailed
South African wind literature [Milford 1987] indites an hourly mean wind velocity of 20
m/s for the Sishen region. Thus the factor adjustrtranslates the three-second gust velocity
to a 30% higher mean hourly velocity than is repditty Milford [1987].

' These values are given for a 50 year return pefibe reference wind model uses a 1,000 year retariod for
buckling analyses and a 2,000 year return periodyoamic frequency response — refer to AppendigrBnore detail.
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This discrepancy/uncertainty is noted as potegtstinificant to the system performance
improvement. Allocation of more resources to thiatter may reveal the reason for the
discrepancy in wind adjustment factor, making frable design.

The reference wind model is adjusted to implemieathourly mean wind of 20 m/s. The
peak wind data (40 m/s gust velocity) remains aaplie to analyses incorporating extreme
winds as basis (buckling analysis — refer to Appere] section C1). The 20 m/s hourly
mean wind data is used to determine velocities/aglein structural response analysis (refer

to Appendix C, section C2). The turbulence intgngibfile remains unchanged.
7.1.2 Wind direction variations over chimney height

Although the current mathematical formulation ofeatical wind profile shows extreme
and average wind speeds, it does not predict tleettbnal variation. With tall structures this
phenomenon can cause multi-directional pressurelsloahich may excite resonant
oscillation of the structure in its higher natufegéquencies. Rousseau [2005] showed the
excitation of higher vibration modes, assuming rseeloads of the fully developed wind
profile.

Wind loading or meteorological literature does oontain a formulation to describe the
stochastic properties of these inversions. In itigasng this phenomenon, upper boundary
layer wind data was acquired from the South Afrivéeather Bureau for the Upington (near
Sishen) and De Aar (south eastern tip of the Nomtkape) weather stations. Inconsistencies
in the data, however, jeopardised its credibilgyaastatistical source — Appendix F discusses
this discredit — hence this theoretical uncertardyld not be resolved within the allocated
resources and was set aside until a more crediftistantiation of the directional variation

characteristics is found.

7.1.3 Applicability of prescribed critical buckling factor to the Solar Chimney Power

Plant chimney

Buckling in cooling towers is prevented throughigesagainst a critical buckling factor
of 5 [VGB 2005]. The applicability of this desigmideline on the SCPP chimney remains
uncertain. Note that although this theoretical utapety does not influence the structural
performance of the chimney, it provides a measgainat which radicality and structural

performance improvements can be measured.
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No progress to resolve this issue was made by vagsmurces allocated during this
study. Future R&D must perform geometrically angsbally non-linear buckling analyses
incorporating initial displacements and imperfecti@o model actual conditions and translate

these to a critical factor applying to the simglifilinear elastic buckling analysis.
7.1.4 Cross wind force spectrum

A formulation for vortex-separation-induced acresad excitation is provided in
Appendix C. Across wind response is a functionhef ¢ross wind force spectrum (see Figure
C6 in Appendix C, section C2.2). This spectrumdatiés the power density corresponding to
the typical velocity spectrum and is a functiontleé level of turbulence in the approach
flow. Further, the values vary significantly withe cross section and aspect ratio of the
structure. As a result, interpolation must be udethe desired aspect ratio does not
correspond to those provided, or the nearest smasé be selected to approximate the force
spectrum coefficient if the desired shape is ndilable [Kijewski and Kareem 2001]. A
cross wind force spectral distribution is not aalié for circular cross sections and the
aspect ratio encountered in the SCPP chimney —rtantiy exists about its assumed value.

A first consideration before performing in depth B&n this subject is the sensitivity of
the response to the cross wind force spectrum saltithe wind velocities reach the critical
wind velocity with sufficiently low probability theross wind force action (necessitating
consideration of the cross wind force spectrum)dnaet be considered. A theoretical
investigation into the sensitivity of the chimnegrfmrmance to this parameter can determine
whether resource allocation to resolve this ungsstacould provide critical insight. A force
spectrum coefficient of 2x1%) corresponding to a reduced velocity of 4.46 iis/spplicable
to the SCPP chimney, but is based on values factsites of square cross section (refer to
Appendix C and the Australian Wind Code [Australi@tandards Wind Loading Code
AS1170:2 1989]). This value is changed to 1% {i6alf that of the reference case, resulting in
a factor of 0.707 on the across wind overturningrmant) as an arbitrary smaller value to
determine the impact trend.

Note that the reference case does not activatemaese — for this evaluation the 1,720

meter chimney is considered because of its afftaityesonant behaviour.



A more comprehensive characterisation of the onosd spectrum could provide a better
understanding toward theoretical characterisatowrcébnceptualisation and design of a safe,

cost effective chimney.
7.1.5 Flaring of chimney exit geometry

Significant losses are incurred due to the kinenergy lost as the moving air meets
stagnant air just outside the chimney exit. Exgsks contribute 14.9% to overall losses
[Fluri and Von Backstrom 2006]Flaring the upper region of the chimney geometry
decreases the air through-flow rate so that lesstiki energy is lost due to air decelerating
against the more stagnant air outside the chimney.

Flaring exit geometry whereby the exit area iseased by 50% over the last 110 meters
is proposed (chosen to determine the impact trendjeasing the chimney diameter by 36

meters. Diameter increase is assumed to be lingaheight increase.
7.1.6 Chimney inner surface friction

Friction losses contribute very little to overatiskes. Von Backstrom et al. [2003]
determined friction losses to be only 1% of a tdtabine loss of 8.9% [Fluri and Von
Backstrom 2006]. A numerical simulation confirmeuist negligible impact of surface
friction on energy yield by calculating an increade0.007% in annual energy vyield. This
potential improvement does not promise radical ichpad is not considered further. It may,
however, be re-considered during optimising phéses in the system life cycle.

7.1.7 Circumferential stiffener concept

The relevance of investigating the impact of défer circumferential stiffener concepts
on the system performance, through utilising théeremce case simulation model
(formulated in Appendix A, section Al.2), is quedd.

Impact on enerqy vielding performance

The circumferential stiffeners in the referenceecasnfiguration are responsible for
an order of magnitude larger pressure drop thamptessure drop due to wall friction.
Research on the circumferential stiffener geomdatermined that its cross sectional
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shape and angle of attack have significant impacteaergy yield losses. Von
Backstrom et al. [2003] determined that rounding licycle spoke wheel windward
sections reduces the drag coefficient by 38.5%eriag the section tail reduces it by an
additional 48.2%.

A model for determining stiffener impact on struauerformance

The placement of beams or cables at positions rotimiferential bending in the
shell due to wind suction forces resists excessuadling. The impact of the number of
stiffening beams in the reference case circumfeksiiffener concept is representative
of the efficiency of this concept in resisting diraj. The number of circumferential
stiffener beams in the reference case is halved 7@ to only 36 beams (in the FEM
simulation this is achieved by releasing the appatg vertical rotation constraint —
refer to Appendix A, section Al.2. Note that thjgpeoximation stiffens the flexural
resistance of the shell and does not simulate i@ aable restraint to ovalisation
directly.).

Note that although several conceptual solutiongHercircumferential stiffener are
proposed in literature [Schlaich et al. 2004b, lems 2005, Glubrecht 1973] the
optimal concept remains to be confirmed. A starfpagnt from which the impact of
these conceptual variations on the various critegia be evaluated is proposed here.
Future R&D should model the stiffener concepts naweurately before technological

comparison and improvement of the concepts canuesiigated accurately.
7.1.8 Improved material performance

Material characteristics have a significant impattstructural integrity. Elastic modulus,
density and material damping are to some extemeseptative of a material’'s resistance to

static and dynamic instability.

Material elastic modulus

Literature states the existence of ultra-high gjtienreinforced concrete mixes
reaching elastic modulus of 60-100 GPa [Mehta arahtiiro 2006]. In the current



study an elastic modulus of 60 GPa is used to angthe reference case chimney shell
(the chimney only, not the fin stiffeners) matepatformance.

The reference concrete material cost is assuméeed tocreased by three times to a
value of R3,000/r(This cost increase is chosen arbitrarily in orteprovide a data
point from which trends of impact on the systemfgnance can be investigated.
More resource expenditure on this subject may \aeldalistic cost.). Labour and plant
costs are increased by 50%.

Concrete density

Lightweight aggregate, high-strength concrete wiinpressive strengths of up to
60 MPa are commercially produced with high-qualightweight aggregates [Mehta
and Monteiro 2006]. Weights of as low as 1,790 Kgare reported. In the current
study the performance trend is studied throughrttpdementation of a density of 2,000
kg/m® on the chimney (including fin stiffeners) referencase, reducing it from
2,400kg/m.

Note that the large scale use of lower density egage is strongly location

dependent subject to availability at specific sites

Internal damping

The percentage critical material damping used @ résinforced concrete of the
reference case reinforced concrete is 1.43%. Thilgevis postulated on a statistical
base based on the values of the logarithmic decreofeseveral (smaller) reinforced
concrete chimneys similar to the SCPP chimney [Reais 2005]. The upper trend line
of the statistical data corresponds to a critiahging ratio of 1.91%. The impact of
change in this coefficient on the system performeaiscinvestigated here using the
upper limit value. Conclusive characterisation @P% chimney damping could shed
more light on the applicable value for the damppagameter. Materials with higher
internal damping characteristics could alter thieeas well.

Note that in further materials investigation in sthstudy the material-based

parameter changes are decoupled in a parametiuchi of performance results.
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7.1.9 Cable support adding longitudinal stiffness

Cable stays are often used in practice as a measturstructural stabilisation.
Telecommunication masts with high aspect ratiogufé 7-1) and limited rotational base
support are provided with sufficient longitudinalpport for its realisation by the deployment
of cable stays over its elevation. Instabilitiesha SCPP chimney may be alleviated by cable
staying although its geometry is different fromet@mmunication masts due to its
extraordinary dimensions, lower aspect ratios, didx@ase support and reinforced concrete

material.

Figure 7-1. Cable stayed transmission tower aCtlyenpics stadium in Berlin [Internet 3
2007].

Modeling of cables poses computational difficultyedto their geometrically non-linear
behaviour. An introductory study to assess themitieof increasing the structural stiffness
by means of cable stays was performed [Fraser 200@&] catenary curve of the cable under
its own weight changes when forces increase dueetaling of the chimney. This cable
action was approximated with linear elastic spraugports at various positions along the
chimney height. The height of connections was iastt to make provision for the sagging
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nature of catenary cables and to effectively w@ilihe horizontal resistance they offer.
Problems of cable own weight and large force trmgb chimney shell, requiring
strengthening to prevent punching shear pulloutjegseas practical constraints. In a system
with two springs at heights of 400 and 900 meteiissaglobal vibration frequency of 0.255
Hz was calculated — a significant improvement fritra 0.1 Hz of the particular reference
case used in that study. The realisation of sucizdmtal spring resistance by cable stays,
especially at these great heights, remains touskest in detail.

Although the behaviour of cables is a highly noreér process which needs specialised
simulation in FEM software, this first approximatiof the impact of cable staying on the
chimney structural integrity indicates potentialriaating further investigation. The accurate
characterisation of cable-stayed chimney behavrearains to be completed; it was not

further investigated due to resource constraints.
7.1.10 Parabolic hyperboloid geometry

Parabolic hyperboloid geometry increases stalditgl reduces costs in structures by its
inherent geometrically based strength. The invastg into the marriage of hyperboloid
geometry with the ultra-high rise SCPP chimney dadécrease the high material volume
needed to adequately stiffen the chimney againstling and cantilever pushover, currently
brought about by way of the voluminous fin struetur

A hyperboloid concept (Figure 7-2) is set up fas tstudy based on guidelines from the
VGB [2005] and incorporated in the lower regiontbé& chimney while excluding the fin
structures. A base angle of 2016 the vertical is used diminishing t8 & a height of 400
meters. The reference case wall thickness confiiguras used in the hyperboloid concept,
decreasing linearly from 2.15 meter at 25 metevatlen to 0.3 meter at 1,000 meter
elevation, remaining constant up to the chimney #fthough a benefit of parabolic
hyperboloid geometry is the reduction of wall thmeks and material volume, enough can be
learnt from the initial implementation of this geetmcal concept that a detailed wall
thickness optimisation carriesubsequent priority (it was not further developed for this
study). Cylindrical columns of 8.87 meter diamedransfer forces in the shell structure to
foundational level, creating space for air throdighy. (The columns are modeled in FEM by
L12BE two node Bernoulli beam columns that are traised against all translation and
rotation at the foundational level node.) Circuraefdral stiffener geometry and location
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remain unchanged from that of the reference case.fGundational capacity is sufficient for
bearing of this geometrical change based on thailedions from Appendix Al1.2.

Figure 7-2. The FEM mesh for analysis of the SCRRgey incorporating parabolic
hyperboloid geometry.

7.1.11 Increased chimney diameter

The prospect of an increased chimney diameter [s@sm significant increase in energy
yield by containing a larger volume of heated aefdr to section 5.2.1); it should also
increase global cantilever bending resistancehithdonceptual change the chimney diameter

Is increased to 200 meters while all other parareetmain unchanged.
7.1.12 Number of circumferential stiffeners

The influence of the number of circumferential fstier systems on the mitigation of
local buckling modes and circumferential flexurgiesses in the system is investigated in the
current study. One stiffener is added between eaoient pair in the reference case, i.e. five
additional stiffeners. The eleven circumferentidgfener wheels (six from the reference case
and five added here) are located at heights of0Lphéters, 1,390 meters, 1,280 meters, 1,170



meters, 1,060 meters, 950 meters, 840 meters, E3€rsn 620 meters, 510 meters and 400

meters.
7.1.13 Wall thickness variation

Stiffening against local buckling modes and reduibexural stresses can be achieved by
re-configuration of the wall thickness. The prombsell thickness configuration is based on
contemporary cooling tower designs — see Figurea ~3where wall thickness rapidly
decreases from a relatively thick base to a thall stnd remains approximately constant to
the top [Harte et al. 2007]. The proposed configanain Figure 7-3b is based on a pre-
feasibility project proposal by Harte and Kratzig0Q7]. In this configuration the wall
thickness is generally thicker than the designigufe 7-3a but tapers down to a value of
around 0.40 meters in the upper parts of the chymhes assumed that the inner diameter

remains constant over height.
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Figure 7-3. a) Dimensions and wall thickness ofa.2 meter tall cooling tower [Harte et al.
2007]. b) The reference case (blue dashed linejl@ahvestigated wall thickness (red solid

line) configurations.
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7.1.14 External damping devices

Resonant structural response in structures dugrtandic effects can be damped utilising
external damping devices and vibration controlshsas tuned mass dampers and sloshing
liquid dampers. Several of these control deviceseevisplemented in practice successfully
reducing undesirable vibration levels [Datta 2003].

This performance evaluation does not further enghgecomplex technical field of
external damping due to resource constraints batitgtively identifies it as a possible

measure in mitigating resonant response in the SCPP
7.1.15 Wind-structure interaction manipulation

The surface roughness of a structure has a signtfianfluence on the flow
characteristics around its cross section; the sneodhe surface the higher suction (negative
pressure) [VGB 2005]. Wind tunnel experiments oe 8ICPP chimney confirmed this
coefficient to decrease to as low as -3.0 [Harté ®an Zijl 2007]. The manipulation or
mitigation of these high suction forces could haimificant implications for realising SCPP
chimney structural integrity.

Saguaro cacti are natural, tall cylinders that gahehave high slenderness ratios of up
to 18.75 (see Figure 7-4a); still, they endure wiodis with Reynolds numbers (Re) of up to
1.1@ placing it in the trans-critical flow regime alamide the SCPP chimney. The root to soil
interface determines the load bearing capacity®&guaro because toppled Saguaros usually
are found uprooted rather than broken at the tritskability to mitigate wind loading is
believed to lie in its ribbed surface geometry [@&iib 2006, Talley and Mungal 2002] — see
Figure 7-4b. Note that these ribs are not to béusaa with cooling tower ribs.

The Saguaro geometry was simulated experimentallyraimerically as a multiple rib
configuration to study its effect on wind-structungéeraction [Alberti 2006]. The research
yielded important results for the SCPP chimneyreg®rted in Van Dyk et al. [2006]; note
that the Saguaro geometry has potential mitigatpaication on a range of failure modes:

The drag coefficiefit (Co) of smooth surfaced cylindrical shapes is generkiver
(approximately 0.55) than those of the ribbed shaf@pproximately 0.8) at the high Re

" The drag coefficient is a dimensionless quantiit tlescribes a characteristic amount of aerodyndnaig caused by
fluid flow. Cross sectional shape has a significeffeéct on the drag coefficient.
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present in SCPP chimneys. This observation is egpb determine the overturning moment
during dynamic response calculations (refer to Ayipe C, equation C2).

Figure 7-4. a) A forest of Saguaro cacti [Interd@008]. b) a cactus depicting cavities on

the circumference [Talley and Mungal 2002].

The smooth surfaces display a sudden decreasg fro@ 0.85 to 0.40 at the “critical”
Re. The decrease in drag coefficient could augralemg-wind velocity fluctuations causing
along-wind dynamic response. Recent experimensallteshow that ribbed surfaces portray
no decrease ingover a wide Re range, including the critical rafesmooth cylinders of
the same global geometry, showing that the Sagugeometry circumvents this
augmentation.

The roughness of the surface area shifts the sudielenrease in g£toward the left, i.e. at
increased surface roughness the sudden decreases atclower Re. This decreases the
critical Re, moving further away from the generdligh SCPP chimney Re.

Slight imperfections along the surface area, aslvays evident in actual constructions,
cause localised peaks in pressure coefficients #2® to -2.5 on the outside wall of the
chimney as is portrayed in Figure 7-5a. These bmgfficient peaks are almost completely
mitigated [Alberti 2006] by the introduction of bbd surfaces with new coefficients of
larger than -0.8 (see Figure 7-5b).

Furthermore, it is postulated that the absencenefen vortex shedding (refer to the third
point under section 5.3.1 and to section 7.1.4héntrans-critical flow regime eliminates the
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threat of cross-wind oscillation [Alberti 2006]. iShis due to the presence of a turbulent
boundary layer around the circumference of the SCRifhney at the encountered Re
numbers. The confirmation of this postulation wourttply the non-occurrence of alternate

vortex shedding and, hence, no across wind res@xaitation.
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Figure 7-5. External pressure coefficients at uasiwind velocities for a) smooth cylinders
and b) ribbed cylinders [Alberti 2006].

The circumferential pressure coefficient distribatiused to investigate the impact of
Saguaro geometry, based on Figure 7-5b, is depioté&igure 7-6 — the orange line. (Note
that the net pressure coefficients are portrayeeixternal pressur@nd internal suction
pressure; hence the orange line value of 1.8 (ymégsure plus internal suction) at zero
degrees.) The internal suction coefficient underimternal flow of -0.8 applies (refer to
Appendix B, Figure B-3). Note that the referencgecased the load case where internal flow
occurs due to its large suction coefficients (ApprrB, Figure B-2). The “no internal flow”
data is the only Saguaro geometry measurements. miadse are subsequently applied in
the Saguaro geometry alternative. Future researaobt rdetermine the circumferential
pressure coefficients for the Saguaro geomeitly internal flow.

The Saguaro based geometries investigated by Al2806] consisted of 45 and 90
spikes each protruding radially up to a length 4%lof the cylinder radius. The simulation
of Saguaro geometry in this dissertation considleeslower limit case where the cactus
geometry plays no structural role. The non-strdt@aguaro geometry serves as a lower

limit from a cost and structural integrity perspeet This is incorporated into the extreme



wind load applied during buckling analysis (referAppendix C, section C1) by means of a
multiplication factor of 1.14 based on the enlarghinney frontal area (14% radius increase
= 14% area diameter increase). The width paraméteise dynamic response calculations
(refer to Appendix C, section C2) are set to 16@emsex 1.14 = 182.4 meters. Note: this area
factor is not applied to the fin stiffeners as tladeady present a type of wind manipulating

geometry.

‘— Smooth cylinder with vertical flow of 3 m/s — Saguaro geometry

Net pressure coefficient, Cp

0 30 60 90 120 150 180
Position on circumference [degrees]

Figure 7-6. Net circumferential pressure distridutvithout and with incorporation of

Saguaro geometry.
7.1.16 Directional design

Wind generally prevails in specific directions. g 6-4 in section 6.3.6 displays a
visualisation of wind prevalence, wind speed anddnialms (when no or nearly no wind
blows). Statistical processing of this data overesal years provides an indication of the
long-term wind prevalence.

Design winds are typically based on the extremedvaondition overall directions and
structures are accordingly designed rotationallynsetric [Niemann 2007]. In nature,
however, trees react only to extremied in specific directions: trees tilted by thendj even

if only slightly moved from a vertical orientatioproduce modified cells along the bole
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called “reaction wood” [Chaney 2001], in the futlnetter resisting winds in these directions.
This phenomenon suggests that the chimney strucamebe designed and constructed
asymmetrically in response to directional variaiiotoading thus decreasing costs. Figure 7-
7 illustrates this concept with the left most crassction requiring adequate resistance
(tension reinforcement and compressive concretéosgcagainst the extreme wind (red

arrow) while the cross section in the center depibe same structure but under a smaller
load from the opposite direction (blue arrow) reong less tension reinforcement and a
smaller compressive concrete section. The two suprdvide the cross section on the right
of the figure, portraying circumferentially varyirggoss sectional reinforcement and wall

thickness, saving on material volume in the cressien.

“irsnseaanant?

Figure 7-7. An example of directional design.

An investigation must be performed to determinewi®d statistics for directionality up
to 1,500 meters and the feasibility of this desapproach to decrease material volume
(hence, capital cost) while not compromising suitadt performance. This aspect was not

further investigated due to resource constraints.
7.1.17 Increased chimney height

The increase of chimney height predicts increasedgy yield (refer to section 5.2.1 for
SCPP operating principles). The chimney heighh@dased with 220 meters up to 1,720
meters in order to determine corresponding systerfopmance trends.

The calculations for determining the appropriatearge in wall thickness is not
performed since it carries secondary priority ® éipproval of conceptual increased chimney
height (refer to section 7.2.10). The current itigagion assumes a constant shell thickness
in the added chimney shell of 0.3 meters with thall whicknesses in lower regions



remaining unchanged. One additional circumferestiffiener is deployed at the 1,720 meter
elevation, i.e. at the chimney tip.

7.1.18 Terrain surface roughness

The terrain surface roughness characteristic isstigated here in order to portray the
impact of optimal site choice on the structuraffpenance. A surface roughness coefficlent
of zo = 0.01 is chosen (refer to Appendix B to see wizgrapplies to the wind model — the
reference case uses=z0.02). The realisation of this surface roughreesfficient may entalil
not only the choice of optimal surfaced construttgte, but also the manipulation of
upstrearf{ surface characteristics (bear in mind the preseheelarge, flat, smooth surfaced
collector upstream from the chimney). Furthermalisgctional wind statistics may indicate
extreme loading limited to one radial region in gfhicase a site downstream in this radial
direction with a low surface roughness region cduddidentified. Figure 7-8 indicates the
decrease of the reference peak wind velocity mofile to the less rough terrain (the

reference case uses=02.02).
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Figure 7-8. Decrease in wind velocity profile doddwer surface roughness.

" The surface roughness length defines the heighhih the wind profile extrapolates to a zero wamsted gradient; it
is a function of the height of roughness elemefhta®surface [Tyson and Preston-Whyte 2000].

Y Wind profiles require constant upstream terraiarahteristics as far as one kilometer (and eveifohkters for cities)
to fully develop [JCSS 2001].
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The alternatives are now (semi-) quantified andlydar the next RIM step, i.e. evaluation.
Evaluation criteria are stipulated in the next mecin accordance with requirements set forward
by the board.

7.2 Evaluation model and choice of criteria

The appropriate choice of criteria as evaluatioririmeén the RIM is critical to set up an
evaluation model that is representative of thdoaiit governing elements of the (first iteration
reference case) concept. Radical innovation isnofteeasured with the same criteria and
expectations used to assess incremental innovaeanjng to a warped basis for decision-
making (refer to section 2.5.2). Where the evatuatnodel of incremental innovation evaluates
performance in terms of standard limit state equisti radical innovation requires a more
accommodating model in case technologies from riiffe fields, with differing governing
parameters and equations, are presented. Decihiwimg) radical innovation should be based on
the envisaged benefits of the preferred state dbpeance of the technology and the potential
resulting market size.

This section provides background on the choiceitér@a. It subsequently re-articulates user

requirements and interprets them in terms of catapplicable to the SCPP chimney.
7.2.1 Background on choice of criteria

RIM principles could apply to all levels of the s development phase, taking into
account that with each lower level, more detail amate certainty is required (section 1.6.1).
Similarly the set of criteria on which a systemeigaluated incorporate more detail with
increasing system depth. In the case of the SCPRnely radical innovation the
conceptualisation phase demands insight into tmeowoudings of the concept in order to
understand and improve it. This may entail compnsive investigation into technology
development but only in terms of satisfying thdesia as defined in the radical innovation
life cycle phase (Table 2-1 in section 2.5.2), ineterms of benefits of the technology to a
potential market.

Table 2-1 in section 2.5.2 is reinterpreted for 3@&PP chimney. The impact of life cycle

phase on the evaluation model follows in Table @idtinguishing between conceptual, pre-
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feasibility and feasibility considerations. Noteththe evaluation model and criteria must
remain flexible to accommodate changes in the qune¢ formulation with potentially
different behavioural phenomena and failure modes.

For computational simplicity the evaluation modebgld only involve significant and

discriminating criteria.

Table 7-1. Change of evaluation model with lifeleyghase.

Variability in chimney formulation — presented by adequate

Life cycle phase criteria choice

Significant changes in chimney concept, geometrgoafiguration
could lead to significant changes in evaluation edlahd relevant
criteria.

Radical,
conceptual

Changes in chimney concept are minimised but magurom
Pre-feasibility concurrence with a specific site in mind. Optimi@at is
parametrical rather than conceptual.

Change occurs only in the detail; in project spedifteraction with
local environment (economical, political, ecolodjcaocial and
technological) and in detail design specificatignsinforcement,
fastenings, surveying, etc.).

Feasibility

7.2.2 Re-articulation of user requirements in the choicef evaluation criteria for Solar

Chimney Power Plant chimney

The reference case was set up in response todogements of a clean, non oil-using,
cost-effective energy generation solution, as dtatesection 5.1.3. These requirements also
govern the evaluation criteria at the radical iretn phase. Relevant, representative criteria

are identified and expounded below:

Electricity cost

The SCPP chimney must be evaluated in terms oftadstfill its primary criteria —
the generation of clean, non-oil-using, cost-effecelectricity (section 5.1.3). This is

done through the levelised electricity cost metscwas introduced in section 5.3.2.
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Annual energy yield and system costs are herebyuouwed for each alternative and can
readily be compared to conventional electricitytsos

Structural integrity

The secondary SCPP chimney evaluation criteriaat ¢ containment of the
primary cost-effective electricity generating fuoagality, in accordance with the
criteria breakdown in section 2.5.2 — is represgiie the structural integrity required
to uphold the air through-flow channel.

Unlike the mature level of theoretical charactdrisa of the SCPP energy
generating performance, the insight into the SCRRmey structural integrity is not
yet as mature. Radical innovation is still necessard the chimney is evaluated in a
broadly conceptual sense where structural integuitg cost reduction require major
conceptual and configurational changes or reatisaif technology.

Codified limit state design in Structural Enginegrirequires quantification of
structural resistance to design actions. Resistandeloading factors are deployed to
accommodate reliable design. Compliance to linstsought in all — and often very
localised — parts of the system. These localiseelssts could be resisted through
adequate geometrical design (in the case of thetl skinforced concrete, added wall
thickness and reinforcement detailing) and areneoessarily indicative of the source
of failure of the innovation concept which must addressed through technology
acquisition. Governing structural behaviour is ddugnd must be indicative of the
response to root-cause of failure modes.

In the SCPP chimney global buckling and dynamicdwéxcitation sufficiently
circumscribe these modes (these structural integriteria were already hinted in the
reference case set up in section 5.2 and in theasbin of radicality in section 5.3).
Global buckling represents global instability under compressivadilng conditions.
Dynamic wind excitation presents structural response that is typicallgdathan the
static case; a quasi-static factor combined withpse static analysis provides for
dynamic structural response, in this case when38®P is subjected to dynamic
extreme along and across wind loading. The themaietormulation of these criteria is

presented in Appendix C.



Note that although codified reliability based paedens are included in the
reference case design (e.g. the 1,000 and 2,000med return period factor — refer to
Appendix B), reliability based design methods, tinabrporate the material stress and
load statistics mentioned earlier in this sectiarg at this stage not implemented as
structural performance measures. Reliability badesign methods entail the set up of
limit state equation®or each failure mode for each conceptual variation, as well as the
gathering of statistical information of limit statariables. This procedure is resource
intensive and is, hence, not considered at thgesth SCPP chimney innovation where
the investigation of several concepts is commormgplddeoretical uncertainty (section
5.3.1) can also be described through reliabilityasuges (reliability increases with an
increase in theoretical insight). As soon as a aeynconcept is fixed reliability
methods should be applied to gain insight on furtbehnological acquisition required

to realise a reliable chimney design.

Constructability

At this radical innovation stage of the chimney @lepment its constructability —
whether it is possible to realise the structurgeirms of construction capability and
logistical feasibility — could be the factor govenyp project success. Examples of
constructability challenges concern the elevatiowtach upper elevation phases of the
construction takes place, e.g. a construction dtyabb pump concrete to 1,000+
meter heights is required while the climate at @,B@eter elevation may have adverse
implications on concrete strength performance agdtical support of construction.

Due to constraints in resources this presumabligcalicriterion is not further
investigated in this study. Further reference is #spect can be found in a study by
Lorek [2007]; the feasibility of constructing theCBP from the perspectives of
construction techniques and availability of builglimaterials was looked into. Future

research on the SCPP must further consider thisadraspect.

Multi-criteria approach

Multi-criteria decision-making (MCDM) methods whefgriefly mentioned in

Section 2.5.3 as a way of gaining critical ovenadirspective on complex system
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performance in terms of various criteria. Its apgion on the current radical
innovation of the SCPP chimney is, however, compler to correlations between
criteria — orthogonality between criteria is regdir As an example, consider standard
design circumstances where a structural improvernsempresented by associated cost
decrease. With the current stage of SCPP chimneyelg@ment significant
uncertainties over its structural integrity govedecision-making and a mere
representation in cost criterion is not conclusfee focused decision-making. The
allocation of MCDM weighting factors to each criter as a measure of its criticality to
overall system performance would at this stagerbirary; hence, criteria are (treated

as being) decoupled in this dissertation.

7.3System performance evaluation

With the required analyses performed and data gadhfer all alternatives, their impacts on
the system performance are now determined, relativihe specified criteria. The structural
evaluation model is presented in Appendix C. Thst coodel is presented in Appendix D.
Information on the SCPP energy yield model is presg in Appendix E. Technological
augmenting and introduction are incorporated in thference case models to investigate
technological performance, thus forming the varialisrnatives. Some alternatives could not be
incorporated in the simulations. These cases atedsexplicitly.

Individual results of the impact of the alternativen the evaluation models are presented in
Appendix G, section G2. Aggregated results arenteddn Appendix G, section G3, in Tables
G-25 and G-26. The impacts are related to theittipaghg between the reference case and the
ideal result values stated in section 5.3.1. A z&toe represents 0% improvement and a 1.00
value represents the realisation of the ideal t€40I0% improvement), with linear variation in
between. Values are normalised and presented ar twda positive outcome to imply a positive
implication for system performance. Visual repreéaton charts, facilitating discussion of the
LEC, buckling and dynamic response criteria, follomthis section. A comparative perspective
between criteria provides perspective on theiraality to the SCPP technology endeavour. This
in turn is followed by a vector based visualisatagpproach providing insight into technological
performance growth.

This discussion of the technology performance tesid an integral stage during any

innovation for identifying developmental potentighps and shortcomings. Some technologies
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excel and should receive more resources for paledgvelopment up to the augmented or
introduced performance. Other technological fundliies are not fully developed; resources
could be allocated to develop these functionalitigs to maturity before more conclusive
judgement of its contribution to system performanae be made. Other technologies fall short
of sufficient performance levels and acquisitionfafctionality must focus on its resolution.
Each chart is now discussed.

Note that the lower and upper limits and quantigstimations are not represented in the
graphs in this section. Thus, some technologiegappot to impact performance at all. The

graph must therefore be judged in consultation Wihle G-25.
7.3.1 Levelised Electricity Cost performance chart

The LEC performance chart (Figure 7-9, based oa fitatn Table G-26 in Appendix G,
section G3) reveals the parabolic hyperboloid gepmi® significantly reduce costs from
R8.648/kWh to R3.756/kWh; this covers 64% of thedesl improvement to reach LEC
ideality’. The increase in chimney height provides significincreased energy yield at
relatively low cost increase to cover 15% of thealddecrease in LEC. Other notable cost
reductions are the wall thickness re-configura{e#) and the flaring chimney exit (3%).

High material costs cause development on matetésdtie modulus to score poorly,
implying an adverse impact on the chimney cost.e¥al density reduction and inherent
damping (currently at 0% representing lower linusts) could further increase costs.

Note that some theoretical uncertainties (wind ei&oextrapolation model and terrain
surface roughness) do not perform on this chaatland was consequently not represented,;
although they may indirectly reduce structural spsfor example by improved
characterisation of conservative loading assumpfiotimeir LEC performance is not

measurable at this early stage of the radical iatiom.

¥ One would think that such a large cost reductiooutd have been incorporated in the reference dés, however,
that the reference case was set up withbtse knowledge available; by implication this cost reducing technology was
not yet enjoying sufficient priority to justify iteicorporation in the reference case. This illussahow the systems
approach facilitates the comprehensive identifisatf opportunities for development during the catlinnovation.
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Figure 7-9. Normalised LEC performance for varialisrnatives.

7.3.2 Buckling performance chart

The buckling performance chart (Figure 7-10, baseddata from Table G-26 in
Appendix G, section G3) reveals several technotogirat score well in this metric. Wall
thickness re-configuration performs the best at G8%he ideal improvement, the material
elastic modulus increase doubles the reference @ésmal buckling factor to 48% of the
required improvement, the added circumferentidfiesters contribute 32% improvement and
the wind velocity extrapolation model 31%. Terraarface roughness and the Saguaro
geometry contributes a potential 12% and 9% (lovwemit), respectively. Note: these
technologies in combination could mitigate buckloampletely.

The flaring chimney geometry, increased chimneynéier and different circumferential
stiffener concept have adverse impact on performabyg -28%, -15% and -13%,
respectively. Note that the material density, imdérdamping and parabolic hyperboloid

geometry do not contribute to the buckling perfance
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Figure 7-10. Normalised buckling performance farnaas alternatives.
7.3.3 Dynamic response performance chart

The dynamic response performance chart (Figure, bdded on data from Table G-26 in
Appendix G, section G3) reveals several technokthat improve the dynamic respofiiae
exceeding the ideal requirement. Material elastic modulustdbutes more than four and a
half times the required 100% for ideality, terragumrface roughness contributes more than
three times, increased chimney diameter and windcitg extrapolation contributes just
below four times, internal damping contributes mtiren double and material density one
and a half times.

This criterion is also functional in portraying a&ise impact on dynamic structural
response. Two technologies would, if they are immgeted in their current formulation,
expose the system to critical adverse dynamic respd.e. wall thickness configuration and
increase in chimney height. These both score patuby to their proximity to critical wind
velocities with consequent lock-in behaviour. Nthtat the implementation of the cross wind
force spectrum mitigates the adverse dynamic respam the increased chimney height
alternative by almost three times. The parabolipéngoloid technology also portrays
adverse impact.
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Figure 7-11. Normalised dynamic response performémicvarious alternatives.
7.3.4 Relative performance and contradictions

A systems perspective on technological impact -p&dormance in several governing
criteria — provides a framework from which techrgyal trade-off can be managed toward
realising an optimal SCPP chimney system. With s$pecific gaps and contradictions
identified, technologies can be acquired to fulfiie required functionalities. For example,
external damping or cable staying mechanisms campkemented against adverse dynamic
response in wall thickness configuration (negaimwpact of this technology) in order to
utilise the positive elements in the impact of tbéxhnology. Note that a thoroughly
implemented MCDM approach would compact the ch@ntsections 7.3.1-3) that is set up
for the decoupled criteria into one comprehensikartcwhich may serve communicating
RIM findings better.

The criteria are compared by visual means in Figui2. Note that dynamic response is
not included for better visualisation of the oth@ro criteria, because its impacts are
significantly larger (in terms of percentage) thiha other two criteria. From the figure it is
clear that LEC contribute less improvement (in t®rof the respective technologies) than

buckling — four technologies score well in the dirgk criterion while only one scores well
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in the LEC criterion. R&D allocation toward mitigay buckling may contribute more
successful technologies than to further LEC reductNote, however, that the significant
LEC reduction of parabolic hyperboloid contributsgnificantly to the SCPP system

feasibility as a cost-effective energy generateohhology.
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Figure 7-12. Combination of the LEC and bucklingrth to provide a perspective on overall

performance.

Another aspect deduced from Figure 7-12 is theradidtions (or correlations) in the
impact of individual technologies on the variougerra, e.g. the wind velocity extrapolation
decreases the wind action resulting in positiveaatn both buckling and response criteria
(refer to Figure 7-11 for response results). Theeesk response to the buckling criterion of
the flaring geometry could be off-set by a sliglgQ.increase. The circumferential stiffener
concept has little impact on cost but significampact on buckling behaviour. Material
elastic modulus scores well in the buckling andasgit response criterion, but results in an
increase in LEC. Material density and internal dangpnitigates adverse dynamic response,
but does not score in the other criteria. The pamakhyperboloid scores well in LEC
reduction with (relative) adverse response to tfrgacthic response criterion. The increased

chimney diameter mitigates dynamic response, bth wilverse impact on buckling. The
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number of circumferential stiffeners increases fingkmitigation with little effect on other
criteria. The wall thickness re-configuration scokeell in buckling mitigation but fails in
dynamic response. The Saguaro geometry has pofiier limit) impact on buckling and
response, with small (lower limit) impact on LEChe increased chimney height scores well
in LEC reduction but fails in dynamic response. r@igr surface roughness decreases the
wind load with consequent positive impact on budkland dynamic response.

7.3.5 Technology growth

Technology performance trends are not evident énpifevious charts. Representation in
Figures 7-13, 7-14 and 7-15 provides a vector apprddeveloped in this study) where the
measure of improvement on performance as well @satk of improvement relative to other
improvements — and ideal improvement — are porttagreus providing more information on
technological potential. These graphs portray linteahnology performance change, based
on the position of one performance data point inedato the reference data point (0;0).
Further data points could provide important infotima about the linearity/non-linearity of
technological performance trends. Note that theeuppght quadrant represents the
“favourable” region for technological performance.

Buckling portrayed against LEC performance in Fegguf-13 yields the following
interesting insights. Parabolic hyperboloid geomatrd chimney height increase, as well as
wall thickness re-configuration and material elasthodulus, yield growth toward the
favourable quadrant. No technologies do, howevaniribute diagonally in the direction of
the ideal result. They contribute either in the onén the other criteria and therefore remain
on the periphery of the favourable quadrant.

Dynamic response portrayed against LEC performaméegure 7-14 also yields a few
technologies on the perimeter of the favourabledcpra (material elastic modulus, terrain
surface roughness, increased chimney diameter arwglocity extrapolation), but with no
impact on LEC performance. Material elastic modublrsd the parabolic hyperboloid
geometry diverge from the favourable quadrant. Wadl thickness re-configuration and
increased chimney height, drive technology perfaroean the opposite direction of positive
impact (in terms of response), with the implemeataiof the smaller cross wind force
spectral value decreasing the adverse dynamic mespm the increased chimney height

alternative by almost three times.
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Figure 7-14. Vector approach portraying technolggywth: dynamic response against LEC.

Buckling portrayed against dynamic response petéoige in Figure 7-15 yields a few
technologies in the favourable quadrant due to dbeelation between their structural
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functions. Material elastic modulus, wind velocigxtrapolation and terrain surface
roughness score well in the response criterionnaoderate in the buckling criterion thereby
moving toward the ideal result. The number of améerential stiffeners and Saguaro
geometry portray moderate growth toward the idesdult. The wall thickness re-
configuration and increased chimney height agairirgy adverse growth (in terms of the
currently discussed criteria). The implementatidrthee smaller cross wind force spectral
value could decrease the adverse dynamic respaondei increased chimney height

alternative by almost three times.
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Figure 7-15. Vector approach portraying technolggywth: buckling against dynamic

response.

The vector visualisation approach could providedvetisualisation (for this case, where
there are only three performance measurementiajite€all dimensions could be represented
simultaneously in a three dimensional represemtatibhe more dimensions presented

(efficiently), the more information can be conveyeda single glance.
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7.4ldentification of critical technologies

Core technologies are distinguished from those tiaae less potential impact on system
performance; non-contributing technologies areerfidtd out. Several conclusions can be made
from the results, pointing toward specific techmgi¢s of potential critical influence. There are
several technologies that do not yield satisfactongyrovement to justify resource expenditure to
develop and implement them. Others show signifidcanéxtremely significant improvement.
The next paragraphs identify these technologies.

The most significant technology improvement in terof cost reduction is the incorporation
of parabolic hyperboloid geometry in the systeme Targe cost reduction lower limit and
relatively small impact on structural performanoso(lerate adverse dynamic response) weighs
heavy in favour of this technology incorporation.

Four technologies are distinguishable on the grewfdheir contribution to mitigating low
buckling modes. The wall thickness re-configuratimay prove critical if adverse dynamic
response can be mitigated. Material elastic moditysrovement has significant impact on
structural integrity with moderate adverse cost aotp The better characterisation of wind
turbulence model displays positive structural imipaith no implications for the LEC. Finally,
the implementation of more circumferential stiffesyecoupled with the realisation of its concept
may improve buckling performance.

There are several technological alternatives mgetia ideal requirements when concerning
the dynamic response. This criterion proves to d#dyf straight-forward to accommodate in
design and it does not require critical R&D towahimney realisation. Still, it is noteworthy to
identify the wind extrapolation and material elastodulus as portraying significant impact,
with the chimney diameter and the terrain surfamgghness also showing favourable results.
Wall thickness re-configuration and increased claynimeight yield adverse dynamic response.

Several technologies remain insufficiently chamasesl. Cable stiffening and external
damping devices promise potential alleviation ohayic resonant modes at a relatively small
cost increase and no impact on the energy yieldirdctionally designed structure that promises
a structure intelligently designed to circumferaltyi adapt to local weather prevalence could

further decrease costs.
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7.5Concluding discussion

This chapter formulated conceptual technologictdrahtives and stipulated the criteria on

which their impact on system performance was asdeg§erformance results were calculated for

comparison and identification of critical technaksy The core technology priorities, based on

their impact on system performance, are summairséus section. The chapter concludes with

a brief summary of the results and a discussidh@Mmodels used in RIM applications, based on

experience gained from its application on the SCiiRney.

7.5.1 Technologies for consideration during further Radi@l Innovation Methodology

phases

Without having yet performed the phase of the RIMere technology maturity and

growth potential is determined, the following paintan be made from the system

performance evaluation results.

Five technologies are distinguished on the grouwmdistheir impact on system

performance. These are:

the parabolic hyperboloid geometry,

wall thickness re-configuration,

material elastic modulus,

the more accurate characterisation of the wincagwtation model and

the number of circumferential stiffeners.

The under characterised technologies (cable stiffgrexternal damping and the notion

of directional wind based detail design) could gigantly impact the chimney performance.

The results of the vector based visualisation prthat the technologies are seldom

successful in satisfying all criteria or to engape most favourable criteria quadrants.

Further conceptualisation must aim to solve theregirctions identified in the vector based

representation in order to move technological agneent into the favourable sectors.

7.5.2 Discussion of model, data quality and visualisation

The representation of reality through a model dostanherent loss of information

through simplification, shortcomings, uncertaintesd assumptions. The model must be

representative within reasonable resource deploym@ntical failure modes must be
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represented. The more resources that are deplbgethore insight and characterisation of
the radical problem is gained; with possible consefjal improvement in results.

Although a model must represent and accommodataaay as possible of the failure
modes, the most important aspect of systems basexptualisation/design — and model set
up — is the comprehensive approach toward improthegwareness and understanding by
the decision maker of all aspects of the systemg &meir impacts on various
criteria/perspectives. This is not always quanéible but may remain qualitative.

Comprehensive data quantifyirajl aspects of the system behaviour will seldom be
acquired. This can be subdivided in two areas.

Firstly, the data itself may be unavailable or equite and only additional, focussed
resource allocation may generate the necessaryagtald significant, quantitative answers
in the evaluation process. As data is acquiredemerated it can simply be imported in the
current evaluation model; the model can be revisectheeded in order to form a better
representation of actual impact of technologieshensystem.

Secondly, simplifying assumptions in modeling calitéds carry an inherent loss of data
— complex theory cannot be readily incorporatetbliust models. It is of critical importance
that the user of the model @&vare of the shortcomings of the model and interpretsilte
accordingly.

Further, note that technologies that are not qgfiedt(external damping, cable staying

and directional design) are excluded from thisespntation.

Efficient visualisation methods

Numerous alternate visualisation methods existaiovey information. The ones
considered most appropriate for the SCPP spedifivadre used here. Others may be

more appropriate for other RIM applications, andudtt be sought out and tailored.

The next chapter reports the technology assesspneoéss of the technologies determined as
critical in this chapter. This entails the charastgion, classification, trend identification and
determination of R&D risk of the technologies idéat according to the guidelines specified in

section 4.1.4.
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CHAPTER 8

TECHNOLOGY ASSESSMENT,
TREND IDENTIFICATION
AND RESEARCH AND
DEVELOPMENT RISK OF
CRITICAL SCPP CHIMNEY
TECHNOLOGIES

In the previous RIM phases the SCPP chimney referease was broken down to its essential
technologies through functional allocation, failunede identification and technology scan. These
technologies were explored in sufficient detail asubsequently evaluated to determine their
potential impact on SCPP chimney system performaActew technologies emerged as critical
toward achieving radical improvement of chimneytsysperformance.

This phase of the RIM provides approaches and tmol®iandling the functional uncertainties
identified in the technology identification phase.incremental innovation codified procedure and
field theory provide sufficient insight for the ddagpment process; radical innovation does not have
this luxury — the uncertainties are functional iature and not parametrical. The current chapter
furthers the RIM with the assessment of technokbgien characterisation, classification and trend
identification steps — to better grasp the charesties and maturity (i.e. growth potential) of
technologies in the system. This leads to knowledfethe potential benefit of technology
improvement to the system performance. Expert ippoxides the technology manager with cutting

edge technology trend information. R&D risk is detmed for each technology alternative.

8.1 Characterisation of technologies

The technology characteristics frameworks descrthe inherent characteristics of
technologies (section 3.3). The previous chaptevides an evaluation of the technologies from
a physical performance perspective; and the velstmed visualisation aids the technology

manager to determine what performance is requnad & technology to satisfy the user defined
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criteria. The current section describes the tedwiet in terms of their inherent characteristics in
order for the technology manager to know which pgegions and acquisitions in technology
would aid the system.

Table 8-1 displays the information of the charastes for all identified system
technologies in terms of the basic feature charaties stipulated by the STA (section 3.3). The
table deals first with the identified core techrgés, then with the under-characterised

technologies and concludes with the technologiasulere determined to perform poorly during

system performance evaluation in Chapter 7.

Table 8-1. Framework of Basic Features for the S€iHiRney.

Characteris- . Principle of Fitin . .
. Function . Performance Structure system Material Size
tic operation .
hierarchy
Five top technologies
Parabolic Inherent Doubly curved Refer to section Positioned in Chimney Reinforced Order of
hyperboloid ~ geometrical shape displays 7.1.10. Large region requiring  tube-> concrete, i.e. 100 m
geometry stabilisation; inherent success through  stability; cooling structural compression  (diameter)
transfer of stabilisation this concept. Note: tower shape of integrity > and tension
forces to properties; no specific sufficient longitudinal  resistant
foundation economically concept thickness to resist  stiffening composite;
efficient use of optimisation was  buckling, quasi buckling
material done static loads and resistant
contain
reinforcement
Wall Stabilisation of Design against Refer to section Chimney shell Chimney Reinforced Wall
thickness geometry while geometry related  7.1.13. Note: No  thickness tube-> concrete; i.e.  thickness
re- e_tdhering toall localised an_d spepific concept configuration _struct_ural compres_sion of between
configura- limit state global buckling optimisation was integrity > and tension 0.18 and
: criteria; modes; leaving done circumferenti resistant 1.95m
tion containment of enough space for al stiffening  composite;
reinforcement  reinforcement buckling
containment resistant
Material Governs Improvement of Refer to section Material Chimney Reinforced Micro
elastic structural tendency of 7.1.8. Note: No characteristic tube-> concrete; material
modulus stiffness concrete to deform specific concept determining stress- structural could be structure
elastically under optimisation done; strain behaviour integrity > another
loading. the maximum as improved (higher
found in literature material elasticity)
chosen characteristic material
Wind Describes Mathematical Lack of sufficient ~ Wind based action Fundamental N/a; air-based Macro-
velocity gusting inthe  formulation based measurement determining theory turbulence, scale
extrapola- thunderst'orm on statistical data methods/resource design loads and fluid o turbulence
tion model related wind hinders accurate  structural response dynamics in model in
quantification of meteorology  adiabatic
thunderstorm gusts boundary
layer
Number of Added Cables in tension  Typically Schlaich/Kratzig Chimney Presumably Cross sect'l
circumferen  Stabilisation when shell diminishes cable-stiffening tube-> structural area
-tial again‘st experience _ deformation by concept _structgral steel or _ depends on
stiffeners buck_llng and externa! suction;  one order. mtegnty% _ carbon fibre forces; _
ovalling, more stiffeners = circumferenti spans chim
circumferential more stability al stiffening inner area,
stiffening max length
of 160 /
200 m
Insufficiently investigated technologies
Cable Stabilisation Tensile resistant  Great success in  Set of cables Chimney Mild or high Cables
support against material connected telecom towers designed to tube-> strength steel, spanning
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adding buckling and to shell upper and other slender provide necessary structural polyester or between
lateral resonant regions, fastened  structures; lateral stiffening integrity > synthetic 680 and
stiffness response at zero level, investigation to lateral fibres 1273 m;
providing SCPP chimney stiffening significant
additional support indicates potential thickness
External Mitigation of Inertia of great Although Several concepts  Chimney Many Percentage
damping resonant mass is balanced increasing use in  exist: Tuned Mass  tube—> concepts exist - of vibrating
devices vibrations by comparatively  high-rise Dampers consists  structural utilising fluids  mass; 2-4%
lightweight buildings, of counterweight  integrity > and solids in wind
structural applicability to mass mounted external turbines
component SCPP chimney using massive damping [Faber]
remains uncertain  spring coils or
hydraulic dampers
Directional Optimise Use statistical N/a Optimisation of Chimney N/a Design
design design to wind directional shell, transfer tube-> approach
reduce costs data for radial section and structural applies
state limit design foundational integrity > over full
geometry directional scale of
design chimney,
also
foundation
Low scoring technologies
. I Fitin
Characteris Function Prmmp_le of Performance  Structure system Material Size
tic operatlon .
hierarchy
Wind Investigate load Use statistical Robust Definition of load  Fundamental N/a Design
direction cases due to wind directional investigation by cases theory approach
variations dirgct@ona}l data to set up load _Rot_Jsseau [2005] applies
Py variation in cases indicates over full
. wind profile excitation of scale of
chl_mney over height higher SCPP chimney
height global vibration
modes.
Applicabil- Investigate Perform non-linear N/a Definition of Fundamental N/a Design
ity of applicability of  buckling analyses critical buckling theory approach
prescribed critice_1| ?np_orporating load factor applies
critical buckling factor initial over full
. on SCPP displacement and scale of
buckling chimney imperfections to chimney
factor translate to linear
elastic condition
Cross wind Characterisa- Characterisation of Refer to section Wind based action Fundamental N/a Size of
force tion of cross cross wind force  7.1.4. determining quasi theory structure
spectrum wind spectral spectral values static design loads
values exerted on
corresponding  structures due to
to natural lateral air
frequency movement
Flaring of Decrease exit Flaring enlarges Energy yield Quadratic Chimney Reference Doubling
chimney pressure losses inner area close to increases slightly  enlargement of tube-> case materials of exit area
exit chimney e_xit gnd but st_emi—localised area chosen with optimal
geometry reduces kinetic byckl!ng lowers wall thickness as  airflow
energy loss significantly for reference case channeb>
flaring
Chimney Reduction of Smoothening of Change in energy  Surface frictionis  Chimney Specified Chimney
inner inner surface inner surface to yield is negligible  decreased by some tube—> friction surface
surface friction losses reduce friction surface treatment optimal surface
treatment losses by surface airflow treatment
treatment channeb>
surface
friction
Circumfe- Decrease in Decreasing Exact values n/fa.  Assumed concept: Chimney Presumably Cross
rential circumferential  concept solidity Typically yields half the number of tube-> structural sectional
stiffener stiffener decreases higher energy but  braces of that of  structural steel or area
concept pressure loss aerodynamic drag lower buckling the reference case integrity > carbon fibre depends on
coefficient losses values/natural implemented circumferenti forces;
through frequencies. al stiffening spans
alternative Kratzig concept chimney
concept proves to work diameter

best
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Material Decrease mass The mass Decrease in global Lower density Chimney Presumably Material
density in upper region  contribution by the natural frequency aggregate with tube-> reinforced level, with
of chimney upper region with adverse more air entrained structural concrete; macro
toward lower decreases less impact on in concrete integrity > additives or impact
natural activation of these buckling improved other material
frequencies parts to vibration;  resistance material may prove
lower density characteristic useful
through air
entrainment/ low
density aggregate
Material Decrease in Change in material Refer to section Fibres or other Chimney Concrete Material
internal dynamic matrix/substance  7.1.8. additives to tube-> variant e.g. level, with
damping structural to ach_ieve h_igher inc_rease damping _struct_ural fib_re- macro
response damping ratio ratio integrity > reinforced impact
improved concrete
material
characteristic
Increased Increase energy Larger enclosed 1% global natural Increase of Chimney Reference Order: 100
chimney output and 1 volume form frequency higher;  diameter; wall tube-> case materials — 250 m
diameter global natural larger pressure semi-localised thickness change  structural diameter
frequency differential; Larger buckling persists, over height integrity >
diameter = along wind assumed to remain longitudinal
increased cross response slightly  as for reference stiffening
sectional lower case
resistance to
bending;
Wind- Saguaro Manipulates Reduces suction ~ Saguaro geometry Chimney Membrane or  Situated
structure geometry turbulence and peak from Ge~ ribs constructed  tube-> structural from mid
interaction significantly vortex separaFion; 2510 Ge~ 1.0 from non- _ ;tructgral mfaterial eg. to upper
manipula- decreases geometry realised structural material, integrity > reinforced regions of
L circumferential  from non- e.g. membrane or manipulation concrete chimney;
tion: pressure structural or reinforced of wind- Rib radius
Saguaro distribution structural concrete structure =114 x
geometry peaks; potential interaction Dchimney
structural
resistance
Increased Increase energy Larger enclosed Increases in Elongation of Energy yield Reference 220 m
chimney output air volume and energy weighed  current chimney  increase case materials added in
height lower pressure at  with significant geometry; assume height
tower tip form decrease in global wall thickness to
larger pressure free vibration remain constant
differential frequency
between inside
and outside
Terrain Choice of Surface roughness Refer to section Wind based action Chimney Earth surface  Micro into
surface optimal site coefficient 7.1.18. determining quasi tube-> manipulation / macro level
roughness from terrain significant in wind static design and  structural Fluid
roughness extrapolation buckling loads integrity
perspective model. Optimal

terrain impacts
wind load and
turbulence

The investigation of the technological characterssbbserves aspects serving as a basis for
subsequent technology acquisition, for example, fédod that not many technologies are
primarily directed to mitigate SCPP chimney costnteptual thinking along this impetus may
yield cost mitigating technologies). Problem sofyspecifically aimed at solving contradictions
can be combined with other technological insightafgproach challenges in a fresh, lateral
manner.

The Framework of Basic Features characterisesyihe of system and possible solutions

(similar technologies identified through a taxonoahiperspective). Development for setting up
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such a taxonomical structure — reported in the segtion — could aid radical innovations such
as the SCPP chimney toward pro-actively searctongdlutions rather than having to wait for

chance and semi-structured problem solving mettmdgect R&D strategy.

8.2 Technology taxonomy

The SCPP chimney and its systems are classifieavdy of the Nine Cell Technology
Functional Classification Matrix (section 3.3.2) the hierarchy levels identified in section 6.4
(Figure 6-5) in order to sort it relative to othtechnologies for discovery or identification of
similar potentiall influential technologies.

The chimney is, at the highest level, a functiomaitity responsible for conveying
(transporting), air (matter) from the collector centre to the lower pressurne mnopospheric

layers.

8.2.1 Level 2 — foundation and chimney-to-foundation traisfer systems

The foundation system and its Level 3 functionaditstore, transport and process
transferred loads(ergy) to the substrate. The chimney-to-foundation fiemsystem and its
Level 3 and 4 functionalities facilitate initidtansport of air (matter) moving from the
collector to the chimney base. Further, it trarsflerads to the foundation. As stated in

section 6.4, this dissertation focuses on the iatiom of thechimney tube.

8.2.2 Level 2 — chimney tube system

The tube system is responsible for upholding tmeutph-flow channel, i.e. keeping the
basic tube shape without significant internal alagtons. Ittransports air (matter) through
the tube andtores, transports andprocesses incoming kinetic windenergy into mechanical
and potential energy which is dissipated througimmlag or transferred to the foundation of
the chimney and away from the system.

The tube system consists of two Level 3 subsystiidscan be classified individually:

optimal airflow channel and structural integrity.

Level 3 — optimal airflow channel

The airflow systentransports air (matter) from lower parts of the tube to upper parts

with the proposed diffuser, tube and flaring geasnptocessing the kineticenergy to be
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high at the turbine position for optimal force dre tturbine blades. Deceleration of air
before the exit minimises exit losses. The Levedydtems — flaring, surface friction,
aerodynamic shaping of flow obstructions and chiynineight increase — advance those

functionalities.

Level 3 — structural integrity

The main function of the chimney — being a cosicefht, structurally sound
prismatic shape for channelling movement of ai supported by structural technologies
and enhanced through stabilisation systems inc¢rgédis structural integrity. The Level 4
systems classifications are as follows:

Improved material characteristics, higher longithadiand circumferential structural
stiffness, geometrical stabilisation and the witrditure interaction manipulation cause
the system to absorb amdocess less of the kinetic win@nergy into deformation and
high vibration frequencies with coinciding modeshé&M functioning properly these
technologies could assist avoidance of global sirat deformation both under quasi-
static and dynamic wind loading. This could mitegair circumvent high localised
internal energy caused by strong localised defaomaand transfer internal energy into
the global structure leading to favourable globafodmation in resistance to loading
action.

The potential damping contribution of an externalging device is a temporal,
delayed reactiorenergy storage mechanism which releases the energy at the tuned
instant.

The Saguaro geometry manipulates the wind—strudnteraction to absorb and
process less of the kinetic windnergy.

Directional design optimises the structure to penfat limit state criterigrocessing

the kinetic windenergy optimally toward achieving cost reduction.

Table 8-2 displays the Nine Cell Technology FunwioClassification Matrix containing the

SCPP chimney systems up to the fourth level. ThEES€himney and its subsystems fulfil the

functions of processing and transferring load-bassetgy while transporting air-matter arriving

from the chimney-to-foundation transfer system intpper air regions. Damping systems

temporarily store energy. Chimney subsystem teduyyofunctionalities operate in four cells of
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the matrix: transporting matter and processingnsjparting and storing energy. Systems
fulfilling similar functions can be compared to S€Rhimney technologies for their potential

acquisition in the chimney system with aid fronsttechnology classification framework.

Table 8-2. Nine Cell Technology Functional Classifion Matrix classifying the SCPP
chimney systems to the fourth level. The systemsl lis indicated in brackets.

Ways of handling

Process : Transport : Store
Chimney system (1)
i Tube system (2) ,
i Chimney-to-foundation |
Matter » transfer (2) ;
i Optimal airflow channel!
3 :
S Foundation system (2)
Q Tube system (2)
}_2 Chimney-to-foundation ,
© ' |
< tsr;ansfer (2.) : » Foundation system (2) |
0 tructural integrity (3) ; ; .
4 o ' Tube system (2) : Foundation system (2
o Material improvements (4) : . | X
@ e : Chimney-to-foundation | Chimney-to-
o Ener Lateral stiffening (4) 't for (2 ' foundation t for (2
9 gy Circumferential stiffening (4) : ransfer (2) | foundation transfer (
< Manioulation of wind- 1 Structural integrity (3) ! Structural integrity (3)
puiat : + Circumferential . External damping (4)
structure interaction (4) | stiffening (4) i
Geometrical stability (4) 5 9
Wind-structure interaction
manipulation (4)
Directional design (4)
Information

8.3ldentification of trends

Trend identification is performed to determine thaturity of the SCPP chimney system and
subsystem technologies and award a rank to eaelstigated technology.

Figure 8-1 displays the life cycle stages alongaamology S-curve (as example of a typical
technology trend curve). A key for the ranks andeacription thereof is provided in Table 8-3.
Each technology for which trend identification wagrformed is briefly discussed; all
technologies are subsequently awarded ranks. Adthauthis study this procedure is performed
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by the author alone due to resource constraintgthdr research must perform more thorough
investigation of technology rankings — it suffigesllustrating the application of the RIM.

Breakthroughzone | | _Mature | Ageing
| i/ 3 ! 4
9 i e é
2 : 2K e
2 | | e
= Growing / i i
5 i 5 i s
o i i |
| | 2- | |
Emer@rg_;/f ; ;
1] = — '
Resource expenditure
Figure 8-1. Technology S-curve displaying rankings.
Table 8-3. Key for technology trend status ranks.
Rank Description
1 Research initiates technology development; miniswgdportive/parallel research
efforts.
2— Increasing R&D activity; significant strides in nf@mance improvement
2 Increasing amount of R&D; constant performance oupment
2+ Saturation of R&D effort; declining performance immpement

Additional research has little improvement on perfance
Technology becomes obsolete

The investigation is performed for the highest IES€EPP and similar chimney structures,
and on the five top technologies that emerged fribra success evaluation procedure.
Technologies that are under-characterised, but igesignificant impact on the system (cable
staying, external damping and directional desiged aindergo trend identification in order to

gain insight into their growth potential.

134



8.3.1 Solar Chimney Power Plant system

Firstly, the SCPP concept is investigated by aeyumwnf SCPP system and SCPP chimney
publications. Structural SCPP chimney performanuaracteristics are seldom quantified and
cost models for the SCPP chimney differ signifibanh literature, making it difficult to
compare concepts and identify trends. Structurighttérends are also investigated.

Number of publications over time

The number of publications on the topic of the SGRRB specifically the chimney
structure is obtained through a literature sunfegure 8-2 indicates the overall increase

in number of publications per year, both for allestific fields and structurally related

fields.
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Figure 8-2. Number of SCPP publications.

A growing trend in publications is identified whicdpart from indicating the growing

global interest in the concept, may be interpretedeaching a phase of growth (refer to

' The curves in the graphs in Chapter 8 termed “Ratythe graph legend) depict polynomial bestfirves to the data
points.
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Figure 8-1 for the life cycle phases in the tecbggl S-curve). The number of
structurally inclined publications is also increasiindicating growth in this area.

Trend in height of structures

Height, being the most representative parameteceromg structural challenges in
the SCPP chimney concept, is investigated herermg of its evolution. The history of
height records of free-standing and cable-stayechrodys, towers, masts and buildings
[Wikipedia 2 2007] are depicted in Figure 8-3. A&rtd emerges predicting a gradual
second-order increase in the height-to-year gradiete that a height of approximately
800 meters is assumed for the Burj Dubai whicloi®é¢ completed in 2008/9. Several
proposed structures indicate a further increaghisgradient with proposed heights of
1,852 meters for the Al Jabar tower, Bahrain, 1,0%0ers for a tower in Dubai, UAE,
1,022 meters for the Murjan Tower, Bahrain and 1,0ters for a tower in Madinat al-
Hareer, Kuwait [Wikipedia 2 2007].
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Figure 8-3. Extrapolation trend based on the taftean-made structures over the past

150 years.



Extrapolation of the current trend as produced igufeé 8-3 predicts that by 2050
technology could enable structures to scale heigktgeeding 1,100 meters and 1,500
meters around 2100. Note that these predictionstanagly susceptible to political and
economical endeavour, for instance, the curremadmnin the Middle East for the prestige
of show-casing the tallest structure in the wofdistained urbanization of the world
population with consequent space shortages costdmbvide powerful impetus toward
building taller structures.

The chimney concept, in terms of its structuralghei shows an overall upwards

trend over time and is awarded a growing rank offisitive curvature on Figure 8-1).

8.3.2 Parabolic hyperboloid geometry

Although the structural behaviour of doubly cunstlls is well understood, mature and
widely publicized, the mergence of parabolic hypéslil geometry with general height
requirements of chimneys, such as those neededtumah draught cooling towers, depicts a
linear growing trend over the past decades. Fi§uteshows this trend on an extrapolation of
cooling tower height chronology [Harte 2007]. Thetadpoints indicate how cooling tower
design heights, optimised in terms of structuréibbdity and economic criteria, increased
over the past century. On the basis of this tréns envisaged that cooling towers will be
constructed up to heights of almost 300 metersdsHp2

The structural and practical applicability of tkéshnology to SCPP chimney geometry is
currently under intense investigation by expertaoling tower structures and reinforced
concrete shells. If realised, this radical increaseheight may represent a significant
deviation from the linear trend — a radical leagha capability of this technology from its
projected growth.

Structural height of cooling towers, as a represterd of the performance of parabolic
hyperboloid shaped reinforced concrete structusleews a growing, linear trend over time
and is awarded a growing rank of 2 (linear on Feggul).

8.3.3 Wall thickness re-configuration

The wall thickness configuration merely requiregafic design and optimisation — no
technological performance breakthroughs are exgetttes awarded the mature rank of 3.
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Figure 8-4. A linear trend fit to cooling tower (pholic hyperboloid shaped) height

increase over time.
8.3.4 Elastic modulus

Factors affecting concrete elastic modulus

In concrete — a heterogeneous material — the vofuaeéon, density and modulus of
elasticity of the principal constituents, as wedl the characteristics of their interfacial
transition zone, determine the elastic behaviouthef composite [Mehta and Monteiro
2006].

The impact of constituents and their transition e®mn the elastic modulus are
briefly introduced. Aggregate with higher elastiodulus increases the concrete modulus
of elasticity. Aggregate size, shape, surface textugrading and mineralogical
composition influences the micro-cracking in theerface transition zone and thus affect
the shape of the stress-strain curve. The elasbiduins of the cement paste matrix is
determined by its porosity, which is in turn cofied by the water-cement ratio, air
content, mineral admixtures and degree of cemedtatipn. Capillary voids and micro-
cracks are more common in the interfacial transizone than in the paste matrix and

play an important part in determining the stresahstrelations in concrete. Several
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factors control its quality of binding with the pasi.e. water-cement ratios, mineral
admixtures, aggregate size and shape, degree eblatation, degree of hydration and
the chemical interaction between aggregate and repaste.

It is concluded that concrete elastic modulus sceptible to a range of factors, each
of which, in the light of the determined structugalin (section 7.4), could be optimised
to achieve a higher elastic modulus. Consideratioan optimal choice of construction
site, with favourable materials available on-ggeadvisable to reduce costs.

Concrete strength and elastic modulus trends

Conventional concrete is characterised as low, made@nd high-strength exhibiting
strengths of less than 20, 20 to 60 and more tRaklBa, respectively [Van Zijl 2008].
Figure 8-5 presents the view of a German coolingetoexpert on growing trends in
concrete strength [Harte 2007], predicting stresgtanging from 200 to 500 MPa.
Developments in ultra-high strength concretes pteducomposites that confirm his
view, with compressive strengths of between 200 MR@& 800 MPa, depending on the
curing conditions (reactive powder concrete (RP@jtains a high fiber volume and is

pressure and heat treated) [Mehta and Monteiro]2006
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Figure 8-5. A view on developments in concretengjtie [Harte 2007].
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Normal weight and strength concretes exhibit a relaf elasticity ranging between
21 and 34 GPa while high strength concrete hasheshealues of 47 GPa [Mehta and
Monteiro 2006]. Literature reports elastic moduwadues of 60 GPa for RPC (200 MPa
strength) and values up to 70 GPa for slurry-irdittd-fibered concrete (SIFCON —
concrete containing 4-20% steel fiber content). Mathematical formulation for
strength—elastic modulus curves exist for ultrdahigerformance concretes but
Suksawang et al. [2006] determines the “Gardnernhfdation to be the best fit to high
performance concrete experimental data. Figuree8t@&polates the Gardner data with a
power curve and compares it with data points foCRiad SIFCON. This investigation,
however not directly applicable to ultra-high stg#n concretes, indicates a positive
growth trend in elastic moduli toward values exaegdhe augmented elastic modulus of
60 GPa (section 7.2.8).
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Concrete elasticity modulus [GPa]

Concrete compressive strength [MPa]

Figure 8-6. An extrapolation of the Gardner-forntigia indicates a potential trend in

future elastic moduli growth.

Current level of maturity

The physical limit of the elastic modulus of coneres difficult to determine due to
its composite nature. The current level of matuofyconcrete elastic modulus is a

function of development of its constituents andrtheerrelation; there is no easy way to
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measure something that has such aggregate, urivegspcations [Wunderlich and
Khalil 2004]. Figure 8-6 suggests a period of gtolying ahead for concrete technology.
Furthermore, technology replacement theory (redeBéction 3.6.1) suggests that sub-
curves (the ellipsoids in Figure 8-5) underlie twerall concrete strength growth curve,
indicating that the generation of normal concretes replaced by a generation of high-
strength and high performance concretes which igently being replaced by a
generation of ultra-high strength concretes.

A final note concerns the cost of these ultra-hggrformance concretes. The
structural gain of these composites currently coatesignificant financial costs (due to
cost of high cement content, heat treatment, higgr fcost, construction related costs or
combinations thereof) compared to traditional ceter structures. Therefore its
implementation is generally restricted to spealisgpplications [Li 2000]. Still it is
decidedly interesting to take note of such develemi® in material science with the aim
of future incorporation. Cost trends may reveatHer insight on the potential for large
scale application of higher elastic modulus corechethe SCPP chimney.

Concrete stiffness properties show immense potefdraimprovement. Although
concrete material technology has been the subjeet large amount of research and
performance improvement, the rise of ultra-higrersgith concretes introduces a new
technology growth era; this technology is awardedrewing rank of 2— (positive

curvature on Figure 8-1).

8.3.5 Wind velocity extrapolation profile

Turbulence models currently implemented in winddiog standards are based on frontal

weather systems. Section 7.1.1 introduced a diaompbetween international codes [ISO

DIS 2008] and meteorological conditions [Milford8[4 at Sishen. Further investigation into

wind velocity profiles reveals that an altogethéifedent weather system may provide a

governing load case for the SCPP chimney, i.e.darstorms.

Increasing focus on the characterisation and phlsitnulations of thunderstorms and

their downbursts is evident from literature oveg ffast decades, presumably due to reports

of the importance of thunderstorm generated wirgldesaign wind events. Re-analysis of

extreme gust wind speeds in Australia indicates dfatheir occurrence due to thunderstorm

events, while gust wind speeds in the United Staidisate as many as one third of extreme
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winds occurring through thunderstorms [Letchfordaet2002]. Subsequent discussions led
to the recommendation that Wind Engineering mustisanore resources on the fundamental
issue of the flow structure of extreme winds.

Wind generated by thunderstorms is characteriseal lbwer mean with higher deviation
(gust) at higher frequencies [Holmes 2001] thandsifrom frontal weather systems. This
characterisation of thunderstorms resembles thel wata from Sishen — low mean wind
velocity with high three second gust velocitieswidbursts generate strong horizontal gust
winds with turbulence upon hitting the Earth suefad-igure 8-7 depicts a typical
thunderstorm velocity profile [Kim and Hangan 200athid a frontal velocity profile —
thunderstorm profiles differ significantly from thaf frontal systems with lower velocities in
the upper regions; the main region of SCPP sudukfytio wind excitation.

/ \ \ Thunderstorm Frontal
| wind profile wind profile
Thunderstorm I —7‘
downburst >
" >
—————————»
————»

=

Figure 8-7. Schematic view of a downburst depicesthunderstorm profile in comparison to

a frontal profile [based on Kim and Hangan 2007].

Number of publications over time

The trend toward complete characterisation of tleanstorm turbulence and its
incorporation in design codes is investigated haighout going into too much field
specific detail. The publications-over-time metigcinvestigated to determine trends in
the development in characterisation of thunderstbehaviour. A brief familiarising
investigation reveals keywords for a literatureveyr “thunderstorm”, “downburst”,
“downdraft”, “micro-burst”, “macro-burst” and relamt instances of “extreme wind”.
Most of the publications concern the charactewsadf thunderstorm phenomena with

several addressing the modeling of these phenonfemalications were scanned for



relevance and the number of “hits” plotted in FegB-8. A significant increase in
publications is noted, especially in the last tvecades. A second order polynomial curve
is fit to the data points to estimate the matuoitghe knowledge basis, assuming it to be

a function of the number of publications [Savran2R0].
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Figure 8-8. Thunderstorm related publications diee.

Incorporation in design standards

The incorporation of thunderstorm based extremedwsharacteristics in design
standards depicts an important trend, i.e. thedstalisation of knowledge. Literature
agrees that thunderstorm activity contributes $icgmtly to extreme wind data, therefore
the understanding of the physical phenomena, mugletiharacterisation and subsequent
incorporation in design standards should logicdtylow. The Joint Committee on
Structural Safety was the first design code to mernthunderstorms as a specific design
case (dated 2001) [JCSS 2001] and, more recemrtéy,updated ISO code actually
provides terrain roughness and height exposureoractor peak wind speeds for
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thunderstorms [ISO DIN 2008]. These developmerdgate the increasing certainty and
maturity with which scientists relate to thunderstdased wind action.

Design for dynamic action that is based on meandwelocity profiles and
subsequent gust velocity description, e.g. the facsor (the ratio of peak gust velocity to
mean wind velocity — Appendix B equation B3), hate be re-interpreted for a
thunderstorm load case. The significantly differingoulence structures for frontal and
thunderstorm weather systems require adaptive nl@sgghods.

The number of publications shows an emerging trienpdying the increasingly sound
understanding and characterisation of thunderstounbbulence with a significant
indicator of conclusiveness in the acceptance dfulence data in the most recent ISO
code. The basic characteristics of thunderstormaiaderstood and only region specific
implementation of this knowledge is required; tleishnology development is awarded a

growing rank of 2+ (negative curvature on Figurg)8-

8.3.6 Circumferential stiffener concept

The number of circumferential stiffeners provefi&we a significant impact on structural

behaviour; its obstruction of through-flow area atlitional cost, however, has an adverse
impact. The trend toward efficient circumferentiffening, i.e. maximum circumferential
and radial (to prevent ovalisation) stiffness witkv through-flow obstruction and cost is
investigated here. It is arduous to describe tlobnelogical maturity of circumferential
stiffeners in terms of performance due to its lediand simplistic use in reinforced concrete
shells; consequently the technology landscapeasrsd to search for similar technological
concepts in order to grasp its maturity and leafnsimilar solutions. Some clues are

discovered in nature and from industry.

The concept of low solidity circumferential stifiens has limited descriptions and

application in literature and industry; the concepbracing a chimney structure by a flow-
obstructing measure, as proposed by Schlaich [J0&4lunknown (chimneys typically

necessitate optimal through-flow).

Complete through-flow stiffening ring: cooling torge

Cooling towers could deploy one or several extestifflening rings [Bosman et al.

1998] along the height of the structure to streegtit along the circumference — see



Figure 8-9 [Internet 4 2008]. Although this crogstonal enlargement of the shell is
relatively inexpensive and does not pose a larggagcke to through-flow it was found to
be insufficient for the scale of SCPP chimney aggtion [Lourens 2005].

Figure 8-9. Circumferential stiffening rings in d¢iog towers [Internet 4 2008].

High solidity stiffening ring: bamboo stiffening

The bamboo plant, a self supporting, high aspett m@atural structure, exhibits
regular solid sectional stiffening discs (Figured® playing a significant role in its
structural integrity. The nature of the SCPP chiynciecumferential stiffener technology
poses a unique challenge of creating a high stifteto-solidity ratio, i.e. providing
significant rigidity to the structural cross-sectiovith only slight cross-sectional

obstruction. Bicycle wheels propose such a solution

Low solidity stiffening: bicycle wheel

A modern bicycle wheel (Figure 8-11) consists ahetal hub, wire tension spokes
and a metal rim which accommodates a pneumaticAitead applied at the hub causes
the wheel to flatten slightly near the ground cohtarea. The rest of the wheel remains
approximately circular by tension increase in &lthee spokes except for the few in the

flattened region.
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Figure 8-11. Typical bicycle wheels.

SCPP bicycle wheel stiffening concept

Structural research shows that it is efficient tiffesy the SCPP chimney shell at
several levels with cables arranged like bicyclee@hspokes within the chimney
[Schlaich Bergermann und Partner 2004] as depictdétigure 8-12. This concept could
reduce meridional stresses in the SCPP chimneyntexéent that tension disappears

completely making high chimneys feasible. Schlgitbposes these structures as the



“only really new feature ofJCPP chimney] compared to existing structures” [Schlaich et
al. 2004a].

The spoked wheel allows relatively unhindered #wf (refer to section 7.1.7).
Ovalling is counteracted and local stability maiméal creating the potential for decrease

in chimney shell construction material volume.

Figure 8-12. Spoked wheel concept visible at chiyrtipe[Schlaich Bergermann und
Partner 2004].

Spanning cables concept

The circumference of a concrete shell may be sgffieby several cables spanning
diagonally across the through-flow section of tHanmmey in a repetitive pattern
[Glubrecht 1973], see figure 8-13. The conceptgaits circumferential shell buckling
with consequent cost reduction due to decreasedhiekness. Research on this concept
using 36 steel cables placed in triangular fashpooved to be the most efficient in
increasing buckling stability [Lourens 2005].

Research at the US-ISE aimed to compare varioasroferential stiffening concepts
to identify the most optimal. The spanning cablescept proved to be the most stable

when subjected to linear elastic buckling analyses.
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Figure 8-13. Spanning cables concept [Glubrech8JL97

Concluding on circumferential stiffener trend

The requirement of low solidity contradicts theuggment of stiffness. In its history
the circumferential stiffener concept only achieved solidity with low stiffness (e.g.
cooling tower ring) or high solidity with high diifess (e.g. bamboo), except for bicycle
wheels, which are not a large scale reinforced maa@pplication. The only judgement
that can be made about the performance of thiesiiifg concept in structures is based
on numerical research. The investigation performedircumferential stiffening rings
indicates that the high stiffening—low solidity cepts are at the forefront of
circumferential concrete shell stiffening techngloghe requirement of low solidity
contradicts the requirement of stiffness, a contimnathat has not yet been achieved in
practice. This technology, classified as a new emerging concept in circumferential

stiffening, is awarded the emerging rank of 1.

8.3.7 Cable staying

Cable stays are difficult to isolate as a technigllgentity since it always serves as an

element in a larger system; the interaction betwbercables and other structural systems is
pronounced [Walther et al. 2003]. The main param#tatures making these elements
successful as structural members are therefordestughd their history and furtherance

discussed in the context of their implementationable-stayed structures, for example long-

span bridges and guyed masts.



Stay cables of as long as 500 meters in span gliagléow natural frequencies, such as
0.2 or 0.3 Hz in the lowest mode [Fujino 2002], édeen used. Furthermore, because of
their low inherent damping (as low as 0.1% critidamping ratio), they often respond
adversely (resonance) due to rain- and wind-indaaidn. Cable vibration controls include
connecting wires and passive dampers (installed tea cable anchorage), roughness
increase and deployment of controlled dampers fiBugio02].

High tensile strength steel wire ropes and stratygiscally with tensile strength of 1,500
MPa, density of 7,850 kgffrand modulus of elasticity of around 200 GPa, am@roonly
used in cable stays. Increase in the material giftneweight ratio over the past decades
enabled a substantial increase in the capacitglabclements to resist loads, for example by
utilising light weight carbon reinforced plastibérs [Krishna 2001] and other composites.
The density of carbon fiber-epoxy is typically 106Rg/nT (significantly less than that of
steel) with modulus of elasticity of 145 GPa anm@sile strength ranging from 234 MPa to
3,300 MPa [Callister 1997].

Cable stays are often very exposed structural elssm@nd must be protected against
aggressive corrosive environments [Walther et @032 Enhanced corrosion resistance of
metals, as well as development of high strengthmetallic materials which are inert to the
effect of corrosion, efficiently mitigate corrosidrased failure [Krishna 2001]. The high
costs of non-metallic materials presumably limieithincorporation in standard cable
designs.

Most of the challenges experienced with cablescaide systems seem to be understood
and largely mitigated. Expected improvements anmaterial performance (weight, strength
and durability) by incorporation of other advangeformance materials, the controlling of
vibrations and in the innovative layout toward dficeent structure, remembering that the
layout of cable stays is one of the fundamentahstan the realisation of economically
feasible structures influencing not only the stuuat performance, but also the method of
erection [Walther et al. 2003].

Although adequate damping can reportedly not be/igea for extremely long stay
cables, the emergence of semi-active dampers cewchlinth material improvements may
provide feasible solutions.

Cable stay technology is well established and implated in a wide range of structures.

Expected improvements lie with the vibration mitiga and the introduction of lighter,
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stronger materials combined with innovative laysaotutions. Some challenges before its
implementation on the SCPP chimney remains to lkreaded, for example the extreme
lengths of cable required to reach the preferraghte Cable stay technology is awarded a
growing rank of 2+ (negative curvature on Figurg)8-

8.3.8 External damping

The damping in a system indicates its ability tesghate vibration energy. Over the past
three decades the reduction of structural respoassed by dynamic effects has become a
subject of intensive research [Datta 2003]. Stmattdesigners increasingly make use of
auxiliary damping devices. Figure 8-14a displayseaample of a tuned mass damper as
implemented in the upper region of the super taip@&i 101 structure (Figure 8-14b). The
662 ton pendulum damper, situated at th® 8@or is suspended from the 9floor and
utilises active hydraulic cylinders to control tim@tion of a massive weight.

External dampers are classified as passive, aatidesemi-active control systems. In this

section a qualitative investigation into the emaggeand current status of these systems is
performed.
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Figure 8-14. a) An example of a tuned mass danip@rpet 5 2008] as implemented in
the b) super tall Taipei 101 building [Internet@3].



Definition of external damping systems

Passive control systems do not require an extgroaler source for operation and
utilise the motion of the structure to develop #entrol forces. Control forces are
developed as a function of the response of thetstrel Examples of passive dampers are
base isolation devices, visco-elastic dampers, dumass dampers, liquid column
dampers, orificing of fluid and friction dampers/fans and Constantinou 1999].

Active control systems typically require a largeveo source for operation of electro-
hydraulic or electro-mechanical actuators whichpbsypontrol forces to the structure.
These forces are developed based on feedback gosois that measure the excitation
and/or the response of the structure. Examplestbfeadampers are active tuned mass
dampers, active tendon systems and actuators/tiergro

Semi-active control systems do not introduce meicaarenergy into the structural
system but rather manipulate system propertiesnirogtimal manner to reduce the
structural response [Yalla et al. 2001]. They tgfic require a small external power
source for operation and utilise the motion of skreicture to develop the control forces,
the magnitude of which can be adjusted by the ratgrower source. Control forces are
also dependent on excitation and/or response fekdBaxamples of semi-active dampers

are electro-rheological, magneto-rheological andifiviscous and tuned mass dampers.

Technology performance, emergence and maturity

A significant number of tall structures were reatiswith a variety of passive and
active vibration control devices. Although it istngt routine design practice to design
external damping capacity into a structural systénis becoming prevalent with the
emergence of tall and super tall buildings. Massgiars, in either passive, active or
hybrid form, are the most frequently used devicéh wver 20 major installations in
buildings and observation towers worldwide [Kwoldéamali 1995].

The major benefits brought about by the introductd active control systems are the
smaller damper mass and higher efficiency. Whilaveational mass dampers may
provide an additional damping of 3% to 4% of caticlamping, resulting in a 40% to
50% reduction in the wind-induced response, aciystems can add an additional
damping of 10% of critical damping with reductiam wind-induced response of up to

65% [Kwok 1995]. However, the control equipmentuiegd for an active system could
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increase its capital cost — a conventional tunesisndamper system could cost 1% and an
active system 2% of the building cost. Active cohystems are scrutinised due to the
problems encountered in their practical implemémtasuch as modeling errors and
response delay [Datta 2003], paving the way foewa generation of damping systems:
semi-active control.

Semi-active control systems have only recently eeerin structural control
applications [Symans and Constantinou 1999]. Thveldement and experimental testing
of semi-active control systems for applicationsstructural response control has only
been pursued approximately ten years ago. Therefoeny of these systems are
immature and a comparison among various systemsotadye as appropriate as it would
be in a subject which had reached a more matuferpgance level.

Literature confirms performance increase with saative controls where, in general,
the performance of the structure with the semivactiontrol system was superior to that
of the structure with a passive control system,levBimultaneously requiring smaller
control forces. Furthermore, the development oftrmdnalgorithms which explicitly
incorporate the control system dynamics and costroicture interaction may produce

further improvements in the control performancenf@pns and Constantinou 1999].

Concluding on external damping technology trends

It is concluded that external damping systems\aith, the emergence of semi-active
control, evolving into more efficient, less expemsimeans of structural control. Semi-
active controls — the new generation of structuegponse controls — may replace the
bulky or expensive passive and active control systeAn in-depth investigation could
provide more quantitative insight into the measaofeperformance increase and its
applicability to the SCPP chimney. For the currelgcision-making process it is
appropriate to consider this technology @swing, with much potential toward
mitigating adverse action on the SCPP chimney; éehds classified as early growth

period and awarded a growing rank of 2— (positwevature on Figure 8-1).

8.3.9 Directional wind design

Directional wind loads are caused by varying swfaoughness of the surrounding

terrain within a radius of 5 to 10 km and regiomahd climatic effects representing the

152



typical prevailing winds and paths of storms at site. In directional design the orientation
of a building is optimised to have the strong arishe extreme wind direction and to have
the weak axis in the direction of the weaker stofasperski 2007]. Niemann et al. [2007]

investigated the implications of directional wind cooling tower design and noted that the
directionality of wind loading on structures im@idirectionality of wind induced stresses.
The complete spectrum of directional factors must donsidered to avoid an over-

conservative design, relinquishing the conceptothtional symmetry, taking advantage of
load reduction and designing a reliable structwaaling to the directional variation of the

wind loading.

For tall structures, such as the proposed SCPPndyitthe conditions in the upper air
layers may further impact the directional design tbe chimney. The “Ekman Spiral”
describes the phenomenon where the wind directidrntfze impact of the Coriolis force on it
decrease with increased surface frictional effecthe high-to-low pressure gradient vector.
The Ekman Spiral effect causes the wind vectoutn gradually towards the low pressure
centre as the ground surface is approached andnocauant to a total angular change between
gradient height and surface of about 30 degreesje®2001]. This phenomenon has to be
characterised for the Sishen SCPP chimney.

Directional wind design technology application mlatively mature since it merely
requires detail design applying the resulting dice@al response. In history this approach
was used for structural optimisation, but not fetailed radial directional cost reduction in
cylindrical structures. The aspects surroundingat@irrence of the Ekman Spiral effect and
its influence on the directionality of the wind ram less characterised. This technology is
awarded a growing rank of 2 (linear on Figure 8-1).

It is concluded from the trend investigation exgecihat several technologies are emerging
and growing:

» parabolic hyperboloid geometry,

* material elastic modulus,

» wind extrapolation,

* external damping and

» directional wind design
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Others are mature and merely require standard mwiéation (wall thickness re-

configuration).

8.3.10 Solar Chimney Power Plant chimney research at the tiversity of Stellenbosch -

ISE: Cascade of Technological Trends

The Cascade of Technological Trends presentedadtiose3.6.2 indicates a normative
pattern for technological development. The US-ISBMB-SDT research efforts are measured
against this norm. Their efforts covered the foliagv

« material characteristics, i.e. Cascade LevVel 1

» the structural operating principle and system sieeCascade Level 2

» structural performance, i.e. Cascade Level 3

» cost decrease and reliability, i.e. Cascade Level 4

* market (cost) dictated technology conceptualisaiien Cascade Level 5

The chronology of these R&D events is displayedFigure 8-15 (Appendix H, section
H1, summarises the broader US SCPP research pragramthe past decade). The R&D
was spread out over several cascade levels, mbetlgls 2 to 4. This may indicate the
inability to decouple cascade levels in structueslearch or the definition of research topics
without a governing, directing system and technplpgrspective, covering as wide a scope
of subject matter as is tempting during radicalovation (in order to address all potential
broad-based uncertainty). A RIM approach, with #gstems and technology based
perspective, could guide resource allocation fahstadical innovations, moving from the
lower, physical science cascade levels throughedtgher, user satisfying levels. Figure 8-
15 portrays a general chronological trend from Lévi® Level 5 suggesting that R&D at the
US-ISE is reaching a more mature phase when camsgydéhe current research priorities.
This indicates a normal development toward techmolmaturity — with its market ready
status (Level 5).

Further, investigation of the R&D topics treatedts US-ISE shows that cost aspects (a

Level 4 cascade) were seldom considered.

" These “levels” are different from systems hiergrigvels treated in section 8.2.
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Date | Level 1| Level 2| Level 3| Level 4| Level 5
2001
2002
2003
2004
2005
2006
2007

Figure 8-15. Involvement in cascade levels overrtyear US-ISE research program.

8.4 Determination of research and development risk

With core technology trends identified the lastpsite the current RIM phase concerns the
determination of R&D risk for the technologies. \ais R&D risks are presented through semi-
quantitative measures with values and definitiospldyed in Table 8-4. Values are determined
based on estimations of the effort required to tigwvthe technology performance up to the level
of augmented or technologically introduced perfanogaproposed in Chapter 7 (Note that the
author gathered these values based on personasueepto this wide range of technologies.
Resource allocation allowed only this personal espion; a more thorough forecasting exercise
could provide more accurate data. Still, this pdoare is efficient in illustrating the application
of the RIM). The key to definition and value of R&Isk was presented in section 4.1.4 — a
value of 1 indicates low R&D risk and 5 high R&ki The purpose of this study mst to
address the capability of the US-ISE of contribgitito the SCPP chimney technology
development, but focuses on the risks of globdirietogy R&D.

Four technologies require significant to very hig&D input:

* material elastic modulus,

* material damping,

* external damping and

* increased chimney height technology.

Several technologies exhibit moderate R&D risk widw R&D risks are indicated by

» the applicability of the critical buckling factor,

* inner surface friction,

» parabolic hyperboloid geometry,

* number of circumferential stiffeners and

» wall thickness re-configuration.
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Table 8-4. Value allocation for R&D risk of systeethnologies.

R&D risk:
Alternatives (1=low; Comment
5=high)

Extreme wind load cases in the SCPP must be
differentiated. Thunderstorm turbulence is undedin

3.0 theory and needs region specific characterisalibe.
applicability of dynamic response evaluation models
must be verified.

Wind velocity
extrapolation model

Cross wind force 3.0 A moderate, focused R&D input could provide adegquat
spectrum ' characterisation of this field.
Flaring chimney exit High meridional stresses and susceptibility to fingk
3.0 .
geometry necessitates moderate R&D.
C_oncept of : This emerging technology requires significant R&D
circumferential 3.5 2 : ;
stiffeners toward optimisation and implementation.

A very high level of R&D resource commitment is
Elastic modulus 5.0 required to increase concrete E-modulus without
significant cost increase.

Light-weight concretes do exist but has to be high
Concrete density 3.5 strength for the SCPP chimney requiring moderate to
high level R&D.

A significant effort in material development cotidve

Internal damping 45 the required impact on internal damping.
Basic technology is known but significant breaktigls
Cable stiffenin 35 are needed toward implementation involving
9 ' breakthrough material characteristics and cost pitagn
and layout.
Earztr)gcl)llf)id 20 Basic technology is well known; it must be adagted
yp ' the SCPP.
geometry
Increased chimney High meridional stresses and susceptibility to tingk
. 3.0 .
diameter necessitates moderate R&D.
I\!umber of : Assuming that concept technology is proven, teatol
circumferential 2.0
. must be adapted for the SCPP.
stiffeners
Wwall thickness 1.0 Technology must be implemented on the SCPP.

reconfiguration

High to very high R&D input is required to bringgh
4.5 field of technology to its full potential and apgbility
to SCPP chimneys.

External damping
devices
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Saguaro geometry
with lower limit 3.5
structural function

The concept is understood to a large degree. ltcdhbs
optimally adapted and implemented to the SCPP.

After the characterisation of the Ekman Spiraltfa

Directional design 3.0 S . . o
relevant region, it requires only design applicatio

Increased chimney Dynamic susceptibility to buckling and dynamic

height excitation necessitates R&D breakthrough.
Terrain surface 3.0 Obtainment of the required site could be a higk ris
roughness ' endeavour.

8.5Conclusion

This chapter applies the tools proposed for tedgylcharacterisation, classification and
trend identification phases of the RIM on the texhgies that performed well or remains under
characterised in the system performance evaluatimeertainties related to technologies that
provide functionality at several levels of the gystare characterised. The characterisation and
classification present a framework from which tealbgy acquisition may be managed by
identifying technologies with similar charactemstifrom the technology landscape. The trend
investigation disclosed several emerging and grgwiechnologies (parabolic hyperboloid
geometry, material elastic modulus, wind extrapofgtexternal damping and directional wind
design) while others are mature and merely recgtaadard implementation (wall thickness re-
configuration). R&D risk was identified for eachssgm technology yielding a perspective on the
R&D input required to realise the augmented ooithiced technologies.

This technology-based insight enables strategi¢sagemaking — performed in the next
chapter — not only on the basis of technology perémce, but also with its maturity and

consequent potential for improvement in mind.
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CHAPTER9

TECHNOLOGY STRATEGY

During incremental innovation strategic decisiors made with business sense based on insight
into financial models, R&D risk models and shoritedium terms time frames. Radical innovation
decision-making utilises insight gained during ttvevious chapters, providing knowledge and
insight into potential performance improvement bé tsystem as well as into the potential of
realising required technological performance levels

The technology tree (Chapter 6, Section 6.4) pesi@ systems perspective on the technological
function of the SCPP chimney system by breakindoivn from chimney system level through
foundation, chimney-to-foundation and chimney, vilikir respective sublevels, to the fourth level
where the technological components are locatedo@pmties and gaps in the system can readily be
identified and placed in this comprehensive framwo

The system performance evaluation phase evaluatdthdlogies in terms of criteria for the
radical innovation, specified at strategic leveveRechnologies emerged as superior on the grounds
on their potential impact on system performanceaffiér 7, Section 7.4). These are:

« the parabolic hyperboloid geometry,

» wall thickness re-configuration,

* material elasticity modulus,

» the more accurate characterisation of the wincapxtation model and

* the number of circumferential stiffeners.

The following technologies were identified for floer investigation:

» cable stiffening,

* external damping and

« the directional wind based design.

Technology assessment (Chapter 8) provides a gaserframework and classification of each

identified technology in the SCPP chimney systemmfwhich specific technology development or
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acquisition can be managed. Technology growth #endicate the maturity and potential for

improvement of individual technologies. The growthtus of each technology was awarded a rank
in Section 8.3. The determination of R&D risk arethnology maturity for each technology

(awarded in Section 8.4) provides information osksi of achieving augmented or introduced
technological performance goals through R&D.

This chapter concludes the RIM proposed in thisithbBy the formulation of a strategy roadmap
for the SCPP chimney radical innovation using th&tesns and technology insight gained during
preceding phases of the RIM application. Framewdidks understanding the radicality and
uncertainty of the radical innovation and technaabgimpact on these uncertainties combine with
knowledge of the potential for, and probability téchnological improvement and integrate into a
knowledge basis for strategising a radical inn@ratioadmap. The R&D facilities of the company
are consequently tasked with technology developnstating priorities and re-allocating resources,
directing in-house development of system technokdgtapabilities and potential while, externally,
driving interaction or acquisition in responsedohinological opportunities or threats.

Strategy is formulated with aid from the Technoldggsition Analysis. The consummation of
the RIM takes place with the Technology Positionalgsis. The set up of system hierarchy and
technology identification, the tedious process afdel choice and set up, implementation of
technology contribution for evaluation, the tecloyyl assessment and trend identification all
contribute information to the Technology Positionadysis. A rightfully comprehensive judgement
can be performed, incorporating not only the syspariormance evaluation and technology trend
projections, but also the risk of the technologyreéching the sought performance level. The
Technology Position Analysis further provides affit communication of technological information
and strategy through its active visualisation slits.

9.1 Visualisation of results
With all the information gained from previous RIMases, R&D strategy can now be set up.
A Technology Position Analysis (refer to sectioid)3olaces all chimney system technologies in
perspective — one sheet presenting technologit@inmation to aid strategic decision-making.
9.1.1 Information fields
Several information fields can be efficiently pasgted in a Technology Position Analysis.

In the current analysis the potential performanaa dfrom Chapter 7), R&D risk (from
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section 8.4) and technological maturity (from smtti8.3) fields are depicted. These
measures adhere to the criteria deemed importanadical innovation as stated in Table 2-1
— determining technological benefits in terms ofrke& requirements — by incorporating
SCPP chimney technology performance potential, evR&D risk indicates the level of

input and effort required to achieve the statedfoperance level. Technology maturity
indicates on the same sheet the maturity of theiéy technologies.

The criteria of performance improvement must defhet performance measure that is
most representative of the technology (for examplethe SCPP chimney, the structural
performance metrics would be LEC, buckling or dyiarasponse).

The maturity of the technology provides a quantigttualitative impression of the
amount of improvement expected from the technologfuture. An emerging technology,
for example, holds much potential for impacting #yestem (although uncertain to what
extent) as it is developed into a mature, relevaatghnology. Only SCPP chimney
technologies that display positive impact on sysperformance were assessed in terms of
maturity; the others are lower priority and are monhsidered. Technological maturity

rankings were determined in section 8.4.

9.1.2 Resultsfrom Technological Position Analysis

The current application of the Technological PositAnalysis is briefly discussed; data
is placed on the position map with the system perémce metric on the Y-axis and R&D
risk on the X-axis. A high-performance, low riskchi@ology is the most favourable with
technologies becoming less favourable moving toltle performance, high risk region —
Figure 9-1 illustrates. The technologies that pgéted in trend assessment are depicted in
the figures further in this section, by circle-meank with their size indicating the maturity of
the technology. Technologies that did not undemgmd assessment are represented by
triangular markers. Some technology values wereebfislightly in order to facilitate
visualisation. Note that although R&D risk of tleehnological improvements may differ for
different criteria, this study assumes the valuesfTable 8-4 to be applicable to all criteria.
Upper and lower limits, as well as uncertaintyhaltgh not quantified, are depicted by error

bars. The under-characterised technologies argpal$ayed here.
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Case-specific

Favourable: .
high performance— favourability:
low risk high performance—

high risk

Case-specific
favourability:
low performance—
low risk

Unfavourable:
low performance—
high risk

Performance metric

0.0

0.5 1.0 15 2.0 25 3.0 3.5 4.0 45 5.0 55
R&D risk

Figure 9-1. Qualitative portrayal of quadrantshia Technological Position Map.

Results: LEC metric

The technologies responding most favourably in tB€ Technological Position
Analysis are the following — refer to Figure 9-2:

» Parabolic hyperboloid geometry is the most favolaraldisplaying high
performance at relatively low R&D risk. Its growirtgchnology trend indicates
potential for improving its performance.

» Wall thickness re-configuration technology performsderately, but at low R&D
risk.

* The number of circumferential stiffeners perfornesolv par on this metric (bear
in mind its major impact on the buckling metriciitlis relatively low R&D risk.

* The increased chimney height (and its coupled t@ogy — the cross wind force
spectrum) performs well in terms of LEC, but at mi@de to significant R&D risk
levels.

Flaring chimney geometry yields moderate performeasicmoderate R&D risk. Most
other technologies do not perform significantly tims metric (or is currently only
described in terms of upper or lower limit and uteiaty), with moderate to high
associated R&D risk. An exception is the high rigs&orly performing material elasticity

modulus technology.
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Figure 9-2. Technological Position Map for disptaylLEC performance against R&D

Results: buckling metric

risk.

The technologies responding most favourably inkthekling Technological Position

Analysis are the following — refer to Figure 9-3:

The wall thickness re-configuration performs verglivat very low R&D risk; it

is mature and does not promise much technologigaakthrough - its

implementation as is yields significant results.

The number of circumferential stiffeners performehat low R&D risk.

Wind velocity extrapolation is a growing technolothat performs well and at

moderate R&D risk.

Terrain surface roughness performs moderately denade risk.

The Saguaro geometry performs moderately at maglayatignificant R&D risk.

Material elasticity is a growing, high R&D risk tamlogy that promises high

performance impact.
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Several other technologies do not perform sigmifilgain this metric with moderate
to significant associated R&D risk, with the exdeptof the increased chimney diameter,
flaring chimney exit and circumferential stiffeneoncept that perform poor and at

moderate R&D risks.
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Figure 9-3. Technological Position Map for disptaybuckling performance against
R&D risk.

Results: dynamic response metric

The technologies responding most favourably indyr@amic response Technological
Position Analysis are the following — refer to Fig®-4:

* The chimney diameter, wind velocity extrapolatiord derrain surface roughness
technologies perform excellently in this metric atdnoderate R&D risk.

« Wind velocity extrapolation is a growing technology

* Material density and the Saguaro geometry perforoderately at moderate to
significant R&D risk.

» Material elasticity modulus performs excellentlyt lat very high R&D risk.

* Internal damping performs moderate to well at HR$D risk.
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Several technologies perform very poorly due t&kdmcbehaviour. These are wall
thickness configuration, increased chimney heigind its coupled cross-wind force

spectrum and also the parabolic hyperboloid gegmetr
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Figure 9-4. Technological Position Map for disptayidynamic response performance

against R&D risk.

9.1.3 Discussion on Technology Position Analysis

The system performance evaluation pointed out ys&em performance gain potentially
brought about by each technology implementatioradulition. It did not incorporate the
R&D risks associated with realising the augmented technologically introduced
performance levels — a metric that is crucial tavefficient strategising. The Technology
Position Analysis provides all the SCPP chimneyhmetogies with performance gain,
technology risk and maturity in one comprehensivewy The maps must be updated
iteratively as information following R&D effort igained and incorporated in the system.

Currently the technologies are spread over a waahge of performance and R&D risk
values, because the SCPP chimney radical innovaqgnires broad scoped conceptual
investigation. The map space is also filled witbhhteologies with negligible contribution;
subsequent iterations must clear out the space wonlly the contributing technologies

remaining, bearing in mind which technologies wiefe out to retain a systems perspective
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on the chimney. The higher risk SCPP chimney teldyses may not be feasible even with
sufficiently allocated resources, but the decisiweker now knows the impact and risks of
technologies in the system. R&D can be re-dire¢techore promising (lower R&D risk)
technology developments and breakthroughs (prold@ble R&D risk with potentially high
performance returns) for efficient acquisition andorporation into the user system — a
higher risk technology must promise significantfpenance potential before it becomes
feasible to pursue it as R&D priority.

Note that a thoroughly implemented MCDM approaclhudd@ompact the maps that were
set up for the decoupled criteria into one compmetve map. This coupling of results to give
a comprehensive view on favourability, may simpttig strategy formulation.

The next section presents the SCPP chimney R&Dnmapdby stating development
priorities that are apparent with all the systerd tathnological insight gained through the
RIM.

9.2 Technological development priorities

This section summarises the R&D priorities as thegame evident through technology

assessment, Technology Position Analysis basedit@#(technology performance gain, R&D

risk and maturity) and other insight.
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9.21 Technology assessment based priorities

Characterisation observations

The technology Framework of Basic Features and ek Technology Functional
Classification Matrix provide definition to eachckmology from which improvements
may be identified and other similar technologieeniified for acquisition. The
technology management academic fraternity is warkitoward comprehensive
technology taxonomy to facilitate identification similar technologies [Van Wyk 2004].
Hopefully this will soon become a reality.

Some general observations can be made concernmgchhracteristics of the
technologies in the SCPP chimney:

« Several technologies concern the characterisatioacbon effects. These are

thunderstorm turbulence characterisation, direaliahesign, cross wind force



spectrum (directly) and terrain surface roughnesstamperature characterisation
(indirectly).

» Several technologies concern the stabilisationhef ¢chimney under buckling.
These are parabolic hyperboloid geometry, wall kiléss re-configuration,
circumferential stiffeners, cable staying, extermEmping devices, internal
damping, Saguaro geometry and circumferentialestéf concept and number.

» Several technologies focus on increasing the engigjgd. These are diameter
increase, flaring exit geometry and increasing leig

» Several technologies concern the improvisationlteration of the reference case
material, i.e. reinforced concrete. These are natdensity, elasticity modulus
and internal damping.

* Only the directional design approachgcifically addresses cost issues. This
may be due to the stage of development of the S&€HRney where structural
realisation is the main concern toward system gsaatin. As the concept
converges to structural feasibility, the focus mbst redirected toward LEC
optimisation. Structural criteria will then not Bpecifically quantified, but only
represented in the cost criterion, as is typicatandardised design practice.

Technology classification observations

The Nine Cell Technology Functional ClassificatioMatrix provides a
comprehensive (although robust, at this stage anda@velopment) definition to each
technology from which improvements and other sintégghnologies may be identified. It
was determined that the SCPP chimney fulfils thection of processing and
transporting load-based energy, whiteansporting air-matter from the collector centre to

the mid tropospheric regions. Damping systems tearjbp store energy.

TRIZ problem solutions

Although the TRIZ methodology was not distinctlyglemented in this investigation,
literature promises it to be a powerful identifigir solutions to contradictions. These
solutions could direct the radical innovation psseoward typical solutions.
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Tendency of priority technologies

In terms of the above sets of characteristics @eskin the chimney technologies, the

technologies identified to hold priority portrayetfollowing:

e The three top rated priority technologies are prilmaconcerned with
stabilisation of the structure.

e Two high performance but low R&D risk technologies the parabolic
hyperboloid geometry and wall thickness re-configion — were only
implemented in the SCPP chimney model at a lagestiaring its development.
This shows that high potential technologies caoverlooked and provides merit

for the application of a systems approach to cotued@and radical innovation.

Cascade of Technological Trends

The technology trend cascade observations (sedi@110) identify that few
technologies aim at decreasing cost directly. @mlg technology specifically addresses
cost, while the top three priority technologies mhaiconcern structural stabilisation, a

Level 2/3 cascade.

9.2.2 Technology Position Analysis based priorities

The technologies are ranked to provide an ordenpbrtance for a R&D program. Table

9-1 provides the ranked R&D topics and motivatesr ttank.

9.2.3 Other insightsand priorities

Stay in touch with other concepts and potentialitsmhs

As stated in section 5.2.2, several varying corecepe proposed as a solution to the
highest level SCPP chimney function, i.e. sustgrarthrough-flow channel. Even when
research avenues are already decided and comnuttedternatives need to be kept in
mind as to whether they provide more optimal sohsgito the problem than the currently
investigated one, i.e. keep the feelers “out theesntinuously on the lookout for
promising solutions. Research managers must stap-opnded, following the TRIZ
approach of lateral problem solving with performaras close to the IFR as possible,

even if this entails a complete change in resedirgttion and thinking.



Table 9-1. Research priorities based on TechndRmpition Analysis.

Rank R& D topic Motivation
Incorporation of wall thickness re-configuratio%,/lir:ilisr'l(‘:]nvl\t:fr‘;jl m(;gg'f]a?gon of

1 and investigation for mitigating adverse reductign of LEC at verv low
dynamic response. R&D risk y
Incorporation of parabolic hyperboloid Verv sianificant LEC reduction

2 geometry and investigation for mitigating at Igw Ig&D fisk
adverse dynamic response. '

3 Incorporation of more circumferential Moderate mitigation of
stiffeners, given the concept is proven. buckling at low R&D risk.
Wind velocity extrapolation profile Moderate impact on buckling

4  characterisation, decreasing uncertainty in wimditigation at moderate R&D
action model. risk.

Investigation to region’s surface roughness Low to moderate impact on

5  characteristics in the area of the proposed sitduckling mitigation at moderate
of construction. R&D risk.

6 Investigation of mitigating adverse structural Significant impact on LEC
behaviour in increased chimney height. reduction at high R&D risk.

. L Low to moderate impact on
Investigation of mitigating adverse structural .

7 2 . . LEC reduction at moderate

behaviour in flaring chimney. R&D risk

o . Further introductory/
Remain in touch with . .__familiarising investigations may
developments/breakthroughs in cable staying ,

8 : 9 : prove productive toward
external damping and directional design identifying this field as a
technology. potential priority area.

Remain in touch with Although very high risk R&D,
. significant breakthroughs may

9  developments/breakthroughs in concrete \pact sianificantly on
material characteristics. stchturaIgintegrityy
Further investigation to realise Saguaro Low to moderate impact on

10 geometry in order to mitigate adverse dynamibuckling (lower limit) at
response. moderate to high R&D risk.
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The fact that solutions and improvements may coroen funforeseen directions
(brought about by the multi-disciplinary and brdaabked technology scan and foresight
exercises) should be acknowledged, necessitatutipoato not, on the basis of previous

experience or conventional methods, write off aaid

Look to nature for solutions

In spite of the “incredible” scientific ability dfumans, nature often still provides the
most simple and efficient solutions. Krishna statieat “nature often indicates new
solutions — the falling of a tree across a rivutety have triggered the field of bridge
engineering ... and the spider's web may have spurethe ideas of tension nets or
membranes” [Krishna 2001]. The comprehensive petageon the SCPP chimney set
up in this research reveals that several referandeproposed solutions are nature based
solutions:

» Parabolic hyperboloid base geometry copies thec&ydiase geometry of trees

with a gradual broader tapering at the lower levels

» Circumferential stiffeners are found in bamboo drékat portray exceptional
slenderness ratios.

e Saguaro cacti ribs mitigate detrimental wind pressfluctuation and suction
peaks.

» Directional design had always been applied in glanith their root growth
stimulated in areas of greatest stress occurrdmees, however, all start with one
seed, without statistical insight into the extreawtions it will experience in its
lifetime — it has measures to adapt intelligently.

On the grounds of these potentially successfulneldyies the study of nature for

similar structures must form a part of the futurategyfor SCPP chimney R&D.

The first iteration of the RIM on the SCPP chimngythus concluded with the successful
formulation of the SCPP chimney R&D strategy. Asrenmformation and insight is acquired
and knowledge is gained, the models and first titamareference RIM framework can be
updated, refining the decision-making. The valoatof the RIM is, however, completed in a
single iteration having performed all the distiRtM phases up to a point of efficiently

formulating R&D strategy.
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9.3 Concluding the Radical Innovation M ethodology application

The RIM was applied on the case of the radical vation of the SCPP chimney concept to
systematise radical innovation for well founded R&Dategy formulation, thereby supporting
the thesis of this dissertation. The chapters of Pgield significant insight through a systems
and technological approach on the problem of féégilof the SCPP chimney. The systematic
RIM approach vyields frameworks for the efficientemdification and management of
uncertainties in the SCPP chimney system, and ob R&iorities for development to a state
closer to chimney feasibility. Where previous R&amagement was based on intuitive and
specialist identification of R&D priorities, the sgms approach followed in the RIM provides a
comprehensive, non-intuitive view of the chimnegtsyn — all current and subsequent R&D can
be sorted in the drawn up systems hierarchy aritht#agical frameworks. Specific and general
priorities are identified in a clear SCPP chimn&[Rstrategy. Note: this dissertation concludes
with an epilogukthat reports results of the synthesis of fourhef technologies identified to be
top priority for incorporation into a second iteoat reference case. The re-evaluation of this
improved chimney concept yields results that aigmificantly closer to sought performance

levels.

9.3.1 Specificpriorities

Results from the system performance evaluation aoenbwith technology trend
identification and R&D risk values to provide Teohogical Position Maps for comparing
technologies. These maps and previous findings tr@RIM application provide insight to
a comprehensive understanding of technological hilifya and potential. Priority
technologies were identified: wall thickness refaguration, parabolic hyperboloid
geometry and increased number of circumferentifesers (given the concept is proven)
must be incorporated in the system with the necgsB&D allocation to bring these
technologies to their augmented or technologicallyoduced states. More investigation
must focus on the characterisation of the wind aiglo extrapolation profile and
manipulation of the region’s surface roughnessigdditon of adverse dynamic response on
the wall thickness re-configuration, parabolic hyjmoid geometry, increased chimney

height and flaring chimney geometry must be sougethnology managers must remain in

' The results reported in the epilogue, althougly wgnificant for SCPP chimney R&D, are not dirgapplicable to
the development of the subject thesis; hence noisreported in the main text. The reader is invite view these
interesting results.
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touch with developments and breakthroughs in cataging technology, external damping
and material elasticity modulus; their high R&Dkssimply a (presumably) greater effort
than what in-house commitment could deliver. Thacstiral impact of the Saguaro cactus

geometry must be investigated more thoroughly.

9.3.2 General priorities

Several tendencies in the SCPP technological partfare identified that indicate
previously successful R&D: research managers shauthin open-minded and on the look
out for similar and interesting technologies/consdippr further investigation, introduction
and augmentation; problem solving ideas must not wodten off without proper
consideration; nature must be engaged in seartdtbhological solutions; and the structural
R&D must soon engage the technology differentiatesgarch as specified in the Cascade of

Technological Trends.

This concludes the first iteration of the RIM withe formulation of research strategy. The
uncertain, fuzzy nature of radical innovation wastematised through the RIM, delivering a
methodology for formulating R&D strategy throughstgms and technological perspectives on the
radical problem.
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CHAPTER 10

CONCLUSION

This chapter concludes the dissertation with a sangraf the thesis argumeand its resolution.

Recommendations for further research on the thepis are made.

101  Summary of background and motivation and the thesis statement

The incremental innovation process can dramatidatlyrove the performance of a system
by novel implementation of codified design practibeough interpretation and manipulation
from scientific first principles. Radical innovatiois required, however, in thabsence of
codified practice at one or more lower levels i 8ystem. It requires innovatiautside the
familiar realms of standardised, formalised theammg practice by identifying, re-interpreting and
addressing the basic system functionality thatiregisolution.

Radical innovation is characterised by high degadesulti-disciplinary technical, market,
resource and organisational uncertainty and unguadlity. Its time frames are long with
sporadic project terminations and revivals, nordmeecycling of the response to previous
setbacks and stochastic change of priorities amampions. Radical innovation aims to
progressively reduce uncertainties in radical cptséhrough their sufficient characterisation to
attract further investment. This cannot be provitlgdmere parameterised design or relevant
organisational support as is sufficient for incremaé research; the lack of understanding of the
radical innovation process causes executives toemakmative strategy decisions based on
mainstream business. A more comprehensive approachequired to understand the
complexities and uncertainties of the radical iratmn. The need for a systematic,
methodological approach to managing — delimiting aharacterising — uncertainties in radical
innovation is evident. The thesis statement wasndtated: radical innovation can be
systematised through the synthesis of existing theory to form a basis for strategic decision-

making.
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A major motivation for this study arises from thentand for sustainable solutions,
cultivating a long-term perspective in an attituole custodianship after the many negative
impacts that the rise of technological enterpristhe 28" century had on the social, economical
and ecological environment. Engineering perspectiwest broaden to view technologies as
socio-technical systems that are responsive tbrb@der environment. This process may require
radical technological intervention demanding th&t-teacking of radical technological solutions
for solving of some critical global crises.

The 1,500 meter tall chimney structure of the S@RRas a case study for implementation of
the RIM. Radical challenges and uncertainties nhestresolved toward its structural and
economic realisation and its positive impact on fjebal climate change crisis. The
methodology developed for this thesis respondsh& Specific demand for the set up of an

innovation strategy for development of the SCPIndlely structure up to feasibility.
10.2 Resolution of thethesis

10.2.1 Part I: synthesis of the Radical Innovation M ethodology

The first part of the thesis synthesised the RIMe Tragmented, indeterminate (with
regard toradical innovation) tools of incremental innovation manageat currently used for
managing the erratic, uncertain characteristicsadfcal innovation were systematised and
extended through MOT theory. Part | investigated seientific fields, SE and MOT, for
their potential contribution to the synthesis &fyatematic approach aiding a RIM. SE, by its
comprehensive nature, provides valuable insight itite system functionalities and a
systematic, non-intuitive framework within which aamtainties and deficiencies can be
identified, characterised and delimited. The tebbagy perspective brought about by MOT
unlocks insight into the building blocks of the i@ innovation by the characterisation and
delimiting of technological status, potential andtertainty.

SE and MOT theories were synthesised into a gersystematic radical innovation
methodology, the RIM. The RIM furthers SE, manadiingh uncertainty in user systems due
to perpetuated lower level uncertainty found inicaldinnovation. This is achieved through
extending high level system performance measurenam strategy formulation to
incorporate quantitative low level technological B&nd evaluation through the technology
assessing and evaluating approach of MOT methols. systems approach provides a

framework for characterisation of the radical inaben, while MOT characterises and
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determines maturity and growth trends of the teldgical sub-systems that form user
systems, enabling reasoned decision-making at ecuéxe level.

The RIM is formulated in five distinct phases. Aem@nce case is set up in response to
board specified requirements and broken down tdfutgtional, technological elements
moving outside the constraints of standardisedgdegractice and its limit state equations;
this is achieved through engaging the functionalmeof technology. Each technology is
augmented or newly introduced in the system corgrgtevaluated to determine its potential
for furthering system performance. Its technolog@aracteristics and maturity as well as
the R&D risk of realising the sought technologipaiformance are determined. During the
last phase strategy is formulated based on themsgsand technological insight gained.

The integrated roles of a technology manager, taolgical expert and board were
identified for the RIM: the technology manager lsaies and compiles the RIM process
with supportive roles from the experts (technoleggcific insight) and the board (strategy

specific insight).

10.2.2 Part I1: validation of the Radical Innovation M ethodology

The proposed RIM was applied to the SCPP chimmetsire radical innovation in the
second part of the document. It illustrated theugabf the RIM through providing a
systematised approach toward SCPP chimney R&Deglyaiormulation. A reference case
was set up in response to a demand for a 1,500r tadtechimney. The radicality of the
reference case was determined to provide an umaelisg of the measure of functional
performance improvement needed. The chimney wakehralown into its technological
elements. Each technology was augmented or intestitecdetermine its potential impact on
system performance in terms of board and expewtifsge criteria — several technologies
emerged as critical for significant improvementsistem performance. These technologies
were assessed and their maturity and R&D risk deterd to contribute to a comprehensive,

pro-active perspective on the SCPP chimney teclgnedstatus and potential for impact.

Critical technologies identified

Technologies that emerged as critical are:
« the wall thickness re-configuration,

« the incorporation of parabolic hyperboloid geometnyg
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» the incorporation of more circumferential stiffeser

These technologies promise very high to moderag@mainon system performance at
very low to low R&D risk.

Three technologies promise to mitigate adverse mjymaesponse at moderate impact
on other criteria, and at moderate R&D risk. These

« the more thorough characterisation of the windagdfation profile,

» the potential manipulation of the region’s surfameghness character and

« the incorporation of the Saguaro cactus geometry.

The mitigation of adverse dynamic response couthayp possibilities for increasing
the chimney height, while buckling mitigation cowgen possibilities for the flaring of
the chimney exit geometry. The cable staying, eleddlamping and directional design as
well as developments and breakthroughs in conenatierial technology, especially its
elasticity modulus, must be monitored or furthesesstigated because their improvement
holds promise for SCPP chimney system performanpedvement.

Technology characterisation and further observatipninted out that significant
further characterisation of action effects on thenmey needs to be performed and that
only one technology focuses on the reduction of BG¥stem LEC. Technologies were
classified in the Nine Cell Technology Functionalag3ification Matrix for future
reference. Overall future R&D on the SCPP chimnlegutd stay in touch with other
concepts and similar technologies as well as focusolutions presented by nature.

The application of a systematic approach to SCPimray radical innovation
revealed two low R&D risk technologies (wall thidss re-configuration and parabolic
hyperboloid geometry) that promise significant iipan the system performance. These
critical developments were only considered at @ &iage of the chimney innovation due

to the non-structured approach to radical innovatio

General R&D considerations proposed

The following general R&D considerations are ideed or proposed:

* Research managers should remain open-minded anidediook out for similar
and interesting technologies/concepts for acqarsiti

* Problem solving ideas must not be written off withproper consideration,

* Nature must be engaged in search of technologataliens and



» The structural R&D must soon engage the technotbffgrentiating research as

specified in the Cascade of Technological Trends

10.2.3 Thevalue of a Radical Innovation M ethodology

The thesis presents a systematic approach streagilend fast-tracking the non-
empirical, non-intuitive process of radical innawat thus saving and optimising time and
other R&D resources. Opportunities that could hpxeviously been overlooked are now
systematically identified. Uncertainties are digtished and delimited in a comprehensive
framework from where they are characterised fou$ed functional mitigation.

A radical innovation methodology is presented where preWowsly incremental
innovation management procedures were available.fiekds of SE and MOT are extended
by exploiting their contribution to the RIM syntli®s The successful first iteration
application of the RIM on the SCPP chimney suppthés significant contribution of this
systematic approach to engage the uncertaintiesuakdowns characteristic of radical
innovation.

The RIM presents generic approach to the solution of radical innovatiomg systems
approach and characterisation of functional elemaitthe system are generic to any
problem. A sought-after solution is broken dowmnirds main R&D theme to its essential
functionalities from where uncertainties and gaps be characterised and delimited for
efficient R&D management. For example, the allegratof the global HIV/AIDS endemic
(radical action and breakthrough is required) maybloken down to the awareness toward
abstinence from HIV/AIDS transmission, physical HNDS extermination through
breakthrough medical technology, temporary heattte,cetc. The impact of each element
may be determined by virtually augmenting its ‘pemiance’ and its priority for achieving
sought system performance evaluated. In the casieeadbsence of required functionalities
new technologies may be introduced. Thus, compmaheperspective of the system and its

critical facets is available before prioritisingogrces for further investment.
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10.3 Recommendations and suggestions

10.3.1 General Radical Innovation M ethodology recommendations

The RIM presented in this dissertation mainly coned radical technological innovation
for a system with functionalities as required dgrthe operational phase in its life cycle.
Further research on the RIM may expand and cuseinte be applicable to every phase of
the system life cycle, with incorporation of theieas criteria that are important at various
life cycle phases. Also, specific implications bétprogression from radical to incremental
innovation on the formulation of the RIM shouldibegestigated and described.

The RIM focused mainly on the technological undaties of radical innovation. Further
investigations could provide organisational, loget and resource support for this
methodology. The systematic procedure could enablenore logical derivation of
organisational and logistical support. Also, th@nd the market’s) uncertainties could be
managed through the principles presented by the RIM

SE and MOT are fields covering wide scopes fromralVesystems perspectives to
detailed methodologies and tools with steps foceaaplication. Broader and more detailed
investigation of their premises and specifics malg @0 the RIM synthesised in this
dissertation. Furthermore, the SE and MOT fields matively young scientific fields in
which theoretical and practical developments ateesipected; the expansion and extension
of its theory, for example the detailed classifimat of technology in a taxonomical
framework, may enable the more thorough classiGoabf system technologies and increase
the insight gained into their character and dynarfoc more focused R&D strategy.

The RIM, being defined as a generic methodologyldde customised for numerous
other radical innovations. The functional, problealving perspective on innovations takes a
step back to identify the system of which the peablforms a part. Gaps and uncertainties
are delimited and functions required for addresshese gaps are qualified. The impact of
ideal or perfect performance improvement of theemtainty is evaluated to identify critical
elements in the system. These can be charactedkssified and assessed in terms of the
potential for realising the sought improvement. €aquently, strategy is formulated to

address the re-allocation of resources to addhessritical functionalities.



10.3.2 Solar Chimney Power Plant recommendations

Only the first iteration of the application of tHeRIM on the SCPP chimney was
performed. Subsequent iterations must narrow domd Gharacterise the concept and its
uncertainties. Accompanying R&D may identify othar further R&D focus areas. The
radical innovation should eventually become sudfitly characterised to be further
manageable by standardised design procedures.

Several issues were not addressed due to resoortdraints, amongst others the
constructability of the SCPP. Future research shtmdus on investigating these issues to fill
in the missing pieces in the comprehensive framkwbthe SCPP chimney system.

Investigation into accurate, representative MCDMhuds could better inform the SCPP
chimney decision-making process.

The emergence of the other SCPP chimney conceptgrae to be more feasible than
the reinforced concrete chimney chosen in thisediaion as reference case for the RIM

application.

The systematic approach presented by the syntb€S& and MOT approaches in the Radical
Innovation Methodology streamlines radical innowatiand formulation of its R&D strategy. It
presents a systems based framework from whicleakiiechnological elements and uncertainties are
identified and characterised and growth trendsR&D risks are identified, thus enabling reasoned
decision-making. The Radical Innovation Methodoldglds a key to the resolution of radical,

critical challenges mankind is faced with in thé' 2&ntury.
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EPILOGUE

In a step that is preparatory to a second iteragderence case formulation, four of

the top technologies (section 9.2.2) are incorgaratto the first iteration reference case:

* The wall thickness re-configuration, as formulatedection 7.1.13, is included in
combination with

» the parabolic hyperboloid geometry (section 7.1,.10)

» the addition of the five additional circumferentsiffeners (section 7.1.12) and

* the ultra-high strength performance concrete (gecfr.1.8) (a modulus of

elasticity at 60 GPa was chosen in the latter case)

Note that the other technological subjects aramamirporated into the system yet due
to resource constraints. Further, note that notttedkse synthesised technologies are
developed up to the value that they are introducesigmented at in this synthesis.

The synthesised system yields excellent resultsnsarised in Appendix 1). The
energy yield has a slightly lower limit than thdttbe parabolic hyperboloid system of
section 7.1.10 due to the presence of the additdmaumferential stiffeners, at 304.13
GWhly, which is approximately 0.3% lower than tbétthe reference case. The capital
costs are reduced from R27.70Bn to R8.55Bn regpitina LEC of R3.63/kWh (This
significant decrease in capital cost is mainly tluehe exclusion of the fins stiffening
structures. The fin-stiffened chimney system comdialmost three and a half times the
concrete required by the parabolic hyperboloid getoynchimney system.). The critical
buckling factor surpassed the ‘ideal’ 5.0 mark watfirst global buckling mode value of
M = 5.75. The first global free vibration frequensyat 0.113 Hz resulting in a gust load
factor, which is almost 4% above that of the rafeeecase, but safely outside any critical
wind velocities.

The new, synthesised LEC value is lower than witly endividual technology
augmentation. The structural performance againsklimg is significantly better, having
surpassed the barrier stated as the ideal reshile the gust load factor does not pose
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any significant threat. It is concluded that theplemented systematic RIM approach
proposed by this thesis, resulted in significardt@nd structural benefits, thus leading
the SCPP chimney development several steps clasestrtictural and economical

realisation.
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APPENDIX A

FINITE ELEMENT ANALYSES

The Finite Element Method model and analyses pruresdfor the Chimney are presented here.
DIANA Finite Element Analysis version 9.2 FE soft@dDIANA 2007] is used throughout.

Al FEM mode

All Mesh

A finite element (FE) model generated and calilutate previous research [Rousseau
2005] forms the basis for the model used in thigegtigation (see Figure Al — left and
middle). Eight node quadrilateral iso-parametricved shell elements, CQ40S, are used to
model all structural shell elements (chimney anitudinal fin stiffening structures); three
translational and two in-plane rotational degreéd$reedom are available per node. Two
node Bernoulli beam elements, L12BE, are used titrgyothe columns supporting the
chimney; three translational and three rotatioregjrdes of freedom are available per node.
Additional lateral stiffening beams are deployedwsen adjacent fins to model the
constraint effect that the collector roof has oa fims to prevent buckling. The model is
simplified by modeling only half the chimney. Thassumption is made due to geometrical
and loading symmetry about the axis of wind di@ttiNote that this approach assumes
loading and response symmetry, for instance ndudag torsional action and response.

Al.2 Constraints

Due to the symmetry simplification of the model thedes on the symmetry axis are
constrained appropriately. The stiffeners are notieed directly, but their effect is included
by the constriction of rotation around the vertiaaés at the proposed locations of stiffening
(Figure Al — right). Note that the circumferentsiffener “spokes” are displayed only and
did play an active structural role.
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Figure A-1. The FE model (left and middle). Theatanal constraint about the global z-
axis (right).

The impact of the Sishen soil/rock characteristiosstructural performance is evaluated
in the FEM model. Soil/rock characteristics areadticed to the model with a spring model
prescribed by Gazetas [1983]. The soil/rock charatics are subdivided in the following

horizontal layers in Table A-1:

Table A-1. Soil/rock characteristics for the Sishegion.

Sail/rock characteristics

L aver Depth [m] Elasticity modulus  Poisson ratio
y & [aver age GPa] [average]

Toplayer: — potveen 0and 0.8 n/a; excavated
Kalahari sand
0.26 [Hart and

Limestone Between 0 and 50 10.9 Wang 1995]
Weatpoirfd lava g otween 20 and below 66.9 0.26




Soil deformation assumes linear isotropic viscattabehaviour [Gazetas 1983]. Soil
stiffness characteristics of the actual soil systam be replaced by a bed of independent
elastic springs resting on a rigid base. On thasbas field measurements, tables and
empirical formulae were presented from which one readily estimate design values of the
coefficient for several types of soil for all pddsi modes of vibration. The following
frequency-independent coefficients apply to respanghe low frequency range:

K, = 10 (A1)
where K = spring constant (stiffness) [N.m]
R = radius of the circular rigid loading area [m]
G = shear modulus [Pa]
_ E
2(1+0)
E = elasticity modulus of soil [Pa]
v = Poisson’s ratio of soil

The expressions for the four degrees of freedom taedcorresponding values for
limestone and weathered lava rock assuming a fdiomdgize of 240 meter radius (160
meter chimney diameter plus two 160 meter fin estiffr structures) follow in Table A-2. The
foundation is assumed to be a circular disk belwvahimney and fin stiffeners.

Table A-2. Equivalent spring stiffness values fack substrate.

Mode Vertical Horizontal Rocking Torsion
3 3
Stiffness formulation 4GR 8GR 8GR 16GR°
1-v 2-v 31-0) 3
Limestone 5.61e+12 4.77e+12 2.15e+173.19e+17

Weathered lavarock | 3.44e+13 2.93e+13 1.32e+181.96e+18

Each node on the base level of the FE model isdruathese translational and rotational
stiffnesses. Subjected to the reference case wiads|the soil/rock show negligible change

in the first global natural vibration frequency wiit decreasing from 0.1943 Hz to 0.1942
Hz.
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A4

In conclusion (of the base fixity investigationetSCPP reference case FEM model is
constrained against all translation and rotatideradetermining that change in first global
natural vibration modewith base spring stiffnesses based on data from sofepties at

Sishen being negligible.

A1.3 Material and physical properties

The shell is made up of high performance reinforomacrete with an elasticity modulus
of 30 GPa and Poisson ratio of 0.2. The elastimidgulus remains 30 GPa as only uncracked
linear elastic buckling analyses are performed. flifbe shell is partitioned in 51 horizontal
sections to accommodate for the variation in wattkness in a step-wise manner, assigning
to each section the relevant thickness. The coloeams are assigned a circular geometry of

a constant 10.7 meter diameter.

A2 Analyses

Linear elastic buckling analyses, free vibratiomlgses and frequency response analyses are
introduced here — refer to section 5.3.1. The appllity of the frequency response analysis to
the SCPP chimney response is discussed.

A2.1 Linear éastic buckling

The linear elastic buckling analysis solves theofeing eigen-problem [for more
detailed on buckling analyses refer to Bathe 1995]

(Ko + Ay Kg)U =0 (A2)
where Ko = linear stiffness matrix
Aerit = critical buckling factor, i.e. factor on load @énder to satisfy
Equation A2
Ko = geometrical stress stiffness matrix
oU = displacement matrix

A2.2 Freevibration

The free vibration analysis solves the eigen-pmoble



(Ko +a? M)p=0 (A3)

where o = eigen-frequency, or free vibration frequencyradians per second
M = mass matrix
¢ = eigen-vector, depicting the mode shape of theation mode

The free vibration analysis yields mode shapes #natexcited at the corresponding
frequency. The free vibration result in itself i®tnconclusive to determine structural
integrity. The structural response to dynamic eximh determines its structural integrity. If
its free vibration frequencies are excited duriegigdic loading conditions, it could lead to

excitation of resonant oscillation, which could baletrimental effects on the structure.

A2.3 Frequency response

The frequencies of typical wind load excitation cp@ are concentrated in the lower
frequencies and normally only endanger slendercstres with global free vibration
frequencies around the same spectrum. The striigesponse to the second global free
vibration mode is generally considered negligitdtative to the significant response of the
first mode; this is confirmed in a frequency resgwanalysis in DIANA FE software where
a Davenport frequency spectrum [Rousseau 2005 ptogled to vary thenaximum load on
the SCPP chimney (Figure A-2). The figure displagsks due to resonance at the first
(0.135 Hz), second (0.225 Hz) and third (0.28 Hp)pgl free vibration frequencies but the
latter two are significantly less than the peathatfirst free vibration frequency, and than the
static deformation (at O Hz). Note that the apfiility of this analysis is limited because the
frequency spectrum is a function of height, whiclABA cannot incorporate, and because
the maximum peak wind load was varied while initgat is only the gust that fluctuates
around the mean wind load. It does illustrate aseorative case — the second free vibration
mode will not be excited if larger than 0.2 Hz.

The conclusion is reached that only the first fudgration frequency and associated
mode-shape need to be considered during dynamigsearovided the second global free
vibration frequency is larger than 0.2 Hz — thisalification must be verified for each

technology alternative.
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A6

The simplified dynamic response calculation depidtem the Australian Wind Loading
Code [AS1170-2:1989] is used in order to deterntiree quasi-static loading factor that is

evaluated henceforth.

FREQUENCY

Figure A-2. SCPP chimney typical frequency respoas®lified deformation of a
windward node at the chimney tip.
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APPENDIX B

WIND MODEL USED ON
SCPP CHIMNEY

B1 Referencewind load on SCPP chimney

Wind pressure loads on a structure surface areuflated as follows:

Fz0 = [Cpep — Gl * Onaxz* A (B1)

where Gaxz = maximum expected gust velocity pressure [Pa]

-
&

kr

= Yp,U? (B2)
= air density at relevant height [kgfm

= Expected peak gust velocity at heiglin/s]

=U, +go,, [Holmes 2001] (B3)

= mean design wind velocity at heighiim/s], as described by the corrected

logarithmic profile [Harris and Deaves 1978]

u z z 2\ 4z’ 1(z)*

=—"|In=+ 5.75-—1.875{—) ——[—j +—(—j (B4)
k| z B 5) 3lo) 4alo

= Udesign hourly mean, 10 meter height

=1/1.53 - Lélesign max 3 second gust, 10meter heB&o DIS 2008]

= 1/1.58 - K- Unax 3 second gust, 10meter height, 50yr

= factor for adjusting for wind return period

= 1.17 for adjusting from 50 to 1,000 year retpemiod; 1,000 years is chosen
from the ISO code [ISO DIS 2008]. Note that a 2,06@r return period is
used for reference case frequency response catmdat
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B2

2o

Cpese

= roughness length [m]
= height above ground level [m]

= height at which surface frictional effects aegyiigible, also known as the

gradient height [m]

u.
=— B5

o1 (B5)
= frictional velocity [m/s]
_ YUk
= (B6)
= surface drag coefficient

2
= L (B?)
In| —
ZO

= Von Karman constant
~0.4
= Coriolis parameter
= 2QsinA
= earth rotational velocity [rad/s]
= 7.27*10°
= latitude
= statistical peak value
= standard deviation of wind velocity, on heighiz
=U,l, (B8)
= turbulence intensity

8

= external pressure coefficient, experimentalltsdtom SCPP research are

used in this evaluation



Coi = internal pressure coefficient, experimental ltssiitom SCPP research are
used in this evaluation

A = surface area on which pressure is exerted [m

With the formulation explained, the values can bkEwated to determine the forces acting
on the chimney. Table B-1 provides a logical layoiuthese calculations:

Table B-1. Calculations for wind forces on SCPRruigy.

Attribute Value Reference
Umax 3 second gust, 10meter height, 50yr 40 m/s SABS 0160:1989
Return period used to factor load on SCPP 1,000
_ ISO DIS 2007
chimney years
Factor to correct 50 year to 1000 year wind
. 1.17 SABS 0160:1989
velocity
U design max 3 second gust, 10meter height 46.8 m/s
Factor to change from 3 second gust to hourly
1.5 ISO DIS 2007
mean
Udesign hourly mean, 10 meter height 30.59 m/s
Holmes 2001, Niemann
Roughness lengthg z 0.02m
2007
Von Karman constant, k 0.4 Dyrbye and Hansen 1997

Surface drag coefficient,

K 0.00414 Holmes 2001
K=|— (B10)

Frictional velocity, u 1.969 m/s Holmes 2001
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(B11)

x
I
'\

U
. . ~ 28
Sishen latitude),
South
Coriolis parameter f
f. =2QsinA with Q = earth rotational 6.826e-05 Dyrbye and Hansen 1991

velocity = 7.27*10 rad/s

Gradient height, z

4,807 m Dyrbye and Hansen 1997
(B12)

oM

-RL
Air density: p= p0{1+ LTEIh} ;
0

where h = height above sea level; for Sishen: h+=1200
po = sea level standard atmospheric pressure = 102825
To = sea level standard temperature = 288.15 K
L = temperature lapse rate = —0.0065 K/m
R = universal gas constant = 8.31447 J/(mol-K)
M = molecular weight of dry air = 0.0289644 kg/mol

g = gravitational acceleration
_PM : - _
p= AT with T=To+L.h ; for Sishen h =z + 1200
Free stream velocity pressure

clmax,z:l/szL]Z2 (B13)

The loads over chimney height are shown in

Figure B-1.
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Figure B-1. Free stream velocity pressure increadeheight.

Circumferential pressure coefficient

Cp = Cp,external— Cp internal

(B14)

Two cases are investigated, one W

maximum internal vertical flow, th

other with no internal flow [Harte and

Van Zijl 2007]. In both cases the 1.2
curve (see Figure B-2) is used due to
lower suction forces. The case w
vertical flow (G, intema = -0.1 — sesg
Figure B-3) is used further in this stu
on the grounds of its extreme peak
almost G = -3, large negative wak
pressures and larger pressure gradi
The resultant pressure coefficie
distribution is shown by the blue cur
in Figure B-4 (Note that the net press
coefficients are portrayed — extern
pressureand internal suction pressur

hence the pink line value of 1.8 (un
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zero degrees.). Finite element analy
of the SCPP under these two press
distributions confirm greater glob

deformation and moment gradients.
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2006].
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APPENDIX C

STRUCTURAL PERFORMANCE
EVALUATION MODEL

Structural performance evaluation in this dissematbeing a radical innovation that only aims
to describe governing phenomena in order to forteutanceptual designs for means of evaluation,
iIs measured by buckling and quasi-static dynamiplification factors. These factors are compared

to determine the impact of technological alterregion the system performance.

C1l Buckling
Cl1 Analyss

Resistance of the SCPP chimney to global bucklerges as an indication of the impact
on structural performance. The German cooling toslesign guide [VGB 2005] prescribes
the evaluation of buckling behaviour througlireear elastic buckling analysiander dead
load and peak external and internal wind load (@/ghaxt+ W;). Appendix A describes the
mathematical formulation of this analysis for thenerical, FEM procedure.

Cl1.2 Design limitsand applicability thereof on the SCPP chimney

The German design guide prescribes the resultisgrfiode buckling factor to darger
than 5to allow for stress stiffnesses due to initialptheement. It accounts for nonlinear
geometrical and material effects, determined ermgdigi for cooling tower structures. The
applicability of this factor to the SCPP chimneyds to be investigated in future.

Note that although resolution of this theoreticatertainty does not improve the actual
structural performance of the chimney, it providgestructural performance requirement
metric against which structural performance ofraliives can be measured.

The wind load associated with the buckling analisiermulated in Appendix B.
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C2 Quas-static dynamic amplification factor

Appendix A reports the investigation into SCPP ahéy frequency response. Only the first
global free vibration frequency and associated rraite need consideration during dynamic
analysis provided the second global natural vibmatfrequency is larger than 0.2 Han
analytical dynamic response calculation that idiagble to structures where only the first global
vibration frequency is relevant, depicted from testralian Wind Loading Code [AS1170-
2:1989], is used in order to determine a quasiestadding factor, based on along and across

wind load factors.
C2.1 Excitation dueto along wind frequency spectrum

The along wind load factor, known as tlgeist factor is a simplified parameter
incorporating background and resonant responseiddmg simple structural geometry and
dynamic behaviour, dynamic wind characteristics dnel aerodynamic admittance and
mechanical transmittance of wind to the structdiee background response is the slowly
varying component of the fluctuating response caulsg lower frequency wind speed
variations while the resonant response accountthéexcitation of the natural frequency of
the structure. This load factor (Equation C2) iplegal on the mean base overturning moment

caused by the quasi static mean wind action tormiéte the design peak base overturning

moment
M, =GM, (C1)
where I\7Ia = design peak base overturning moment

M, = mean base overturning moment resulting fronmikean wind
condition
= j Cod_Adz; with (C2)

Co = drag coefficient for cross section, chosen itoadance with Figure
C-1

A, = area of a structure at height

qa, = defined in Appendix B, equation B13, based @090 year wind
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Figure C-1. Drag coefficient response to increagtegnolds numbers.

G = gust factor
2SE
=1+ r\/gsz(1+w)2 + 3 (C3)
¢
where r = roughness factor and
= 2xl, (C4)
ly = longitudinal turbulence intensity at height
1
In(hJ
ZO
h = height of the building in meters
Zo = surface roughness length in meters
Ov = peak factor for upwind velocity fluctuation (gus
=3.7
B = background response factor
- ! (C5)
\'36h? + 64b?
1+ ==
I-h
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Lh

Na

<

= horizontal breadth of the vertical structuremal to the wind
direction

= measure of the effective turbulence length sicaieeters

h 025
= 100{—) (C6)
10
= factor to account for the second order effettsirbulence intensity
= —gvrjg (C7)

= a peak factor, the ratio of the expected pedkevahich occurs once
per hour to the standard deviation of the resoparitof the

fluctuating response

= /2In(360(, ) (C8)

= first mode along-wind frequency of the structuréiz
= size factor accounting for the correlation fgsures over a
structure

= L (C9)

P

= design hourly mean wind speed at helghh meters per second;

note that in this dissertation a 2,000 year wirtdrreperiod correction
factor of 1.21 as determined from the SABS 016091198ading Code
is applied for the reference case and subsequamaogy evaluation.
A factor of 1.13, corresponding to a 500 year repgriod wind, is
applied for the ideal result.

= spectrum of turbulence in the approaching veitndam

_ 047N (C10)
(2 +N 2)5/6
= effective reduced frequency
= Ny (C11)
Vh

= structural damping ratio as a fraction of théaal damping ratio



The ideal result for along wind response, baseda @00 year return period wind is

provided in Table C-1.

Table C-1. Ideal case along wind base overturnioghent.

Parameter Value Reference
Height of building, h [m] 1500 Section 5.2.2
Horizontal breadth of structure, b [m] 160 Section 5.2.2
Roughness lengthg fm] 0.02 Appendix A

Longitudinal turbulence intensity,, lat height h
Roughness factor, r

Peak factor for upwind velocity fluctuation, g
Effective turbulence length scalg, m]
Background factor, B

Second order effects of turbulence intensity, w
Background response

First along-wind global free vibration mode
Peak factor resonant part of response, g
Hourly mean wind speed at height h,Mean [m/s]
Size factor for spatial correlation, S

Effective reduced frequency, N

Spectrum of turbulence in wind stream, E

Structural damping capacity given as fraction of
critical dampingg

0.0891 Appendix A, eql3
0.178 Appendix C, eqC4
3.7 Appendix C
3499.6 Appendix C, eqC6
0.278 Appendix C, eqC5
80.0 Appendix C, eqC7
1.38 Appendix C, eqC5
0.13Bppendix B, eqB13
3.517 Appendix C, eqC8
61.16 Appendix A, eqgA3
0.033Appendix C, eqC9
7.72Bppendix C, eqC11
0.1Bppendix C, eqC10

0.0143 Section 7.2.8

Gust factor, G

1.4985 Appendix C, eqC3

Mean base overturning moment, [N.m]

2.37e+1Appendix C, eqC2

Design peak base overturning moment, [N.m] 3.56e+11 Appendix C, eqC1

The calculations for the reference case base awamy moment due to along wind
excitation are shown by way of the following spreaekt, in Figure C-2.
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Table C-2. Calculations for the ideal case basetoneng moment due to along wind

excitation.
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C2.2 Excitation in acrosswind direction dueto vortex induced across wind frequency
force spectrum

Across wind resonance is excited by alternate xodieedding in the wake of the
chimney under constant velocity conditions. Theetgp vortex shedding pattern is subject to
the flow regime, which is in turn a function of thend velocity. The wind velocity at which
vortex shedding frequency is the same as the steistfirst global natural frequency, known
as thecritical wind speedis described by [Holmes 2001]

_nb

Ve = o7 (C12)
where Vit = critical wind velocity [m/s]
Ne = first mode across-wind frequency of the struefjiliz]
b = breadth of the structure normal to the win@ction [m]
St = Strouhal number, which is characteristic efvtbrtex shedding

frequency and varies for different flow-regimes

The Strouhal number for all heights of the chimigyased on two dimensional flow
measurements. Figure C-2 depicts, for a smoothaseyfand measurements at Reynolds
numbers of larger than 1.1@typical for 160 meter diameter chimney), the St number
to be 0.22. This value is then adapted for vari@ti®s of distance-from-tip to diameter, in

order to accommodate for three dimensional flow&#, according to [ESDU 1998]

-16r
St= sgD[l— 04e O } (C13)

where St = three dimensional Strouhal number
Stp = two dimensional Strouhal number, see Figure C-2
r = distance from tip of chimney [m]

D = diameter of chimney [m]
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Figure C-2. Strouhal number change with Reynoldslmer (two dimensional flow)
[ESDU 1998].

Results for a chimney diameter of 160 meter with 2D Strouhal number equal to 0.22
are displayed in Figure C-3.

Lock-in behaviour occurs when the vortex sheddirggdency is influenced by the
natural frequency free vibration of the structutés prevalent in structures of ‘relatively low
stiffness’ that has low damping ratios and ope'ratar’ the critical wind velocity [AS1170:2
1989]. The occurrence of lock-in is indicated wetlery technology alternative by a graph as
in Figure C-4 — the crossing of the two lines wouldicate potential lock-in behaviour,

requiring further investigation.

St/S2d

Figure C-3. Three dimensional Strouhal number changth distance from chimney tip.



—— Wind elocity profile

— Critical wind velocity with height

1400
1200 -
1000
800 -
600 -
400
200

Height [m]

Wind velocity [m/s]

Figure C-4. Typical graph indicating proximity afteal wind velocities (blue line) to the
critical wind velocities (pink line). Note that tl26000 year return period wind is used in

determining the actual velocity profile.

The design peak base overturning moment in thesesoisd direction generated by this

type of dynamic excitation is formulated by the A30-2:1989 as follows:

M. = 059, d,bh?(1.06 - 006k) [’ff] (C14)
where I\7Ic = design peak base overturning moment in the exorsg direction
Of = a peak factor
= \/2In(36001,) (C15)
a, = hourly mean dynamic wind pressure at helgfRa]
= Yp,U 2 (C16)
Pz = air density at relevant height [kgfm
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Crs

Ne

= mean design wind velocity at heighfm/s] (described by equation
B3)

= height of the structure [m]

= a mode shape power exponent from representatibnthe

fundamental mode shape p{z) = (z/h)*; with k ~ 2.3 for a tower

decreasing in stiffness with height [AS1170:2 1988] verifying
investigation finds this value to be closer to 2.Figure C-5 presents
an exponential curve fit on the first global frébration mode shape
(reference case). The eigen vector values alonbelght were chosen
on the zero degree position, i.e. the positionnig¢he wind direction;
these are plotted against the height. The fittedoegntial curve
reveals an exponent of 2.4 to fit the curve the.bes

= cross-wind force spectrum coefficient due to tewr shedding,
generalised for a linear mode, as from Figure @&d off at reduced
velocity = Wsesign hourly mean, A(Nc' D) (C17)
= fundamental mode frequency in cross wind direcfdz]

= width of structure [m]

= structural damping ratio as a fraction of thécal damping ratio

The ratio ofl\?lc: M, provides an quasi-static design factor on basetavéng moment

providing for across wind resonance. (C15)



——FEM results: normalised displacement ——Fit with exponent = 2.4
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Figure C-5. Curve fit to SCPP chimney first globak vibration mode.

Currently, as Kijewski and Kareem [2001] points the force spectrum (Figure C-6) is
determined from provided spectra for only a limiteamber of shapes and aspect ratios. As a
result, interpolation is used if the desired aspatidb does not correspond to those provided;
the nearest shape must be selected to approximatdéotce spectrum coefficient if the
desired shape is not available. As wind tunnekteatseveral buildings of varying dimension
have shown, the spectra can vary greatly, so tieepolation of a given spectrum adds some
uncertainty to the across wind estimate. The acmsd force spectral amplitude is sensitive

to the level of turbulence in the approach flow émel building aspect ratio.
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Figure C-6. Cross wind force spectrum for squaossisection buildings [AS1170:2
1989].

An example of the calculations for the base ovartiy moment due to across wind

excitation is shown in Table C-3 and C-4.
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Table C-3. Calculated values for the across wirsklmverturning moment for cross

wind force investigation.

Parameter Value Reference

Fundamental mode frequency in cross wind _
direction, r [Hz] 0.094 Appendix B, eqB13

Peak factor, g 3.411 Appendix C, eqC12
Width of structure, b [m] 160 Section 5.2.2
Height of structure, h [m] 1,720 Section 5.2.2
Hourly mean dynamic wind pressure [Pa] 2,033.68\ppendix C, eqC13
Mode shape power exponent, k 2.4 Appendix C2
Hourly mean wind speed,dbdign hourly mean, im/s] 66.65 Appendix A, egA3
Ratio Usesign hourly mean, A(Nc* D) 4.46 Appendix C, eqC14
Cross wind force spectrum coefficients C 0.001 Appendix C2

Structural damping capacity given as fraction of

critical dampingg 0.0143 Appendix C2

Design across peak base overturning moment

[N.m] 7.05e+11 Appendix C, eqC11

Across resonance peak factor on base

overturning moment 1.9483 Appendix C, eqC15

C13



Table C-4. Calculations for the across wind bas&tayning moment for cross wind

force spectrum model.
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APPENDIX D

SCPP CHIMNEY COST MODEL

D1 Chimney costs
D1.1 Unit costs

The cost of the chimney is a function of the volushenaterial used, the specific material
cost, the construction cost and transport cost. dienney is constructed of thin shell
reinforced high performance concrete.

For the purpose of the reference evaluation thé stosctures in Tables D1 are used —
these are based on construction costs of tallowiafl concrete chimneys, obtained from a
well-known South African civil contractor [GrinakéTA 2005]. A volume based approach
is used, i.e. materials are assigned physicalulabant and logistical cost per volume. For
the chimney shell and fin stiffeners (referred ® “@igh level construction”), a high
performance concrete cost of R1,000/s used. Low elevation construction (foundations)
uses normal performance concrete at R88@nu shows a decrease in labour and logistical
cost. Structural steel construction at high el@rgtior example the circumferential stiffener
placement, is also portrayed in Table D-1. Labowdt bbgistical costs associated with high
elevation construction are significantly higherrthar low elevation construction.

The detailed nature of this model lends itselfdgyenavigation into and investigation of
how conceptual or parametrical (technology) chanigeshe system influences overall

chimney system cost.
D1.2 Reference case chimney cost

A chimney of 1,500 meter height and 160 meter diamis investigated with geometry
as specified in the Chapter 5 reference case ¢sebti2.2). Each circumferential stiffener
consists of 72 flat structural steel beams, eacD.@3 x 0.06 meter cross-section, spanning
the radius from a stiff outer ring of the same srgsction at the chimney perimeter to a

D1
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connector hub at the centre of the stiffener amamant [Van Dyk and Van Zijl 2002]. The
capital cost of the reference case chimney syssecalculated as R27.70Bn. See Table D-2

for a breakdown of the costs.

Table D-1. Reference case cost assumptions
High elevation  Low elevation High elevation

concr ete concr ete stedl
Aspect Cost [R/m’]

Material 1,000 800 10,000
Reinforcement 1,000 500 n/a
Labour 2,000 500 2,500
Plant 1,000 1,000 n/a
e ety 3500 s 2000

Total 8,500 4,300 14,500

The fin structure cost (80%) largely outweighs thémney shell (18%) and foundation
(2%) costs. The circumferential stiffener cost cdmition is negligible.

Figure D-1 displays the spreadsheet used for cloul of the reference case cost. A
digital version of this (and each alternative tealbgy’s) cost calculation is available from

the US-ISE.

Table D-2. Cost breakdown of reference case SCifhely.

Volume[m®  Unit cost [R/m?] Cost
Chimney 581,635 8,500 R 4,943,901,288
Fins 2,609,641 8,500 R 22,181,949,017
Foundation 129,600 4,300 R 557,280,000
Circumferential stiffener 1,326 14,500 R 19,223,581

R 27,702,353,885
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D2 Collector costs

A plastic-based collector is chosen on the basibwer construction costs. Note that the
thermal properties of plastic are presumably lessdrable for heat loss and storage than glass
with a negative impact on the plant energy genematapacity. These losses are, for the purpose
of this thesis, assumed to be negligible, i.es iaissumed that the plastic thermal and durability
performance is on par with that of glass.

The main assumptions for the collector cost modetgnted in this paper are:

« The transparent material comprises a durable plegtimbrane, priced at R10m

« The roof supporting truss system costs R20/m

 The roof supporting truss system contains load rpitism measures sufficient to
circumvent all wind and temperature related action.

« The airflow drag due to column cross-section isligége, therefore the cheapest column
cross-section is chosen, not concerning aerodynasiiape. The sections are
approximated as IPE120 sections, used throughout the collector. It isuasd that
these sections can be sufficiently braced againskling. Their cost is assumed at
R100/m.

* The cost of the column foundations is assumed ttheéesame as for the chimney “low
elevation concrete” in Table D-1.

* The transport cost is assumed to be 5% of the rmhtest.

* The labour and plant costs are estimated to be XifGbe collector material cost.

The collector consists of a transparent roof elsvdity a support structure. The roof extends
from the outer perimeter of the collector to a usdof 200 meter from the centre of the chimney.
It has an outer diameter of 6,900 meter. The suppwucture consists of steel columns
supporting a truss-work system from which the jdaist suspended. The collector has an inlet
height of 3 meters and rises exponentially (expbre.827) to a height of 32 meters at 200
meter radius. A volume of 0.192°roncrete is required per column foundation.

Table D-3 reports the cost breakdown of the SCHRator. A total cost of R2.53Bn is

calculated.



Table D-3. Cost breakdown of the SCPP collector.

Part Cost

Column cost R 84,798,377
Truss cost R 767,176,926
Glass cost R 383,588,463
Column foundation R 151,255,673
Circumferential stiffener cost negl.

Collector material cost R 1,235,563,766
Transport R 61778 188
Labour R 1 235 563 766
Total collector cost R 2532 905 720

D3 System cost summary and electricity cost

The cost of the power conversion unit (turbinegjegators, flow ducts, structure, etc.) is
estimated at R1.20Bn. The total cost of the syseR31.44Bn of which the chimney system
contributes 88%. Radical reduction in chimney a@st therefore greatly improve the financial

feasibility of the SCPP. The total costs are sunmsedrin Table D-4.

Table D-4. Summary of costs of the SCPP referease.c

Part Cost [RBN]
Chimney system 27.70
Collector cost 2.53
Power conversion unit 1.20
cost
Total investment cost 31.44

The LEC (levelised electricity cost) is calculatesing the cost model presented in a paper
by Fluri et al. [2006]. The operating and mainteseanost is assumed at R38Mn annually. This
operating and maintenance cost is double the (afprit) R19Mn annually reported by Schlaich,
which is based on a 100 MW SCPP plant (half theregfce case output) [Schlaich et al. 2004b].
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The present equivalent value of these costs oeelifgtime of the plant is found with Equation
D1.

N 80
P:i_ 1+ f 1 _38000000| (1+ 006 _1|=R1469938350 (D1)
f =i 1+i 006-008|\1+ 008

whereA; is the cash flow at the end of the first ydas, the inflation rate, is the interest rate
and N is the lifetime in years. This equivalent @ancost is calculated using a depreciation
period of 80 years, an interest rate of 8.0% anthfation raté of 6.0%. The lifetime operating
and maintenance cost is added to the capital codetermine the total present value over the
lifetime of the project. An equivalent annual casier the project lifetime can be calculated

according to Equation D2.

0081+ 008)*
(1+ 008)* -1

. \N
A= P{(I(l_Jr—I)J =(31,435259605+ 1469938350){ } R2,638005366 (D2)

The levelised electricity cost (LEC) is ascertaitgddividing the equivalent annual cost by
the annual power output (305.04 GWh, generateth&®200 MW SCPP plant [Bernardes 2008 —

refer to Appendix E for more detail]) as shown bjuition D3.

© = 2638005366

= R865/ k\Wh (D3)
305040000

Note that the LEC is very sensitive to economicialdes like interest and inflation. An
interest rate decreased to 6.0% yields an LEC o8 RKWh. The cost model is summarised in
Table D-5.

' The inflation rate chosen is used in the publazatly Fluri et al. [2006].
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Table D-5. SCPP levelised electricity cost results.

Equivalent annual cost

Plant specifications Ref (EAC) Ref
Nominal power [MW] 200 Specified R 2 638 005 366 Eq D2
Annual power output Bernardes
[GWh/a] 305.04

Levelised Electricity Cost
(LEC) [R/kWh]

Cost specifications 8.65 Eq D3
Capital cost R 31 435 259 60Petermined
Operation and maintenance Schlaich et
cost (1st year) R 38 000 000 al. 2004b

Cumulative present value of

operation and maintenance R 1469 938 350Eq D1
Interest rate 8.0%

Inflation rate 6.0%
Depreciation period [years] 80
References

Fluri, T.P., Pretorius, J.P., Van Dyk, C., Von Bsttkm, T.W., Krdger, D.G., Van Zijl, G.P.A.G. (2006
Cost analysis of solar chimney power plants, EUROSUN 2006, Glasgow, June 2006.

Bernardes, M.A. dos S. (2008), Personal correspmeldased on the SCPP performance model
developed at the US-ISE.

Grinaker-LTA (2005), Personal correspondence with Ghristo Schoeman.
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APPENDIX E

SCPP SYSTEM ENERGY YIELD

E1 Introduction on energy yield ssmulation model

A simulation program [Bernardes 2008] is used toesthe thermo-flow field in the collector
and chimney of the SCPP. The relevant equationgdaservation of mass, momentum and
energy are solved simultaneously using finite défee methods. Meteorological data (ambient
air temperature, humidity, solar irradiation andhavspeed) from Sishen, South Africa, is used as
input to the simulation. Factors such as the pmsitof the sun throughout the year at the
particular global location, shadow cast by the ctegnand all frictional, inlet, outlet, support and
heat losses are also taken into account. At the timwriting this dissertation, the Bernardes
simulation model [2008] was unpublished. Howeverisibased on the simulation model by
Pretorius and Kroger [2006]. The detail of the Bedes model falls outside the scope of this
dissertation. The thermo-flow and geometrical pai@nms used in the SCPP reference case

energy yield simulation in this study are summariseTable E-1.

Table E-1. Thermo-flow and geometrical parameter$SICPP reference case simulation.

Parameters Value Unit

Computational parameters

Volumes 3C [-]
Time interval 3600 [s]
Collector
Roof shape exponent 1.0 [-]
Perimeter (inlet) height 50 [m]
Emissivity of roof 087 [-]
Emissivity of absorber 090 [-]
Extinction coefficient of roof 4 [1/m]
Refractive index of roof 1526 [-]
Thickness of roof 0.004 [-]
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Outer diameter 5000 [m]
Inner diameter 400 [m]
Inlet loss coefficient 1 [m]
Support diameter 0.2 [m]
Support drag coefficient 1 [-]
Supports tangential pitch 10 [m]
Supports radial pitch 10 [m]
Absorber roughness 0.05 [m]
Heat transfer scheme Bernardes
Chimney
Chimney height 1500 [m]
Chimney diameter 160 [m]
Chimney base 160 [m]
Wall roughness 0.002 [m]
Circumferential stiffener pressure coefficient 0.01-]
Number of circumferential stiffeners 6 [-]
Turbine
Turbine inlet loss coefficient 014 [-]
Turbo-generator efficiency 0.80 [-]
Control scheme “x-factor”
X-factor 093 [-]
Ground
Density 2160 [kg/m?3]

Specific heat

710 [J/kg-K]

Thermal conductivity 1.83 [W/m-K]'
Absorptivity 090 [-]
Depth 2 [m]
Nodes 20 [-]
L ocal parameters
Longitude 0 [
Latitude 20 [
Local pressure 90000 [Pa]
Horizontal visibility 100000 [m]
Cirrus thickness 0.1
Surface albedo 035 [-]
Day number 1
Geographic length referring to the local standamet -15  [7]

' Specific heart coefficient in Joule per kilograrein (unit of thermal conductivity).

" Thermal conductivity rating in Watt per meter-Kialgunit of absorptivity).
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For the SCPP reference case geometry the annl@ligisimulated and calculated at 305.04
GWhly. Subsequent energy vyield simulations detegthithe impact of most of the
technologically augmented alternatives; some ottisiould not be incorporated due to resource

constraints.

References

Pretorius, J.P. and Kroger (200&plar chimney power plant performance, ASME, Vol. 128, August
2006

Bernardes, M.A. dos S. (2008), Personal correspmaédased on the SCPP performance model
developed at the US-ISE.
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APPENDIX F

UPPER BOUNDARY LAYER WIND
DATA FROM THE SOUTH AFRICAN
WEATHER BUREAU

Upper boundary layer wind data was acquired froe@Slouth African Weather Bureau for the
Upington (near Sishen) and De Aar (south eastgrnotithe Northern Cape) weather stations
[WeatherSA 2007]. Weather balloons are releasednand velocity measured and sent back to the
ground station every ten seconds. This data isrdedoin digital format. The data was plotted —
geopotential metersagainst velocity, as is displayed in Figure F-lard revealed velocity
fluctuation “spikes” indicatindinear increase and decrease of velocities instead andicipated
non-linear fluctuation. This fact was pointed outtie Weather Bureau which they referred to their
technical staff. The data discredit issue couldb®tesolved within the allocated resources and was

set aside until more credible substantiation ofdinectional variation is found.

References

WeatherSA (2007), Personal correspondence with Megey Gill.

' Geopotential height is an adjustment to geoméeight (elevation above mean sea level) using #niation of gravity
with latitude and elevation.
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APPENDIX G

CALCULATIONSFOR
EVALUATION OF SCPP CHIMNEY
SYSTEM PERFORMANCE

G1l Introduction

In the evaluation phase of the RIM, the referenesecand, subsequently, all identified
alternatives are evaluated in terms of specifigé@ra. Each technology augmentation of the SCPP
chimney on the system, as identified in section i&2valuated here. This Appendix provides the
results of the various improvements on the systemopnance. For each alternative the energy
yield, capital cost, their incorporation into addéiged electricity cost and the structural perfanoe
(critical buckling factor and quasi-static strueturesponse factor) is reported. The calculatiams f
the reference case results are shown in the falipwections:

e« The capital cost calculations for the referenceec8EPP are reported in Appendix D1

(chimney) and D2 (collector and power conversiom)un
» Levelised electricity cost calculations for theemeince case are calculated and reported in
Appendix D3.

* Buckling analysis procedures are reported in Appemd and are calculated for each

alternative using FEM.

* Base overturning moment due to along and acrosd excitation is calculated for the ideal

case and the increased chimney height model, gudtesl in Appendix C.

G2 Calculationsand resultsfor alternatives

G2.1 Reference modd
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Energy yield
The simulation program reported in Appendix F cltes an annual energy yield of

305.04 GWhly. Note that this program is used fotre energy yield calculations.

Capital cost

A detailed cost model with all its assumptions wasup and reported in Appendix
D. The capital cost of the reference case chimgsiem is calculated as R27.70Bn. See
Table D-2 for a breakdown of the costs.

A levelised electricity cost (LEC) of R8.648/kWhaalculated for the SCPP system.

Structural performance

The load case incorporating gravity load, peak gustl load and internal pressure
load is applied in a linear elastic buckling analygelding a first global buckling value

of Ay = 1.63. Figure G-1 depicts the nature of this lingkmode: global shell buckling.
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Figure G-1. SCPP chimney reference case first ingkhode.



A free vibration analysis is performed. The firdolzpl free vibration frequency
calculated isfy giobat = 0.135 Hz (Appendix A, equation A3). No seconabgl free
vibration modes are present in the spectrum belo¥v z. Some more localised
ovallising modes are presentfaiyca = 0.129 andy,joca = 0.224 Hz and are depicted in

Figure G-2. There is therefore no danger of a sta@sonant response peak — the
simplified dynamic gust peak method may be used.

e

e
A

a)

Figure G-2. Free vibration modes of the SCPP chymakgfirst global mode; b) first and

c) second local modes.

The calculations for the along wind gust fact@r, follow. Relevant values for the
reference case are presented in Table G-1. Alpédnameter and equation references are
provided in the column on the right.

The across wind moment calculation is not necessacgause the critical wind
velocities are far outside any point on the wintbuiies profile — see Figure G-3 — and,
hence, are not a threat to structural integrityeréo Appendix C, equation C12). This

appendix further only provides the figure depictihg proximity of the wind velocity
profile to the critical wind velocity profile whehis of interest.
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Table G-1. Reference case along wind base ovenymoment.

Parameter Value Reference

Height of building, h [m] 1,500 Section 5.2.2
Horizontal width of structure, b [m] 160 Section 5.2.2
Roughness lengthg m] 0.02 Appendix A

Longitudinal turbulence intensity,, lat height h 0.0891 Appendix A, eql3
Roughness factor, r 0.178 Appendix C, eqC4
Peak factor for upwind velocity fluctuation, g 3.7 Appendix C

Effective turbulence length scalg, [m] 3,499.6 Appendix C, eqC6
Background factor, B 0.278 Appendix C, eqC5
Second order effects of turbulence intensity, w 80.0 Appendix C, eqC7
Background response 1.38 Appendix C, eqC5
First along-wind global free vibration mode 0.13Bppendix B, eqB13
Peak factor resonant part of response, g 3.517 Appendix C, eqC8
Hourly mean wind speed at height h, \Man[m/s] 65.03 Appendix A, egA3
Size factor for spatial correlation, S 0.036Appendix C, eqC9
Effective reduced frequency, N 7.263ppendix C, eqC11
Spectrum of turbulence in wind stream, E 0.1Zppendix C, eqC10
frtirt'?ccgluézl rggirrr]]g;ng capacity given as fraction of 0.0143 Section 7.2.8
Gust factor, G 15129 Appendix C, eqC3
Mean base overturning moment [N.m] 2.69e+1RAppendix C, eqC2

Design peak base overturning moment [N.m] 4.07e+11 Appendix C, eqC1

——Wind \elocity profile

—— Critical wind velocity with height
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Figure G-3. Proximity of wind velocity profile taitical velocities — reference case.



G2.2 Wind velocity extrapolation model
The energy yield and capital cost remain unchatgyettiis theoretical investigation.

Structural performance

The buckling analysis yields a first global bucllimalue ofA; = 2.69. The decrease
in buckling factor is due to the decrease in wioadl. Buckling remains localised to the
upper regions of the shell. The free vibrations thee same as for the reference case.
Lock-in behaviour is not a threat to structuralegrity. The calculated values for the

along wind gust factoi, follows in Table G-2:

Table G-2. Calculated values for the along windelb@asgerturning moment of the wind

velocity extrapolation model.

Parameter Value

Height of building, h [m] 1,500
Horizontal width of structure, b [m] 160
Roughness lengthg m] 0.02
Longitudinal turbulence intensity,, lat height h 0.0891
Roughness factor, r 0.1782
Peak factor for upwind velocity fluctuation, g 3.7
Effective turbulence length scalg, [m] 3,499.6
Background factor, B 0.278
Second order effects of turbulence intensity, w 80.0
Background response 1.38
First along-wind global free vibration mode 0.135
Peak factor resonant part of response, g 3.517
Hourly mean wind speed at height h, an[m/s] 51.20
Size factor for spatial correlation, S 0.025
Effective reduced frequency, N 9.228
Spectrum of turbulence in wind stream, E 0.105
Structural damping capacity given as fraction dical dampingg 0.0143
Gust factor, G 1.4635
Mean base overturning moment [N.m] 1.65e+11
Design peak base overturning moment [N.m] 2.42e+11
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G2.3 Wind direction variations over chimney height

Not investigated further due to resource constsaanid inadequate data (see Appendix F)

for wind velocity and directional change with hdigicrease.

G2.4 Applicability of prescribed critical buckling factor to the SCPP chimney
Not investigated further due to resource constsaint

G2.5 Crosswind force spectrum
The energy yield and capital cost remain unchanged.

Structural performance

The across wind moment is only applicable to acvassl excitation. Assuming that
the across wind response is significant, a decreadee cross wind force spectral value
has positive implications on the structural resgonBable G-3 depicts the potential
impact on the previous case where the chimney heigh increased to 1,720 meter (note
that adverse across wind frequency response igxuited in the reference case; hence
the focus here on the 1,720 meter tall chimneyg 3jectral value corresponding to the
normalised velocity of 4.32 is assumed to be haifs(is an arbitrary choice merely to
determine system sensitivity to this parametefe(re section G1.20 — it was 0.002 and
is reduced to 0.001) of what it is for the 1,72Genehimney:

A decrease of 50% from a cross wind base overtgrmioment of 9.96e+11 N.m to
6.64e+11 N.m is brought about.

G2.6 Flaring chimney exit geometry

Energy vield
The increased chimney height concept yields 313@82h/y, an increase of 2.90%
on the reference system.



Table G-3. Calculated values for the across wirgklmverturning moment for cross wind

force investigation.

Parameter Value
Fundamental mode frequency in cross wind
direction, n [Hz] 0.094
Peak factor, g 3.411
Width of structure, b [m] 160
Height of structure, h [m] 1,720
Hourly mean dynamic wind pressure [Pa] 2,033.66
Mode shape power exponent, k 2.4
Hourly mean wind speed,dbdign hourly mean, im/s] 66.65
Ratio Usesign hourly mean, A(Nc* D) 4.46
Cross wind force spectrum coefficients C 0.001
Structural damping capacity given as fraction of
critical dampingg 0.0143
FN?n%n across peak base overturning moment 7 05e+11
Across resonance peak factor on base 1.9483

over turning moment

Capital cost

The cost model configuration is intuitively adaptedly for the flaring volume:
R250/nt is added to the reinforcement quantity in orderesist tensile stresses caused
by the flaring geometry. Labour costs are increasgdR1,000/m and supervision cost
by R1,500/m. The cost of the flaring chimney increases wit?5@6 from the reference
case value, from R 27.70Bn to R27.77Bn. Costseperted in Table G-4.

A LEC of R8.422/kWh is calculated.

Table G-4. Cost breakdown of flaring SCPP chimney.

Volume [m?] Unit cost [R/m’] Cost
8,500 (11,250 for
Chimney 615,661 flaring) R 5,012,117,183
Fins 2 609,641 8,500 R 22,181,949,017
Foundation 162,000 4,600 R 557,280,000
Circumferential
stiffeners 1,657 14,500 R 20,229,420

R 27,771,575,619
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Structural performance

The buckling modes are significantly lower than tbe reference case. The first
global buckling value i&; = 0.68. The first modes portrayore localised shell buckling
in the flaring part of the shell showing that therihg geometry is vulnerable to buckling
behaviour.

The free vibration analysis yields the first glob@e vibration frequency di gioba =
0.132 Hz. No second global free vibration modespaesent in the smaller than 0.2 Hz
spectrum. Some more localised ovallising modespagsent af; jocal = 0.124,f5 jocal =
0.191 andfszoca = 0.228 Hz. The slenderness resulted in a lowelbadlfree vibration
frequency.

The flaring geometrical change is located in thancley base. For this study it is
assumed that the dynamic gust peak method maydaehug future investigations should
adapt the method for this geometry.

The calculations for the along wind gust facty follows in Table G-5.
G2.7 Chimney inner surfacefriction

Not investigated further due to insignificant camition of smoother surface (less

friction) on the energy yield (refer to section.B)1

G2.8 Circumferential stiffener concept

Energy yield

The various concepts have varying impact on theggngield. An indication is
provided in section 7.2.7 with a description of ihgact of circumferential stiffener
shape on the energy losses. The influence of vaugamcepts on the energy yield can be
described on demand to determine its deviation fibe reference circumferential
stiffener pressure loss coefficient of 0.01 (seeémulix E).

In the case where the 36 beam circumferential esigffs are deployed, the
circumferential stiffener pressure coefficient ssamed (arbitrary choice in order to
determine the sensitivity of the system to led$esters) to be half of that of the reference
case, at 0.005. The subsequent energy yield iresehe reference value by 0.16% to
305.54 GWhly. The across wind excitation does sepa threat to structural integrity —
Figure G-4.



Table G-5. Calculated values for the along windeb@agerturning moment of the

flaring geometry model.

Parameter Value

Height of building, h [m] 1,500
Horizontal width of structure, b [m] 160
Roughness lengthg Im] 0.02
Longitudinal turbulence intensity,, lat height h 0.0891
Roughness factor, r 0.1782
Peak factor for upwind velocity fluctuation, g 3.7
Effective turbulence length scalg, [m] 3,499.64
Background factor, B 0.278
Second order effects of turbulence intensity, w 80.0
Background response 1.38
First along-wind global free vibration mode 0.132
Peak factor resonant part of response, g 3.511
Hourly mean wind speed at height h, \an[m/s] 65.03
Size factor for spatial correlation, S 0.037
Effective reduced frequency, N 7.104
Spectrum of turbulence in wind stream, E 0.123
Structural damping capacity given as fraction dical dampingg 0.0143
Gust factor, G 1.5181
Mean base overturning moment [N.m] 2.63e+11
Design peak base overturning moment [N.m] 4.00e+11

Capital cost

The cost component of the reference case circumtiaftestiffeners is small, at
0.069% (circumferential stiffener cost divided mtal chimney system cost — refer to
Table G-1). From a cost perspective the prospectmgflementing circumferential
stiffeners is attractive. An optimisation betweeostc and concept and number of
circumferential stiffeners, and its impact on eneggeld and structural performance
should be performed at a pre-feasibility phase.

For the geometry approximation the cost model fedlan Table G-6. A LEC of
R8.631/kWh is calculated.
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Figure G-4. Proximity of wind velocity profile taitcal velocities — flaring chimney.

Table G-6. Cost breakdown of circumferential stife concept model.

Volume [m? Unit cost [R/m?] Cost
Chimney 581,635 8,500 R 4,943,901,288
Fins 2,609,641 8,500 R 22,181,949,017
Foundation 129,600 4,600 R 557,280,000
Circumferential
stiffeners 1,326 14,500 R 9,752,413

R 27,692,882,717

Structural performance

Buckling factors are lower than for the referenase; with the first global buckling
value ofA; = 1.18 emphasising the great impact the circumtekestiffeners have to
mitigate buckling modes.

The first global free vibration frequency remairtsfigona = 0.135 Hz. No second
global free vibration modes are present in the En#ian 0.2 Hz spectrum. The localised
ovallising modes, however, are present at much ddreguenciesf; jocai= 0.075,f2 joca =
0.116, f30cai= 0.175 andy joca = 0.2 Hz.

The dynamic response is the same as for the refeicase.



G29 Material easticity modulus

The impact of higher concrete elasticity modulu@ (@Pa) on the chimney performance
is investigated.

The energy yield remains unchanged.

Capital cost

Quantitative data on the increase in costs duentinerease in concrete elasticity
modulus was not available. A value is estimatedriger to direct the attention of the
decision maker to the presumably high costs induwigh this technology. The reference
concrete material cost is increased by four tineea value of R4,000/fn The basis of
these estimations is unpublished values for ine@ansts of higher strength concretes
(as used in the structural laboratories of the BB} costs of these high-strength
concretes typically increase by four times). Labawd plant costs are increased by 50%.
The consequential cost model is presented below.cokt results are portrayed in Table
G-7. A LEC of R9.183/kWh is calculated.

Table G-7. Material elasticity modulus model castdikdown.

Volume[m?] Unit cost [R/m’] Cost
Chimney 581,635 12,000 R 6,979,625,348
Fins 2,609,641 8,500 R 22,181,949,017
Foundation 129,600 4,600 R 596,160,000
Circumferential
stiffeners 1,326 14,500 R 19,223,581

R 29,738,077,945

Structural performance

The buckling analysis yields a first global bucklivalue ofA; = 3.26 that is
significantly closer to that of the reference cdseemains localised to the upper regions
of the shell.

The free vibration analysis yields the first globae vibration frequency di giobai =
0.187 Hz. No second global free vibration modespaesent in the smaller than 0.2 Hz
spectrum. Some more localised ovallising modegpeesent af; joca = 0.183 and; joca =
0.317 Hz.
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The high elasticity modulus has a clear advantageonpact on structural
performance.
The calculations for the along wind gust facty follows in Table G-8:

The across wind moment is not a threat to strucintegrity.

Table G-8. Material elasticity modulus model alavigd base overturning moment.

Parameter Value

Height of building, h [m] 1,500
Horizontal width of structure, b [m] 160
Roughness lengthg fm] 0.02
Longitudinal turbulence intensity, lat height h 0.0891
Roughness factor, r 0.1782
Peak factor for upwind velocity fluctuation, g 3.7
Effective turbulence length scalg, Im] 3,499.6
Background factor, B 0.278
Second order effects of turbulence intensity, w 80.0
Background response 1.38
First along-wind global free vibration mode 0.187
Peak factor resonant part of responsge, g 3.609
Hourly mean wind speed at height h, \Man[mM/s] 65.03
Size factor for spatial correlation, S 0.022
Effective reduced frequency, N 10.363
Spectrum of turbulence in wind stream, E 0.099
Structural damping capacity given as fraction dfcal dampingg 0.0143
Gust factor, G 1.4532
Mean base overturning moment [N.m] 2.69e+11
Design peak base overturning moment [N.m] 3.90e+11

G2.10 Material density

The impact of lower density reinforced concrete e chimney performance is
investigated. A density of 2,000 kgfris chosen (refer to section 7.1.8 for the valinfabf
this value).

The energy yield remains unchanged.

Capital cost

G12



Data was not available within resources allocateguantify the changes in costs due
to an increase or decrease in concrete density.cbbeis therefore assumed to stay
constant at R27.70Bn bearing in mind that lowersdgmmaterial available on site may
decrease costs. A lower limit LEC of R8.648/kWlassumed.

Structural performance

The buckling analysis yields a first global bucllimalue ofA; = 1.62 that is close to
that of the reference case. It remains localiseti¢aipper regions of the shell.

The free vibration analysis yields the first globae vibration frequency di giobai =
0.148 Hz. No second global free vibration modespaesent in the smaller than 0.2 Hz
spectrum. Some more localised ovallising modegpeesent af; joca = 0.142 and; joca =
0.246 Hz. The higher first global free vibratiorequency is due to lower mass
concentration in the upper parts of the chimney.

The calculations for the along wind gust factey follows in Table G-9.

The across wind moment is not a threat to strucintegrity.

Table G-9. Calculated values for the along windeb@agerturning moment of the
material density model.

Parameter Value

Height of building, h [m] 1,500
Horizontal width of structure, b [m] 160
Roughness lengthg m] 0.02
Longitudinal turbulence intensity,, lat height h 0.0891
Roughness factor, r 0.1782
Peak factor for upwind velocity fluctuation, g 3.7
Effective turbulence length scalg, [m] 3,499.6
Background factor, B 0.278
Second order effects of turbulence intensity, w 80.0
Background response 1.38
First along-wind global free vibration mode 0.148
Peak factor resonant part of response, g 3.543
Hourly mean wind speed at height h, \Man[m/s] 65.03
Size factor for spatial correlation, S 0.031
Effective reduced frequency, N 7.965
Spectrum of turbulence in wind stream, E 0.115
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Structural damping capacity given as fraction dical dampingg 0.0143

Gust factor, G 1.4933
Mean base overturning moment [N.m] 2.69e+11
Design peak base overturning moment [N.m] 4.02e+11

G211 Internal damping

The reference damping coefficient of the reinforcedcrete is 0.0143. The impact of
change in this coefficient on the system is ingaged; a critical damping factor of 0.091 is
assumed (refer to section 7.1.8 for the validatibthis choice).

The energy yield remains unchanged.

Capital cost

Data was not available within resources allocateguantify the changes in costs due
to an increase or decrease in concrete internalpitgm However, higher damping
presumably will incur higher costs. The referengst s therefore assumed to be a lower
limit at R27.70Bn. A lower limit LEC of R8.648/kWk assumed.

Structural performance

The buckling and free vibration behaviour is ideatito that of the reference case.
The calculations for the along wind gust facty follows in Table G-10.
The across wind moment is not a threat to struciotegrity.

Table G-10. Calculated values for the along winskebaverturning moment of the

material internal damping model.

Parameter Value
Height of building, h [m] 1,500
Horizontal width of structure, b [m] 160
Roughness lengthg m] 0.02
Longitudinal turbulence intensity,, lat height h 0.0891
Roughness factor, r 0.1782
Peak factor for upwind velocity fluctuation, g 3.7
Effective turbulence length scalg, [m] 3,499.6
Background factor, B 0.278
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Second order effects of turbulence intensity, w 80.0
Background response 1.38
First along-wind global free vibration mode 0.135
Peak factor resonant part of response, g 3.517
Hourly mean wind speed at height h, an[m/s] 65.03
Size factor for spatial correlation, S 0.036
Effective reduced frequency, N 7.265
Spectrum of turbulence in wind stream, E 0.121
Structural damping capacity given as fraction dical dampingg 0.0191
Gust factor, G 1.4826
Mean base overturning moment [N.m] 2.69e+11
Design peak base overturning moment [N.m] 3.99e+11

G2.12 Cablebased stabilisation

The accurate modeling of cable-stayed chimney bhebavemains to be investigated.

The robust model produced a first global frequen€y0.2547 Hz. The applicability of

analytical frequency response methods needs teteendined.

G2.13 Parabolic hyperboloid geometry

Energy vield

The complexity of the geometry can not readily beorporated in the thermo-flow

simulation model. The reference case energy ygelnsidered to belawer limit based

on the following:

The more gradual gradient from horisontal to vattitow of the hyperboloid

shape could constitute a decrease in associateeslos

The larger base diameter increases the perimetetifisation as support; and

Through-flow area could also constitute smalleséssdue to changes in through-

flow and flow direction area.

Capital cost

An increase in reinforcement amount is incorporatethe cost model by changing

the reinforcement cost from R1,000 to R1,200 pdiiccmeter. The labour cost absorbs

all increases in construction cost due to the ncoraplex geometry by increasing from
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R2,000 to R2,500 per cubic meter. The cost of thygetboloid geometry chimney is
significantly less than that of the fin-stiffenetfusture, with a decrease of more than
three times from R 27.70Bn to R9.10Bn. The cosakudewn follows in Table G-11. An
upper limit LEC of R3.756/kWh is calculated.

Table G-11. Parabolic hyperboloid geometry modst boeakdown.

Volume[m?®  Unit cost [R/m? Cost
Chimney 865,750 9,200 R 7,964,900,000
Columns 59,417 9,200 R 546,639,911
Foundation 129,600 4,300 R 557,280,000
Circumferential
stiffeners 1,326 14,500 R 19,223,581

R 9,088,043,492

Structural performance

The buckling analysis yields a first global bucklimalue ofA; = 1.63. This value is
the same as for the reference case because thinlgusknot of the cantilever type, but is
localised to the upper regions of the shell, preshlgndue to the relatively thin wall
thickness.

The free vibration analysis yields the first globale vibration frequency fdi gioba =
0.115 Hz. No second global free vibration modespaesent in the smaller than 0.2 Hz
spectrum. Some more localised ovallising modepegsent af; joca = 0.128 and; joca =
0.224 Hz. The hyperboloid shape weakened the chjiragainst global vibration.

The geometrical change is located in the chimnesgbkor this study it is assumed
that the frequency response method may be usedirbuluture more detailed
investigations should adapt the method for thiswtoy.

The calculations for the along wind gust facty follows in Table G-12.

Note that although the base of the chimney is 48@&nwide and not only 160 meter,
the 160 meter value is used as a width parameheryielded gust factor must, from this
perspective, be considered asugper limit.

The across wind moment is not a threat to structatagrity, although close to the

critical velocity — Figure G-5.



parabolic hyperboloid geometry model.

Table G-12. Calculated values for the along winsebaverturning moment of the

Parameter Value

Height of building, h [m] 1,500
Horizontal width of structure, b [m] 160+
Roughness lengthg fm] 0.02
Longitudinal turbulence intensity, lat height h 0.0891
Roughness factor, r 0.1782
Peak factor for upwind velocity fluctuation, g 3.7
Effective turbulence length scalg, Im] 3,499.6
Background factor, B 0.278
Second order effects of turbulence intensity, w 80.0
Background response 1.38
First along-wind global free vibration mode 0.115
Peak factor resonant part of responsge, g 3.472
Hourly mean wind speed at height h, \an[m/s] 65.03
Size factor for spatial correlation, S 0.046
Effective reduced frequency, N 6.189
Spectrum of turbulence in wind stream, E 0.134
Structural damping capacity given as fraction dfcal dampingg 0.0143
Gust factor, G 1.553
Mean base overturning moment [N.m] 2.69e+11
Design peak base overturning moment [N.m] 4.17e+11

G2.14 Chimney diameter

Enerqy vield

The concept with increased diameter yields 317.¥8h{y. This is an increase of
4.10%.

Capital cost

An increase in reinforcement amount for the chimsiegil is incorporated in the cost
model to accommodate for higher circumferential ranota by changing the
reinforcement cost from R1,000 to R1,200 per cuiieter. Foundation volume is

expanded by 5% in accordance with the chimney emdéight increase. The cost of the
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200 meter diameter chimney increases with 2.3% fR&7Y.70Bn to R28.96Bn. The cost
breakdown follows in Table G-13. A LEC of R8.619/k\M¢ calculated.

—wind velocity profile

—— critical wind velocity profile
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Figure G-5. Proximity of wind velocity profile taitical velocities — parabolic

hyperboloid geometry model.

Table G-13. Increased chimney diameter model aestikdolown.

Volume[m?®  Unit cost [R/m? Cost
Chimney 700,117 8,700 R 6,163,991,220
Fins 2,609,641 8,500 R 22,181,949,017
Foundation 162,000 4,600 R 588,240,000
Circumferential
stiffeners 1,657 14,500 R 24,028,041

R 28,958,208,278

Structural performance

The buckling analysis yields a first global bucllimalue ofA; = 1.11. The decrease
in buckling factor is due to the decrease in cirfenential stiffness. It remains localised
to the upper regions of the shell.

The free vibration analysis yields the first globale vibration frequency fdt giobai =
0.163 Hz. No second global free vibration modespaesent in the smaller than 0.2 Hz
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spectrum. Some more localised ovallising modespagsent af; jocal = 0.112,f5 jocal =

0.181 andfsocal = 0.252 Hz. The larger diameter and, hence, csesional resistance

against global bending, stiffened the chimney agjagiobal vibration.

The calculations for the along wind gust facty follows in Table G-14:

Table G-14. Calculated values for the along winskebaverturning moment of the

increased chimney diameter model.

Parameter Value

Height of building, h [m] 1,500
Horizontal width of structure, b [m] 200
Roughness lengthg Im] 0.02
Longitudinal turbulence intensity,, lat height h 0.0891
Roughness factor, r 0.1782
Peak factor for upwind velocity fluctuation, g 3.7
Effective turbulence length scalg, [m] 3,499.6
Background factor, B 0.277
Second order effects of turbulence intensity, w 80.0
Background response 1.38
First along-wind global free vibration mode 0.163
Peak factor resonant part of response, g 3.571
Hourly mean wind speed at height h, \Man[M/s] 65.03
Size factor for spatial correlation, S 0.024
Effective reduced frequency, N 8.772
Spectrum of turbulence in wind stream, E 0.108
Structural damping capacity given as fraction dfcal dampingg 0.0143
Gust factor, G 1.4626
Mean base overturning moment [N.m] 3.38e+11
Design peak base overturning moment [N.m] 4.9e+11

The across wind moment is not a threat to strucintegrity.

G2.15 Number of circumferential stiffeners

Enerqy vield
The added flow resistance brought about by the digditional braces has a slight
impact on the energy yield: the energy yield deseedy 0.3% to approximately 304.12
GWhly.
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Capital cost
The cost model configuration remains the same rath&reference case. The cost of

the chimney increases by approximately 0.05% fro@27R0Bn to R27.72Bn. Table G-
15 reports the cost breakdown. A LEC of R8.678/k¢/talculated.

Table G-15. Number of circumferential stiffenersdabcost breakdown.

Volume [m’] Unit cost [R/m°] Cost
Chimney 581,635 8,500 R 4,943,901,288
Fins 2,609,641 8,500 R 22,181,949,017
Foundation 129,600 4,300 R 557,280,000
Circumferential
stiffeners 1,326 14,500 R 35,008,861

R 27,718,139,165

Structural performance

Buckling factors are higher than for the refereoase, the first global buckling value
of A\ = 2.70, displaying semi-localised buckling in tgper region of the chimney. This
indicates the influence of circumferential stiffemé mitigate buckling modes.

The first global free vibration frequency fargiona = 0.135 Hz. No second global free
vibration modes are present in the smaller thanHx Zpectrum. Some more localised
ovallising modes are presentfgbca = 0.131 and; joca = 0.231 Hz.

The along wind gust factof, is the same as for the reference case. Acros8 win

resonance does not pose a threat to structurgkityte

G2.16 Wall thicknessre-configuration

It is assumed that the wall thickness changes danmgact energy yield with the inner

diameter remaining constant over height.

Capital cost

The cost model configuration remains the same astlfe reference case. The
foundation costs are decreased in accordance Withney volume decrease. The cost of
the chimney decreases by approximately 5.6% fro27 ROBn to R26.21Bn. Table G-16
reports the cost breakdown. A LEC of R8.284/kWhbakulated.
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Table G-16. Re-configured wall thickness model tweakdown.

Volume [m? Unit cost [R/m?] Cost
Chimney 410,901 8,500 R 3,492,658,667
Fins 2,609,641 8,500 R 22,181,949,017
Foundation 162,000 4,300 R 527,465,241
Circumferential
stiffeners 1,657 14,500 R 19,223,581

R 26,221,296,505

Structural performance

The increased wall thickness in the upper regidnth® chimney has a significant
effect on the buckling behaviour. Buckling facter® significantly higher than for the
reference case, the first global buckling valuengéi; = 3.74. The location of the
buckling is in the lower regions of the chimneyl§hsee Figure G-6. It is concluded that
the increased wall thickness has a significantceffe mitigating the semi-localised

buckling modes in the upper parts of the shell.

Figure G-6. Shell buckling in the lower regiongloé chimney with re-configured wall

thickness.
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The increased wall thickness in the upper regiamsentrates more mass in these
parts of the structure which predicts lower globaiural frequencies: the first global free
vibration frequency of; gopa = 0.097 Hz. No second global free vibration modes
present in the smaller than 0.2 Hz spectrum. Some hocalised ovallising modes are
present at; jocai= 0.129 and; joca = 0.237 Hz.

The calculations for the along wind gust facty follows in Table G-17:

Table G-17. Calculated values for the along winsebaverturning moment of the re-

configured wall thickness model.

Parameter Value

Height of building, h [m] 1,500
Horizontal width of structure, b [m] 160
Roughness lengthg m] 0.02
Longitudinal turbulence intensity,, lat height h 0.0891
Roughness factor, r 0.1782
Peak factor for upwind velocity fluctuation, g 3.7
Effective turbulence length scalg, [m] 3,499.64
Background factor, B 0.278
Second order effects of turbulence intensity, w 80.0
Background response 1.38
First along-wind global free vibration mode 0.097
Peak factor resonant part of response, g 3.422
Hourly mean wind speed at height h, \an[m/s] 65.03
Size factor for spatial correlation, S 0.058
Effective reduced frequency, N 5.225
Spectrum of turbulence in wind stream, E 0.147
Structural damping capacity given as fraction dical dampingg 0.0143
Gust factor, G 1.6034
Mean base overturning moment [N.m] 2.69e+11
Design peak base overturning moment [N.m] 4.31et+11

Figure G-6 depicts the critical wind velocities dkein) as well inside the peak
velocity profile over most of the structural heiglhe across wind resonance could pose
a threat to structural integrity. The across wirdrturning moment is calculated in Table
G-18.
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Figure G-6. Proximity of wind velocity profile taitical velocities — model with re-

configured wall thickness.

Table G-18. Calculated values for the across wagElbverturning moment of the re-

configured wall thickness model.

Parameter Value
Fundamental mode frequency in cross wind directipitiz] 0.097
Peak factor, g 3.422
Width of structure, b [m] 160
Height of structure, h [m] 1,500
Hourly mean dynamic wind pressure 1,980.06
Mode shape power exponent, k 2.4
Hourly mean wind speed,dbdign hourly mean, imM/s] 65.03
Ratio ujesign hourly mean, A(ncb) 4.19
Cross wind force spectrum coefficients C 0.00175
Structural damping capacity given as fraction dical dampingg 0.0143
Design across peak base overturning moment [N.m] 7.03et11
Across resonance peak factor on base overtur ning moment 2.611
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G2.17 External damping devices

This study does not engage the complex field okreel damping due to resource
constraints, but notes it as a possibly criticahsuge in mitigating resonant response in the

SCPP chimney at little or no additional energy lasd small capital expenditure.

G2.18 Manipulation of wind-structureinteraction: circumferential pressure
distribution

Energy vield
The inner volume of the chimney remains the samimrathe reference case; hence

the energy yield remains unchanged.

Capital cost

A lower limit cost is calculated for an inflated mbrane concept generating the
Saguaro geometry. This comprises the appropris&ga af membrane assumed to cost
approximately R100/fincluding material, construction, fastening anflaition. This is
based on 45 membrane spikes along the chimneyntiecance protruding 11.2 meters.
Thus, the lower limit cost is estimated at R27.83@nch represents a 0.47% increase.
Table G-19 breaks down the costs. A lower limit L&dR8.682/kWh is calculated.

Table G-19. Saguaro geometry model modulus modgllmeakdown.

Volume[m?] Unit cost [R/m?] Cost
Chimney 581,635 8,500 R 4,943,901,288
Fins 2,609,641 8,500 R 22,181,949,017
Foundation 129,600 4,600 R 557,280,000
Circumferential
gtiffeners 1,326 14,500 R 19,223,581
Inflated membrane 1,295,334 R100/nf R 129,553,392

R 27,831,887,277

Structural performance

Buckling factors are higher than for the refereoase, the first global buckling value
of A, = 1.92, a net improvement with the favourablewinéerential pressure distribution,

but higher overall load area. Note again that ffes/es as the lower limit because the



Saguaro geometry does not have any structural tgpache model analysed. The free
vibration frequencies are also assumed to be the s for the reference case without
the structural stiffening.

The calculations for the along wind gust fact@r,follows in Table G-20. Although
the gust factor is of similar order to that of tleéerence case, the overturning moment is
significantly higher due to the effective increase¢he chimney width.

Table G-20. Calculated values for the along winskebaverturning moment of the

Saguaro geometry model.

Parameter Value

Height of building, h [m] 1,500
Horizontal width of structure, b [m] 182.4
Roughness lengthg m] 0.02
Longitudinal turbulence intensity,, lat height h 0.0891
Roughness factor, r 0.1782
Peak factor for upwind velocity fluctuation, g 3.7
Effective turbulence length scalg, [m] 3,499.64
Background factor, B 0.277
Second order effects of turbulence intensity, w 80.0
Background response 1.38
First along-wind global free vibration mode 0.135
Peak factor resonant part of response, g 3.517
Hourly mean wind speed at height h, \an[m/s] 65.03
Size factor for spatial correlation, S 0.033
Effective reduced frequency, N 7.265
Spectrum of turbulence in wind stream, E 0.121
Structural damping capacity given as fraction dical dampingg 0.0143
Gust factor, G 1.504
Mean base overturning moment [N.m] 3.08e+11
Design peak base overturning moment [N.m] 4.64e+11

The lock-in range is well outside the peak velopitgfile over all of the structural height.

Across wind resonance does not pose a threatuctstal integrity.

G25



G26

G2.19 Directional design

An investigation must be performed to determinefdasibility of this design approach

with regards to decreasing material volumes (heoapital cost) while not compromising

structural integrity. This prospect is not inveated further due to resource constraints.

G2.20 Heightened chimney

Enerqgy vield
The increased chimney height concept yields 356881/y; an increase of 16.7%.

Capital cost

The cost model configuration remains similar torisierence case model. The cost of
the 1,720 meter height chimney increases 1% froY ROBn to R28.07Bn. Table G-21
reports the cost breakdown. A LEC of R7.485/kWbalkulated.

Table G-21. Increase chimney height model cost}oi@an.

Volume[m®  Unit cost [R/m? Cost
Chimney 615,661 8,500 R 5,233,116,622
Fins 2,609,641 8,500 R 22,181,949,017
Foundation 162,000 4,600 R 589,602,240
Circumferential
stiffeners 1,657 14,500 R 22,380,637

R 28,027,048,515

Structural performance

The buckling analysis yields a first global bucglimalue ofA; = 1.53, slightly lower
than the value of 1.63 calculated for the refererase. It remains localised to the upper
regions of the shell.

The free vibration analysis yields the first glob@le vibration frequencies fdf giobal
= 0.094 Hz - the additional slenderness resultimgailower global free vibration
frequency. No second global free vibration modespaesent in the smaller than 0.2 Hz
spectrum. Some more localised ovallising modespagsent af; jocai = 0.108,f2 jocal =

The calculations for the along wind gust facty follows in Table G-22.



Table G-22. Calculated values for the along winskebaverturning moment of the

increased chimney height model.

Parameter Value

Height of building, h [m] 1,720
Horizontal width of structure, b [m] 160
Roughness lengthg Im] 0.02
Longitudinal turbulence intensity,, lat height h 0.0880
Roughness factor, r 0.1760
Peak factor for upwind velocity fluctuation, g 3.7
Effective turbulence length scalg, [m] 3,621.45
Background factor, B 0.258
Second order effects of turbulence intensity, w 88.0
Background response 1.36
First along-wind global free vibration mode 0.094
Peak factor resonant part of response, g 3.411
Hourly mean wind speed at height h, \Man[M/S] 66.65
Size factor for spatial correlation, S 0.056
Effective reduced frequency, N 5.080
Spectrum of turbulence in wind stream, E 0.149
Structural damping capacity given as fraction dfcal dampingg 0.0143
Gust factor, G 1.582
Mean base overturning moment [N.m] 3.62e+11
Design peak base overturning moment [N.m] 5.72e+11

The across wind moment is a threat to structutalnity. Figure G-7 depicts the lock-in
range well inside the peak velocity profile overghof the structural height.

The across wind moment calculation is determinefbansulated earlier and tabulated in
Table G-23:
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Figure G-7.
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Table G-23. Calculated values for the across wamklpverturning moment of the

Parameter Value
Fundamental mode frequency in cross wind directigfiiz] 0.094
Peak factor, g 3.411
Width of structure, b [m] 160
Height of structure, h [m] 1,720
Hourly mean dynamic wind pressure 2,033.66
Mode shape power exponent, k 2.4
Hourly mean wind speed,dbdign hourly mean, imM/s] 66.65
Ratio ujesign hourly mean, A(ncb) 4.46
Cross wind force spectrum coefficients C 0.002
Structural damping capacity given as fraction dfcal dampingg 0.0143
Design across peak base overturning moment [N.m] 9.97et+11
Across resonance peak factor on base overtur ning moment 2.755




G2.21 Terrain surfaceroughness
The energy yield and capital cost remain unchanged.

Structural performance

The buckling analysis yields a higher first globackling value of.; = 1.832 due to
the lower peak wind velocities.

The free vibration remains the same. The along wst factorG, is calculated in
Table G-24.

Table G-24. Calculated values for the along winskebaverturning moment of the

terrain surface roughness model.

Parameter Value

Height of building, h [m] 1,500
Horizontal width of structure, b [m] 160
Roughness lengthg Im] 0.01
Longitudinal turbulence intensity,, lat height h 0.0839
Roughness factor, r 0.1678
Peak factor for upwind velocity fluctuation, g 3.7
Effective turbulence length scalg, [m] 3,499.6
Background factor, B 0.278
Second order effects of turbulence intensity, w 8R.0
Background response 1.35
First along-wind global free vibration mode 0.135
Peak factor resonant part of response, g 3.517
Hourly mean wind speed at height h, Man[m/s] 62.33
Size factor for spatial correlation, S 0.034
Effective reduced frequency, N 7.580
Spectrum of turbulence in wind stream, E 0.118
Structural damping capacity given as fraction dical dampingg 0.0143
Gust factor, G 1.472
Mean base overturning moment [N.m] 2.22e+11
Design peak base overturning moment [N.m] 3.26e+11

The across wind moment is not a threat to struciotegrity.
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G3 Aggregated data

The system performance data is aggregated intoeT@k25. Clear blocks indicate when,
within the assumptions made and degree of augmemtztiosen, the evaluation model delivered
a conclusive result. A yellow block indicates lowienit values, a turquoise block indicates an
upper limit value and a grey block indicates roeghimation of quantitative data.

The normalised values are reported in Table G-26e Nhat the reciprocal values of LEC
and dynamic response criteria are presented inr dodea “positive” score to imply positive
implication for system performance.

Note that the frequency response factors oftenezktiee ideally required value and in cases
has a very adverse impact on the system.

Table G-25. Summary of performance data for édirahtives.

. L evel 'Sed Buckling Dynamic
Alternative Electricity factor response
Cost ac factor
Reference R 8.65 1.63 1.513
Wind velocity extrapolation R 8.65 2.69 1.464
Flaring chimney exit R 8.42 0.68 1.518
Circumferential stiffener concept R8.63 1.18 1.513
Material elasticity modulus R 9.18 3.26 1.453
Material density R 8.65 1.62 1.493
Internal damping R 8.65 1.63 1.483
Parabolic hyperboloid geometry R 3.76 1.63 1.553
Chimney diameter R 8.62 1.11 1.463
Number of circumferential
stiffeners R 8.68 2.70 1.513
Wall thickness re-configuration R828 3.74 2.611
Saguaro geometry R 8.68 1.92 1.504
Heightened chimney R 7.49 1.53 2.755
Terrain surface roughness R8.65 1.83 1.472
Radical goal R 1.00 5.00 1.500
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Table G-26. Normalised data for all alternatives.

Normalised
Alternative L evelised Buckling Dynamic
Electricity factor response
Cost factor

Reference 0.00 0.00 0.00
Wind velocity extrapolation 0.00 0.31 3.77
Flaring chimney exit 0.03 -0.28 -0.38
Circumferential stiffener concept 0.00 -0.13 0.00
Material elasticity modulus -0.07 0.48 4.62
Material density 0.00 0.00 1.54
Internal damping 0.00 0.00 231
Parabolic hyperboloid geometry 0.64 0.00 -3.08
Chimney diameter 0.00 -0.15 3.85
Number of circumferential

stiffeners 0.00 0.32 0.00
Wall thickness re-configuration 0.05 0.63 -84.46
Saguaro geometry 0.00 0.09 0.69
Heightened chimney 0.15 -0.03 -95.54
Terrain surface roughness 0.00 0.06 3.15
Radical goal 1.00 1.00 1.00
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APPENDIX H

CRITICAL EVALUATION OF US
SCPP R&D

H1 Cascade of technological trends

H1.1 Recap of the cascade of technological trends

The cascade of technological trends presented dtioge3.6.2 presents a normative

pattern for technological development. To recapfly technological change occurs through

consecutive levels from;

H1.2

Level 1: material characteristics (function andisture),

Level 2: system size, structure and operating [piac

Level 3: performance

Level 4: cost decrease and improvement in safegtg/tih and environmental (SHE)

impact, and, finally,

Level 5: the diffusion of technology into the landpe.

US SCPP resear ch cascade levels

The research performed on the SCPP over ten ye¢dle dJS covered several levels

predicted by the cascade as follows, in order oftioence:

Thermo dynamics covered

o

o

o

o

the mathematical description of the thermo dyngmeidormance, i.e. Level 3
innovative solutions to improve the operating pipie; i.e. Level 2
cost decrease, i.e. Level 4

market dictated system re-configuration/concepsadbn, i.e. Level 5

Flow dynamics covered

o

the mathematical description of the flow performgnrce. Level 3

H1



0 innovative solutions to improve the operating piple i.e. Level 2
0 costdecrease, i.e. Level 4
» Structural engineering covered
material characteristics, i.e. Level 1
the structural operating principle and system sieelevel 2
structural performance, i.e. Level 3

cost decrease and reliability, i.e. Level 4

O O O O o

market (cost) dictated technology conceptualisaiienLevel 5
* Environmental investigation covered

o Environmental Impact Assessment, i.e. Level 4
* Economic investigation covered

o0 cost model describing all cost inputs on conceptadl, i.e. Level 3
The process of technological development perceivethe SCPP project at the US
comprised of the cascade levels in Table H-1. Tab portrays the flow of technology

development at the US over the period of its R&D.

Table H-1. US research in terms of technology dgwelent cascade levels.

Field
Date Therm.o- FIOW.' Structural Environment Economic
dynamics dynamics
1997 2 2
1998 2 2
1999 2 2
2000 2 2/3
2001 2/3 2/3 1/2/3
2002 2/3 2/3 2/3
2003 2/4 2/3 3
2004 3 2/3 2/3/4 4
2005 2/3 2/3 2/3/4
2006 2/3 2/3/4 4
2007| 3/4/5 2/3/4/5
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Table H-2. Involvement in cascade levels over ihgdar US research program.

Date| Level 1 | Level 2 | Level 3| Level 4| Levd 5
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007

Table H-3. Involvement in cascade levels over tiyeat US-ISE research program.

Date| Level 1 | Level 2 | Level 3| Level 4 | Level 5
2001
2002
2003
2004
2005
2006
2007

H1.3 Discussion

The research methodology followed at the US fiistesl to describe the operating
principles of the SCPP thermo- and flow-dynamicgtles in order to understand the
capabilities and limitations of the system beforenturing into material, system size,
structure, performance and the cost, SHE and diffusevelopments.

The stepwise venturing into higher cascade leveéarch as the project progresses is
noteworthy from Figure H-2. Future research mustlibected to focus on the higher cascade
levels, thus cost decrease, improvement of safety environmental impact and market
diffusion. This confirms the fact that the thernamd flow-dynamical fields are at this stage
already well described, with the structural fieldgressively growing toward the same status
(Figure H3). Subsequent technological developmenistnfocus on the optimisation
(performance and cost) and SHE aspects and evintlifiise the product into the market
through developing business plans and addressigfgplocal and global market needs to

draw investors.
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Further, the structural R&D was spread out oveesswcascade levels, mostly Levels 2
to 4. This may indicate the inability to decoupbscade levels in structural research or the
definition of research topics without a governingjrecting system and technology

perspective, covering too wide a scope of subjextten

H2 Efficiency of structural SCPP chimney research

Table H-4 portrays the historic progress of R&Dtha SCPP chimney at the US-ISE. Table
H-5 depicts how this could be optimised while stilg the same resources, thereby performing
early systems based research to identify critissliés in the radical innovation. Resources are
allocated to first complete critical issues — thd dashed line indicates the stage when the most
critical research topics (as identified without ttemprehensive perspective of a systems based

investigation) could have been completed (withekeeption of the foundation structure).

Table H-4. Historic breakdown of R&D allocation.

TIMELINE
2001 | 2002 | 2003 | 2004 | 2005 | 2006 | 2007
Historic steps 1234123412341234{123412341234

First investigation

Investigating wall thickness and reinforcement
Foundational structure

Ring stiffener design

Resonant wind effects

Temperature effects on the shell

EIA

Wind characterization

Stabilizing role of ribs under wind loading
SCPP cost model

Geometry alteration

Svystems based perspective




Table H-5. Optimised breakdown of R&D allocation.

2001

2002

2003

2004

2005

2006

2007

Reshuffled: Logical importance steps

1234

1234

1234

1234

1234

1234

First investigation

Svstems based perspective

SCPP cost model

Wind characterization

Resonant wind effects

Stabilizing role of ribs under wind loading
Geometry alteration

Chimney-to-foundation structure

Ring stiffener design

Investigating wall thickness and reinforcement

Temperature effects on the shell
EIA

1234

H5



H6



APPENDIX |

MODEL OF SYNTHESISED TOP
TECHNOLOGIES

I1 Resultsof the model of synthesised top technologies

Four of the top technologies (section 9.2.2) am®iporated into the first iteration reference
case. The results are reported here. The wallribgk re-configuration, as formulated in section
7.1.13, is included in combination with the parabdblyperboloid geometry (section 7.1.10), the
addition of the five additional circumferential fe¢ners (section 7.1.12) and the ultra-high
strength performance concrete (section 7.1.8) (duhug of elasticity at 60 GPa was chosen in

the latter case).

Energy yield

The only geometrical changes in the synthesisedetare the parabolic hyperboloid
geometry, the re-configuration of the wall thickeemd the addition of circumferential
stiffeners. Of these, the parabolic hyperboloidrgetry and the stiffeners have an impact
on energy vield. The energy yield has a slightlgrdased lower limit than that of the
parabolic hyperboloid system of section 7.1.10 tudhe presence of the additional
circumferential stiffeners, at 304.13 GWh/y whishapproximately 0.3% lower than that

of the reference case.

Capital cost

The concrete material cost is increased by foursino a value of R4,000/m
(validation of this value was stated in Appendix.@2 Labour and plant costs are
increased by 50%. The capital costs are reduced R27.70Bn to R8.55Bn resulting in
a LEC of R3.627/kWh.

The cost breakdown follows in Table I-1.



Table I-1. Epilogue model cost breakdown.

Volume[m®]  Unit cost [R/Im°] Cost
Chimney 604,144 12,000 R 7,249,733,155
Columns 2,609,641 12,000 R 713,008,580
Foundation 129,600 4,300 R 557,280,000
Circumferential
stiffeners 1,326 14,500 R 35,008,861

R 8,555,030,595

Structural performance

The critical buckling factor surpassed the ‘idgaD mark with a first global buckling
mode value ok, = 5.75, as is portrayed in Figure I-1. The buaklotcurs in the lower

regions of the chimney shell (The upper regionsrem@ more stable due to application

of the mitigating technologies.).

Figure I-1. SCPP chimney updated model first bungkinode.



The free vibration analysis yields the first glolr@e vibration frequencie§ giopa =
0.113 Hz. No second global free vibration modespaesent in the smaller than 0.2 Hz
spectrum. Some more localised ovallising modegpeesent af; joca = 0.128 and; joca =
0.224 Hz. The free vibration frequency is at 0.HB resulting in a gust load factor
which is almost 4% above that of the reference basesafely outside any critical wind
velocities (The global eigen mode shape portragg#y cantilever bending shape and is
not depicted here.). The calculations for the alengl gust factor, follows in Table I-

2:

The parabolic hyperboloid geometrical change iated in the chimney base; for this
study it is assumed that the frequency responsbadanay be used but in future more
detailed investigations should adapt the methodhisrgeometry.

Table I-2. Calculated values for the along windebagerturning moment of the

model of synthesised top technologies.

Parameter Value

Height of building, h [m] 1,500
Horizontal width of structure, b [m] 160+
Roughness lengthg m] 0.02
Longitudinal turbulence intensity,, lat height h 0.0891
Roughness factor, r 0.1782
Peak factor for upwind velocity fluctuation, g 3.7
Effective turbulence length scalg, Im] 3,499.6
Background factor, B 0.278
Second order effects of turbulence intensity, w 80.0
Background response 1.38
First along-wind global free vibration frequencyzH 0.113
Peak factor resonant part of responsge, g 3.467
Hourly mean wind speed at height h, \Man[m/s] 65.03
Size factor for spatial correlation, S 0.047
Effective reduced frequency, N 6.081
Spectrum of turbulence in wind stream, E 0.135
Structural damping capacity given as fraction dical dampingg 0.0143
Gust factor, G 1.558
Mean base overturning moment [N.m] 2.69e+11
Design peak base overturning moment [N.m] 4.19e+11
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Note that although the base of the chimney is 48@&enwide and not only 160 meter,
the 160 meter value is used as a width parameheryielded gust factor must, from this
perspective, be considerapper limit.

The across wind moment is not a threat to structatagrity, although close to the

critical velocity — Figure [-2.

— wind velocity profile

—— critical wind velocity profile
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Figure I-2. Proximity of wind velocity profile taritical velocities — synthesised

(epilogue) model.



A methodology for radical innovatio
— illustrated by application to a radical Civil

Radical innovation can be systematised through the synthesis of existing

theory to form a basis for strategic decision making.
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