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When commencing a new program within the space sector, the question of expected
program costs has emerged as a most critical criterion to be considered, especially within the
context of large and highly complex international programs where multiple domains and
disciplines are directly interfaced. Given added technical, economic, and political complexities,
the real challenge is to representatively estimate costs during the early program phases where
physical, technical, performance and programmatic parameters, requirements and specifications
might be scarce, unavailable, or still evolving. Here, the disciplines of systems and cost
engineering, as well as program management converge to support the costing function.

Cost estimation is a subset of the cost engineering domain, and a plethora of cost
estimation methods (CEMs), models, tools and resources applicable to various space sector
applications, exist. However, due to the unique nature and specificity of each mission, project
and respectively, program, the available arsenal of costing means can often be too general.

A new class of vehicle has also recently established itself as one of prevalent interest —
launcher vehicles with a focus on reusability to render them economically viable, while
concurrently offering cost-effective access to space for both cargo and humans. For such
manned, reusable launchers (RLVs), a lack of historical data implies that classically assuming a
single cost estimate based on a single heuristic parametric or analogy cost estimation alone is, by

definition, limited. Thus new ways are needed to address cost estimation for complex,
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unprecedented programs in the early program phase where system specifications are limited, but
the available research budget needs to be defined. The hypersonic, suborbital, passenger
spaceplane SpaceLiner currently being studied at the German Space Center, DLR, is one such
vehicle and is selected as a current RLV case-study to model and apply the advanced cost
engineering approaches and innovative techniques developed and described in this work.

Within the context of the case-study, the development of necessary processes and
application of advanced and modified cost estimation approaches and programmatic principles is
demonstrated. After a thorough literature review of current estimating practices in industry, the
parametric method is justified as the prime CEM for optimal use during the early program phase.
The TransCost statistical-analytical model for cost estimation and economical optimisation of
launch vehicles, as well as two cost models, 4cost aces and the PRICE software, all of which are
parametric, are selected. The transparent TransCost model is then extensively tested against
realised development programs with an RLV focus, and consequently calibrated.

Prior to the three models being input with high-level, technical SpaceLiner data, some
essential programmatic analyses are performed. The SpaceLiner program is considered from a
top level as a global whole, and a detailed work breakdown structure of the required components
to be developed and produced, is derived. In conjunction, and in accordance with European
Cooperation for Space Standardization standards, a baseline program schedule is also established
in order to represent the possible timeframe of the global project, to identify major milestones,
and to support model inputs for the costing process.

Based on the WBS, program schedule and selected three models, independent
development cost estimates are prepared, and an Amalgamation Approach of the multiple sets of
results is then assumed. A final baseline development cost range is ultimately determined for the
SpaceLiner, being maximally reflective of all currently available inputs. The cost of production
is also considered using parametrics, while the operational scenario is qualitatively outlined,

completing the SpaceLiner cost- and economics baseline.
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1 INTRODUCTION

“Going into the unknown is how you expand what is known” — Julien Smith

When commencing a new program within any sector or industry, the question of expected
program costs has emerged as a most critical criterion to be considered. Within the space sector,
this is also true, being particularly relevant within the context of large and highly complex
international programs where multiple domains and disciplines are directly interfaced and where
a large budget is usually required. Given the technical, economic, and political complexities, the
real challenge is to representatively estimate costs during the early program phases where
physical, technical, performance and programmatic parameters, requirements and specifications
might be scarce, unavailable, or still evolving. Here, the disciplines of systems and cost
engineering, as well as program management all converge to support the costing function.

Cost estimation is a subset of the cost engineering domain, and a plethora of cost
estimation methods (CEMs), models, tools and resources applicable to various space sector
applications, exist. However, due to the unique nature and specificity of each mission, project and
respectively program, the available arsenal of costing means can often be too general.

A new class of vehicle has also emerged and established itself as one of currently
prevalent interest — launcher vehicles with a reusability focus to render them economically viable,
while concurrently offering cost-effective access to space for both cargo and humans. For such
manned, reusable vehicles (RLVs), a lack of historical data implies that using purely the classic
heuristic approaches such as parametric cost estimation alone, or analogy, is, by definition,
limited. Thus new ways are needed to address cost estimation for complex, unprecedented
programs during very early program phase where system specifications are limited, but the
necessary budget requires definition. The hypersonic, suborbital, passenger spaceplane

SpaceLiner currently under development at the German Space Center (DLR), is an example of a



current industry RLV under research, which has been chosen to model and apply the advanced
cost engineering approaches and innovative techniques developed and described in this work.

Within the context of the current SpaceLiner case-study, the development of necessary
processes and application of advanced and modified cost estimation approaches and
programmatic principles is demonstrated. After a thorough literature review of current estimating
practices in industry, the parametric CEM is justified as the prime method for optimal use during
the early program phase. The TransCost statistical-analytical model for cost estimation and
economical optimisation of launch vehicles [100-102], as well as two commercial models, aces
by 4cost GmbH [2-4] and the PRICE tool and software [152-154], all of which hinge on the
parametric method, are selected. The transparent TransCost model is then extensively tested
against realised development programs with an RLV focus, and consequently calibrated.

Prior to the three models being input with high-level, technical SpaceLiner data, some
essential programmatic analyses are performed. The SpaceLiner program is considered from a
top level as a global whole, and a detailed work breakdown structure (WBS) of the required
components to be developed and produced, is derived. In conjunction, and in accordance with
European Cooperation for Space Standardization (ECSS) standards, a baseline program schedule
in also established in order to represent the possible timeframe of the global project, to identify
critical milestones, and to support model inputs for the costing process.

Through combination of the WBS, development program schedule and selected three
models within context of the Amalgamation Approach (AA), multiple independent development
and production cost estimates are calculated, and an amalgamation of the multiple sets of results
is then assumed based on stringent analyses and consequent iterations, if necessary. A software
interface and tool, AAInT, is especially developed and designed to support the AA function. A
final baseline development and production cost range is ultimately determined for the SpaceLiner

case-study, being maximally reflective of all currently available program and mission inputs at an



early program phase. The operational scenario is qualitatively outlined, completing the cost- and

economics baseline for the large, complex industry case-study concept.

1.1 Focus oF THESIS

From a historical perspective, attaining maximum performance has been the dominating
design criteria for space missions. This ideology, however, has now been rendered outdated with
cost becoming the new design criteria of dominance [99]. Limited resources and stringent
mission budgets constitute a real, monetary barrier for access to space, meaning that cost must be
a major and stringent consideration within the scope of mission planning and management. Here,
a particular focus of the work is placed on launch vehicles, the sole means of access to space. The
ability to develop, assemble and launch a cost effective, reliable and safe launch vehicle is a key
measure of organisational space sophistication and capabilities [191]. For such programs, results
of a cost estimate performed during the early program phases represent a determining factor for
mission realisation. Hence the need for increasingly accurate cost models, methods and tools
within the space sector is key, a difficult task given the highly variable nature, scope as well as

scientific and technical requirements applicable to each mission.

1.2 RESEARCH MOTIVATION

For all new programs, the estimation of costs during the early study phases, and into
design, development, testing and integration phases, is an extremely challenging albeit necessary
activity.

The research conducted within this thesis is motivated by the need to develop modified
and innovative cost engineering practices and cost estimating approaches, methods and analyses

for large, complex, multidisciplinary programs during the early phases. There is a need to



synchronise the current cost engineering and estimation arsenals in line with the multitude of
changes influencing the space industry in recent years.

One main reason is the space industry evolution influencing shift in space mission
applications. Recent evolution of the space industry has seen the scope and purpose of space
missions deviating from purely scientific goals, in the direction of cost-effective and economical
access to space for a commercial advantage. Furthermore, coupled with rapid advancements and
improved capabilities and affordability of space technologies, has given rise to a realistic advent
of concepts such as that for hypersonic intercontinental passenger travel and also the realisation
of an embryonic space tourism segment. Application of space technologies for manned
applications forms a breakaway to traditional space access, meaning that previously applied
analyses methods are not as representative.

Another key influence on the space sector has been the effect of recent political and
economic conditions on the space industry influencing vehicle design towards a focus on
reusability capability. Access to space has lately found a strengthened source of funding from
private investors instead of government agencies. This has resulted in the increasing emergence
of private, commercial space companies, such as Space Exploration Technologies (SpaceX)
[198], Virgin Galactic [218] and Reaction Engines Limited [157], amongst others. Consequently,
there has been an influx of new developments for innovative and cost-efficient vehicle concepts,
including launcher vehicles, advanced stages, capsules and spaceplanes intended not only for
transport of cargo, but for civilian applications. As previously mentioned, reusability of these
systems is key for supporting economic success. But while the technology is advancing, analyses
methodologies, and specifically, cost estimation methods find themselves lacking, especially for

such a new class of vehicles where little precedence exists.



1.3 PROBLEM DEFINITION

There are several problems at hand to be overcome when costing an unprecedented,
reusable vehicle for manned applications like the SpaceLiner case-study. Firstly, the concept is
still in a preliminary design phase with system and indeed subsystem specifications still being
designed, calculated and deduced. Hence any cost estimation method or model would either have
to assume a specific subsystem configuration scenario, or alternatively be at a broad system level
rather than at a specific sub-system one. Secondly, there is a distinct lack of applicable precedent
missions and therefore little relevant historical data can be obtained. So application of existing
CERs from the parametric approach contained within TransCost might yield non-representative
results.

Furthermore, the cost estimation would have to fit within context of current economics
and trends of the space market, another challenging task given that the current political, social,
financial and economic environment has changed drastically over the past decade. The dynamic
emergence of companies pushing the boundaries of space access with a civilian focus, have
emerged, inciting considerable competition for access to space. This competition has
consequently underpinned considerable technological progress and therefore both higher
anticipated launch rates and logically, consequently lower launcher prices. In turn the lower

launch prices feed back into industry competitiveness and the cycle is reiterated.

1.4 ORGANISATION OF THESIS

This Thesis commences with an introduction to the domains of system engineering, cost
engineering, cost estimation, with Chapter 2 defining their context, utility and importance within
space applications - namely within complex, large scale international programs. A brief historical
overview of cost estimation methods (CEMs), models, tools and general and current industry

practices is provided. The latter is complemented with an in-depth literature review specifically



addressing cost estimation early in space program phases for launcher systems, with a hardware
focus. Based on the review, the proposed Amalgamation Approach (AA) for reducing increasing
cost estimation confidence, while reducing uncertainty of early program cost estimates is also
introduced and explained. This employs the relatively simple concept of result redundancy to
arrive at a final consensus, as opposed to the traditional approach of accepting a single source or
single value cost estimate.

Expanding on the presentation and discussion of theory, Chapter 3 then outlines the
background and progress of a hypersonic, suborbital space plane being studied at the Bremen
Institute of Space Systems of the German Aerospace Center, DLR, for ultra-fast point to point
passenger transportation. Dubbed the SpaceLiner, this project is introduced and discussed as
being a highly relevant and current industry example of a large-scale international program which
is largely unprecedented in nature. Knowledge and process shortcomings and gaps for cost
estimation of such an unprecedented vehicle are also highlighted, and linked to theory presented
in the earlier chapters.

Linking the cost theory and the selected case-study example, Chapter 4 describes the
SpaceLiner philosophy in terms of data, factors and technologies which are identified to
influence program costs, in particular, development and production program Phases C and D.
Accordingly, an in-depth and multi-level work breakdown structure (WBS) for the case-study is
developed, and preliminary program schedules devised. Drawing key points from the literature
review, Chapter 4 highlights the TransCost parametric model to be used as a focal starting point
for further dissemination of the various difficulties associated with costing a vehicle with limited
similar precedent. A dedicated TransCost tool is programmed in an Excel interface to support
extensive TransCost model testing. Development data from large and complex space launcher
programs is entered into the TransCost tool, with a focus on those programs with reusability

capabilities. Two prominent examples are the heritage Space Shuttle and the Soviet Buran



vehicle development efforts. Through this exhaustive TransCost testing and validation process, a
modified model is developed in view of application to the SpaceLiner case-study vehicle.

Additionally, in line with AApmac theory, the PRICE and 4cost aces software models are
selected as suitable candidates for incorporation into the AA cost estimation framework.

Finally, synthesizing theory, TransCost model testing outcomes and lessons and the
newly developed AA and AAInT tool, a development and production cost estimation is
performed on the fully reusable, suborbital hypersonic SpaceLiner industry example. Numerical
results are derived implementing the highly analytical and stringent AAmac mode, and respective
cost ranges for production and development are established. A qualitative confidence level for the
latter is also discussed and established. Operations and grounds costs addressed qualitatively
given the still evolving nature of the SpaceLiner program, with a preliminary breakdown of
required resources and infrastructure, also proposed.

The key results, findings and outcomes are analytically discussed and associated
conclusions drawn, documented, with ramifications and contribution of the research and work

presented within this Thesis extended to other future large, complex, multi-disciplinary programs.

1.5 CONTRIBUTION OF DISSERTATION

Within forward looking industries such as the aerospace industry, large scale, complex,
international projects must pass certain preliminary research phases to reach maturity and
actualisation. Inseparable and mandatory for every new program proposal, is always an estimate
of the expected costs including all foreseen lifecycle costs spanning development through to
production and ultimately, program execution and operations. A representative cost estimate is
critical to secure a suitable, justifiable program budget, which is consequently key to

underpinning program success. Particularly challenging is establishing an estimate very early on,



when program details, requirements and specifications are not crystallised, and when changes to
technical design, mission requirements and other cost-critical aspects are still occurring.

This Thesis addresses exactly this challenge through a step-wise process, outlining the
background in theory and research to the approach and required preparation of a cost estimate
and business plan for large, complex, interdisciplinary programs. The acquisition of necessary
information and its dissemination is described, after which key activities for program cost
assessment are outlined and performed on a suitable case-study, the SpaceLiner. The Thesis
introduces, describes and discusses the amalgamation approach (AA) which is used as a tool to
ascertain and analyse the resulting cost estimate accuracy and representativeness of the program
at an early state through cost estimation result redundancy. Effectively, the Thesis therefore
builds upon existing cost estimation practices, and then further explores, defines, explains and
extrapolates on this baseline to establishes a new set of processes and necessary steps for
producing a first, representative cost estimate early during a program, based on limited, still
evolving information. With respect to the case-study selected, this Thesis establishes an
unambiguous path for the future application of the cost estimation processes described and
developed within, also facilitating for incorporation of new information into an existing and clear
cost estimation structure and business planning framework, as it becomes available.

Ultimately, and in line with the contribution of this work and document, the goal of the
Thesis is to address the current gaps outlined in Chapter 1.3, and to establish a preliminary but
justifiable and defensible development and production cost estimate with a high level of
confidence for the chosen case-study, the unprecedented, early-phase, large, complex and

international SpaceLiner concept.



1.6 PUBLICATIONS

During the compilation of this document, several publications were made through
independent peer-review, as well as through conference papers which were written and presented
based on the work contained within this Thesis. These are listed below. Later publications with
final results of this work could not be made, since cost results obtained using the PRICE Systems
and 4cost aces tools were performed under an agreement for limited and exclusive use and

dissemination within context of this Thesis only.

Peer-Reviewed Journal Publication

e Trivailo O., Sippel M., Sekercioglu Y. A., Review of hardware cost estimation methods,
models and tools applied to early phases of space mission planning, Progress in

Aerospace Sciences, Vol. 53, pp. 1-17, August (2012).

Conference Paper Submissions, Presentations and Contributions

e Trivailo, O., Sippel, M., Sekercioglu, Y. A., Review of Cost Estimation Methods, models
and Tools Applied to Space Mission Planning Now and in the Future, 60. Deutscher Luft-
und Raumfahrt Congress by Deutsches Gesellschaft fiir Luft- und Raumfahrt (DGLR),

Bremen, 27-29 September, 2011 (main author and presenter of peer reviewed paper).

e Sippel M., Schwanekamp T., Trivailo, O., Progress of SpaceLiner Rocket-Powered High-
Speed Concept, 64™ International Astronautical Congress (IAC), Beijing, 23-27
September, 2013 (co-author of paper).

e Trivailo, O., Lentsch, A., Sippel, M., Sekercioglu, Y. A., Cost Modeling Considerations
& Challenges of the SpaceLiner — An Advanced Hypersonic, Suborbital Spaceplane,
American Institute of Aeronautics and Astronautics (AIAA) SPACE2013 Congress and
Expo, San Diego, October 10-12", 2013 (main author and presenter of paper).



2 COST ESTIMATION IN THE SPACE DOMAIN

“Cost estimating is the translation of technical, programmatic and management
specifications into cost.” — Joe Hamaker, Cost Analysis Division, NASA HQ, Washington [75]

Historically attaining maximum performance has dominated design criteria for space
programs and missions with maximising performance mistakenly once seen as being
synonymous with minimising weight. This ideology, however, has now been rendered outdated
with cost becoming the new design criteria of dominance. In today’s competitive environment,
limited resources and stringent mission budgets constitute a real monetary barrier for access to
space, meaning that cost must be a major consideration within the scope of mission planning and
for all management decisions and processes. Therefore cost engineering, the new paradigm for
space launch vehicle design [99] is an essential component during the preliminary stages of any
space program, as well as consistently and progressively throughout the entire project execution.
Cost estimation CE and cost modeling are the two elements focal to this Thesis, with the topics
being of current, significant interest within industry as seen by the rapid advancements and
evolution of the process [72]. The two components have been classified as being key constituent
functions within the overall cost engineering and cost control frameworks [107, 203]. In fact
conclusions from a cost estimate performed during the early Phase 0/A are often a determining
factor for program realisation. Within a research context, and given that research drives progress,
a preliminary cost estimate performed at a pre-phase 0 stage can dictate if a developing program
is achievable or not within a stipulated, available budget. An initial cost over-estimate can result
in a project not being funded, or non-selection within a competitive bidding context. Conversely,
significant cost under-estimation increases the risk of financial loss and program failure by
influencing the decision making process associated with budget allocation [56, 72]. Hence the
need for representative and adequate cost estimation during the very early program research,

establishment and development phase is obvious. Here it is important to note that a cost estimate
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(CE) is a dynamic value rather than a fixed, static one, and as such, should be reassessed
regularly so as to absorb and reflect any new information which becomes available. Early in
program planning, available specifications may be limited and the resulting CE would therefore
have a higher uncertainty than one made later on during the program life cycle. However at this
early stage, a representative CE reflective of all available information and data at the given time
can optimally support the project funding and underpin allocation of an adequate initial budget.

Most recently, global, social, economic and political circumstances and events have seen
the aerospace industry as a whole evolve significantly, and in part, space access has deviated
from its fundamentally scientifically oriented and largely government funded origins. As pointed
out by Maryniak (2005), governments have been ousted and replaced by markets as the principal
engines of technological change [124]. Such political variability and an uncertain financial
market have both heralded significant changes and restructure within many international space
agencies including America’s National Aeronautics and Space Administration (NASA), arguably
the most prolific body in the world’s organisation and funding of space [67]. Coupled with rapid
advancements and improved capabilities and affordability of space technologies, these events
have all given rise to the plausibility, design and preliminary implementation of novel concepts
such as super- and hypersonic intercontinental passenger travel. Concurrently, space tourism in
the form of sub-orbital civilian is becoming an attainable reality and the promise of orbital flights
for civilians is also developing strongly from its embryonic phases.

Diverse papers, articles and reports have addressed and explored the topic of space
tourism, its advent, current progress and future potential of the industry [5, 23, 35, 38, 66, 67,
104, 106, 125, 146, 150, 197, 200]. Additionally, well summarised by Crouch (2001), numerous
surveys and studies to gauge interest and plausibility of a space tourism market have been
conducted predominantly in the 1990s across Japan [33, 34], the USA [35, 36, 143], Germany
[5], Canada [35], the United Kingdom [19] and even Australia [39]. More currently, several

studies are also being undertaken by various institutions addressing the evolving public
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propensity and openness to space tourism and space transportation for civilians [23, 38, 70, 125,
146, 149, 167, 200]. Generally speaking, findings suggested that conceptually, a significant
proportion of respondents were positively inclined towards the prospect of space travel. While
such survey results are more speculative than they are conclusive, the common trends observed
were relatively consistent and positive, and are well reflected in the conclusions drawn from a
key NASA and Space Transportation Association (STA) General Public Space Travel and
Tourism study, which states that “serious national attention should now be given to activities that
would enable the expansion of today's terrestrial space tourism businesses...in time, it should
become a very important part of...[the] overall commercial and civil space business-program
structure” [143].

In recognising and adapting to latter trends, an increasing number of private entities
prominent companies, entrepreneurs, space transport technologists and other proponents have
emerged over the past decade targeting the anticipated space market from a commercial
perspective [150]. Prolific examples include Sir Richard Branson’s Virgin Galactic [20, 218], a
highly successful synergy of the Virgin Group and Paul Allen and Burt Rutan’s Mojave
Aerospace Adventures [61, 218], renowned for its prize-winning suborbital SpaceShipOne
spaceplane, Sir Richard Branson’s, has had a significant impact on the technological progress of
space technologies as well as on media exposure and public awareness of space access. Other
companies actively proving and enhancing the existence of a commercial space market include
Space Adventures [77], Armadillo Aerospace [14], and Elon Musk’s SpaceX, whose key
organisational goal is “enabling humanity to become a space-faring civilization” [198]. The latter
are all major contributors to recalibrating the interest levels in manned spaceflight through
heightening exposure and public awareness, as well as pushing barriers of technology and
feasibility through competition, while seeking to cost-effectively and rapidly progress manned
space travel in the long term, while concurrently capitalising on these activities. Until now, much

of the activities have focused on sub-orbital flights, while more recently focus has also turned to
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orbital civilian ventures [104]. In fact Eilingsfeld (2006) suggests that growth is limited for
suborbital space tourism due to very short times to experience space despite relatively high ticket
prices [52] compared to the aviation segment. So in order to enhance the business case, he
identifies and proposes three options to prolonged the space experience, which are an orbital
cruiser, a space hotel or a suborbital spaceplane.

One such particular spaceplane which deviates from a purely space tourism objective, is

the SpaceLiner [168, 182, 183, 185, 186], shown below in Figure 1.

Figure 1: Artist’s interpretation of SpaceLiner 7 [82]

This hypersonic, suborbital vehicle, shown below in Figure 1, is currently under
preliminary design within the Space Launcher Systems Analysis (SART) department at the
German Aerospace Center, DLR. The concept recently received substantial funding within

context of the European FAST20XX framework [172], and aims to revolutionise the space
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market by marrying an ultra-fast means of transportation with the allure of thrill seeking [185].
The SpaceLiner concept aims to transport passengers from Australia to Europe in 90 minutes, an
unprecedented speed compared to current civilian aviation sector capabilities.

Directly relevant to the SpaceLiner, in their paper on reusable hypersonic architectures,
Kothari and Webber (2008) derive a $500,000 figure for potential orbital space tourism [104].
More generally, however, initial forecasts made by the Futron group [23, 66] indicate that the
initial customer cluster will be prepared to pay up to $200,000 for a first ticket to space, while
more recent circulating predictions suggest that by as early as 2014, a ticket for suborbital flight
is likely to cost between $50,000 and $100,000 [192]. This initially apparent discrepancy can be
attributed to lower prices incited by anticipated market competition, and given this phenomenon
it is therefore reasonable to expect a growing emergence of public companies competing to make
access to space simpler and more affordable in the coming decades [205]. Furthermore
fundamental marketing theory of a product life cycle (PLC) can be constructively applied to the
case of space access in the form of tourism. PLC describes the expected phases for a given
product or service, from its inception, design and development, through to maturity and in some
cases, obsolescence [98]. In accordance with fundamental PLC principles, Klepper (1997)
describes that a general trend can be observed for the evolution of a particular industry,
irrespective of the industry itself. Klepper proposes that any interdisciplinary product life cycle
can be segmented into three fundamental phases being an early exploratory stage, which can be
further split into development and introduction, followed by an intermediate growth and
development stage, and finally by product maturity [149]. A PLC is then represented visually as a
relation of volume of sales and profits with respect to time during the associated phases. While
differences and deviations to a traditional PLC and its phases are recognised and classified in
wider literature to reflect the varying nature of a product [98], Peeters (2010) suggests that the
traditional PLC curve, shown qualitatively in Figure 2, can be applied directly to the potential

civilian space access and tourism industries [149].
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Figure 2: Qualitative traditional PLC curve for potential applicable to the industry of civilian
access to space [149] [151]

Working further with the justifiable scenario that space tourism is an attractive and
successfully marketable ‘product’ [106], as has been shown through numerous works and
publications [5, 23, 34, 37, 38, 70, 104, 125, 146, 200], and combining this with the trend of
increasing volume most prominently seen during the product growth and maturity PLC phases in
particular, it is logical to expect launcher production rates to consequentially also increase in the
coming decades. In a NASA funded study dedicated to projections of future space-lift systems
conducted by the Aerospace Corporation, Johnson and Smith (1998) conclude that in order to
achieve a one or two order of magnitude reduction in cost, flight rates must significantly increase
compared to the Shuttle [93]. For a 10 x cost reduction, 48 flights per year are proposed and 700

flights per year for a cost reduction of 100 x. Combining a foreseen increase in launch vehicle

15



demand with an increase in flights, should incite technological enhancements in spacecraft
hardware reusability, which at present is fairly limited, in particular for launcher vehicles with
manned capabilities. At present, the only projects comparable for this category of space vehicles
are the Space Shuttle fleet, which was only semi-reusable , and the Russian Buran orbital vehicle,
which performed just one unmanned flight before the program was cancelled due to a mix of
political influences and lack of funding [80]. Consequently, higher launch rates should drive
launch costs and overall space access costs down, requiring existing cost models to be
recalibrated to facilitate the change. As an example, recent suggestions have implied that the
SpaceX fleet of Falcon 9 vehicles “break the NASA/Air Force Cost Model NAFCOM” [193]. So
with the recently transpired and justifiably foreseen advancements to space access through the
advent of commercial space travel spurred on by current space access and space tourism
initiatives, it is essential for cost estimators and experts to keep abreast of the technological
changes and have the capability to obtain indicative, relevant and justifiable estimates despite
implementation of novel, unprecedented technologies.

Returning back from the costs of applications to the costs of the space vehicles and
launchers themselves, to foster and accommodate for such progressive trends within the space
sector, stringent and consistently applied cost engineering principles and practices are key to
ensuring that estimated costs for new, unprecedented programs are representative, justifiable or at
the least indicative of expected costs while being reflective of all available inputs and information
at the time. As mentioned previously, a CE is a dynamic, constantly varying figure. So while it is
impossible to predict exact program costs, consistently applying certain principles, practices and
methods, like revising CEs at regular interval throughout the program life cycle to incorporate
any changes and reflect new information, supports budgeting decisions and maximally assists in
avoiding significant unexpected budget blow-outs [72]. Or if exceeded, helps to ensure that the
discrepancy between the existing dynamic estimate, the available allocated budget and the actual

cost is minimised. Furthermore, at various program phases the amount of defined information
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increases as program specifications and requirements crystallise. Here, it is important to identify
the most appropriate cost estimation approach at each phase from a diverse selection of cost
estimation methods, models and techniques as defined and reviewed within this Thesis.
Numerous excellent resources exist, which list and describe general and specific cost
estimation methods, models and tools applicable to the space sector. Actually many of the most
extensive documents have been lengthy government funded projects and studies, a fact which
only emphasises the importance of the topic within industry. In 1977 The RAND Corporation
released a comprehensive study under Project AIR FORCE aimed at listing and assessing the
validity of parametric spacecraft cost estimation methods for current and future applications with
a decreased focus on system mass, while stressing the importance of concurrent utility of human
logic and reasoning during cost model use and application [47]. Consequently, another two in-
depth RAND studies into shortcomings of cost estimation methods were released in 2008 [65,
227]. In the RAND document which addresses cost estimation of space systems within the Air
Force Space and Missile Systems Centre (SMC), Younossi et al. incorporated past lessons learnt,
while providing future recommendations for improving the processes, methods, tools and
resources based on the study’s findings [227]. The second, document by Fox et al. is a dedicated
handbook reference describing guidelines and metrics needed to review costs associated with
space acquisition programs [65]. Both documents list and contain descriptions of some key cost
estimation models, such as the Unmanned Space Vehicle Cost Model [214], (USCM), the
NASA/Airforce Cost Model (NAFCOM) [170, 171, 188] and Small Satellite Cost Model [7].
More specifically, Meisl (1988) described the cost estimating techniques especially for early
program phases [128], while more recently, Curran et. al (2004) provides an in-depth look on
aerospace engineering cost modeling [40]. Other documents, such as NASA’s Cost Estimating
Handbook [135-137] and the online DoD Parametric Cost Estimating Handbook [42] also offer
their own lists of various industry-relevant cost estimation tools and methods. Depending on the

source, the scope of these lists is typically broad, covering many specific estimation methods for
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mission hardware and software, development, operations, management and risk analysis amongst
others, but usually with limited, brief descriptions per entry. Alternatively, the literature will
focus on a very narrow range of select models and methods, while omitting key others.

The remainder of this chapter presents the critical first steps, basic theory and material
necessary for logical progression of the rest of this Thesis. It does so through offering a niche,
robust summary for the main cost estimation methods, approaches and resources applied within
the space sector for space hardware, with key existing commercial off the shelf (COTS) and
government off the shelf (GOTS) tools and software products also discussed. Many of the
commercially available products feature classified databases and have associated annual license
fees. They are therefore not deemed focal to very early program phases where research into
program development is still ongoing, specifications are not yet clearly defined, but a CE for the
anticipated program is nevertheless required to proceed further. For completeness sake, these
models are, however, included and briefly discussed within the review. Manuals, handbooks and
reports directly applicable to space sector cost estimation with a specific complete system level
are also outlined, since they are seen as valuable resources for advanced methodology
development for reusable launch vehicles. Furthermore, the Thesis features a hardware focus, and
while it is clear that software and associated development, implementation and operations costs
are essential for the realisation of every mission, the software-specific cost models are not
included within the scope of this Thesis, since this is considered a sub-system component of an
overall system. This Thesis approaches cost estimation at early program phase, and therefore
from a top system level.

Firstly the relevant cost estimation methodologies applicable to the space sector are
outlined and discussed. Consequently, their implementations in key existing models, tools and
resources are provided, with each the associated features, factors, benefits, drawbacks and

applications detailed and discussed.
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2.1 CoOST VERSUS PRICE

At the commencement of this Thesis work, it is essential to define the accounting terms of
cost and price, briefly outline the significant distinction between their meanings, and consequent
use of terms both throughout this Thesis, as well as within context of the cost estimation domain.

Cost and price are directly related, although frequently the two are used interchangeably
depending on their context, which are not always correct to the definition. Cost is the amount
considered from the side of the program organisation, and relates to the total amount paid or
payable for the acquisition of all materials, property (goods) and services calculated for the
project on the basis of an estimate of required effort, and other direct costs for all additional
resources, such as manpower, equipment, real facilities, material, supplies, as well as travel and
bought out items [202]. The term ‘cost’ is then frequently combined with an adjective, for
example ‘program development cost’. In contrast, price is what the consumer is expected to pay
for the product, or the dollar value that a company will sell its product for or commit to a
contract, meaning usually the total monetary value of the total project cost, with a calculated
profit or fee additionally imposed [202]. In this respect, ‘cost’ is a sub-set of the term, ‘price’.

Very often, the terms price and cost are used interchangeably. And while recognising the
difference in the technical definition, in this Thesis, the term ‘cost’ (or ‘costs’, both of which are
also used interchangeably), is predominantly used to describe how much monetary resources are
required to fund the various phases of space programs in the early phases. This is because the
perspective of this Thesis is from the producer’s position. At the end of most cost estimations and
calculations, the profit is also finally built in, thus technically making that value a ‘price’ value.
However, whenever a profit margin is included in a presented figure, this point is always clearly
identified and stated. Therefore, in recognising the technical difference between price and cost,
the term ‘cost’ is adhered to throughout this work, since the area of research is cost engineering,
and cost estimation, and the bulk of the resulting figures which are calculated, manipulated and

analysed, are indeed costs, unless otherwise indicated.
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2.2 SPACE SECTOR COST ENGINEERING & ESTIMATION

2.2.1 Cost Estimation in a Cost Engineering Framework

Cost estimation features prominently, essentially and diversely across all industries and
domains in today’s competitive and profit-driven environment. From small-scale, private,
commercial initiatives such as how much a holiday or the purchase of a house might cost, right
through to multi-billion dollar project bids within the construction, building and infrastructure
industries — the question of cost firmly dominates and dictates business activity, initiatives and
undertakings, and ultimately progress.

Within the aerospace industry, this is no exception. From cost figures simply being made
up, like in the initial instance for the Concorde program [221], to labour hours and materials
being tediously tallied to obtain crude cost estimates during World War II to advanced models
and tools which have been developed and applied today, cost estimation is an integral element of
program planning, management, overall system design and the cost engineering framework.

While cost estimation and cost engineering are distinct and separate disciplines, the two
are intimately related. Cost engineering itself is a multi-faceted discipline and science which
addresses cost estimation and control, business planning and management, profitability analyses
and scheduling of major and complex engineering projects through the application of engineering
principles [40, 84, 161]. By applying this definition, cost estimation is therefore a constituent
component or subset of the larger cost engineering framework [107, 203], and is defined as the
process of prediction of forecasting of product or output costs, resulting in an estimate [162]. A
CE in itself, however, is not a static or deterministic value. On the contrary, it is a living variable
which must be progressively updated, revised and readjusted throughout the program life cycle. It
is true that an estimate will almost always vary from the final program cost due to unforeseen
factors and events which cannot be factored in during formulation of the estimate. Nevertheless

careful, realistic budgeting is a crucial first step to underpin future program success, the basis for
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which is derived from a preliminary program CE. Hence it is logical to state that a justifiable,
competent, informed CE reflective of all the data which is available during the early program
planning is a solid foundation for an adequate and supportable program budget [212]. In turn this
increases chances for a program’s timely and efficient execution and ultimately realisation. An
initially excessively high estimate may result in a lost contract award, while an underestimated
figure would lead to cost overruns during project implementation [132]. So while there may be
preliminary, limited, or insufficient information available regarding configuration, mission or
environmental parameters of a mission early during a program, a pronounced need still exists for
reasonable, justifiable estimates to be achieved. During such estimates, analyses performed assist
in identification of key cost drivers which may be specific to each mission. In 1988, Meisl
proposed that a heuristic approach is optimal for application during early program phases where
many program parameters, such as configuration, mission and environment, were undefined and
unclear. This approach draws upon past experience and knowledge while adjusting for
differences between the new and historical data [128]. And within the space industry even today,
such a heuristic approach still forms the fundamental backbone of most cost estimation methods
and models [72].

Here, during early mission phases, effective schedule management also directly integrates
into the cost estimation framework, since the two are directly interdependent. It is clear that time
delays result in increased costs not factored for in an initial CE, and therefore in cost overruns.
With supporting processes and practices in place aiming to optimise available resources,
facilities, funds and materials, careful and strategic schedule definition and management, both
essential elements within cost engineering, determine the success of a program [56]. The ultimate
objective is to meet project deadlines and thus cost targets while attaining required technical
performance.

Overall, however, essentially three key elements can be identified to accommodate for

effective cost estimation practice [128], as shown graphically in Figure 3. The most challenging
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includes access to reliable, detailed and complete input data. The second component is an
appropriate mix of effective tools, methods and models to perform the estimate, which must be
consistent with program phase and system definition at the time of the estimate [128].
Identification, selection, application and sometimes development of cost estimating models,
methods and tools within the space sector is a difficult task given the highly variable nature,
scope as well as scientific and technical requirements applicable to each mission. This decision
ultimately hinges on the program phase, the accuracy required, available information and risk
analyses and is the responsibility of the program manager, and consequently the estimator
themselves. Finally, a skilled cost estimator with sufficient knowledge and estimating experience
is required to bring all the elements successfully together. The estimator is then responsible in
amassing the right data, polling adequate information, asking the right questions and ultimately
translating the latter into model inputs [128]. If any single part of this process chain or any key
elements are missing, a cost estimate is unlikely to be indicative of program cost, and therefore

not useful.

Representative
Cost Estimate

Experienced Cost
Estimator

Figure 3: Key elements essential for a representative, robust and justifiable cost estimate [128]

22



2.3 CosT RISK ASSESSMENT & UNCERTAINTIES

In addition to careful scheduling, to minimise the likelihood of cost overruns and
scheduling delays, the effects of unexpected events must be considered during initialisation of a
program. This process is particularly important during formulation of a program’s initial CE,
when a detailed understanding and assessment of potential cost risks is essential. Here it is
important to define the meaning of ‘risk’ and differentiate this from ‘uncertainty’. Risk addresses
the probability of a certain event occurring and its consequent impact on a project, and therefore
risk can be in part preempted for and factored in within an estimate. Uncertainty, however, relates
to an unforeseen, unexpected event which becomes known only after it has occurred [173]. So
while potential risks for a project can be identified, analysed, planned for and managed, the
uncertainty element for unexpected costs during project lifetime is impossible to fully address
during the early program phase. Furthermore, risk and uncertainty are not mutually exclusive,
with the modeling of uncertainty directly translating into risk [42]. Therefore any given project
can never be entirely risk-free, although various cost risk quantification analysis methodologies,
strategies and approaches exist to address this aspect. So while cost risk estimation is an
extremely important element within the cost estimation process and cost engineering framework,
it is not delved into in great detail within the scope of this work. Interested readers may refer to
the following references for further details on cost risk assessment and management [13, 42, 65,
137,175, 212].

Another type of uncertainty not directly associated with unexpected events arising during
a program relates to a formulated CE itself. This uncertainty is associated with the development
or implementation and thus usefulness of any cost model underlying the estimate, and includes
factors like omission of a key cost driver, data inconsistencies, and model limitations and
simplifications due to lack of data [42]. Additionally, this uncertainty also encompasses an
estimate’s accuracy based on available program data, and also the correlation with a program’s

phases. Normally, early in a program only few specific mission details are available based on
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which a first CE can be formulated. Therefore uncertainty around the initial estimate is high. As
the program advances through development and into implementation, specifications and mission
requirements begin to crystallise. Concurrently, the initial CE should be treated like a dynamic
figure, reassessed regularly and updated with actual costs. In this way the cost uncertainty
associated with the first preliminary estimate is reduced with every iteration, supporting the
management function to make informed decisions with the best available information. It has also
been shown in practice that costs are more likely to overrun than under-run [211], with the initial
cost estimate baseline generally tending to increase as the program develops. Here, the baseline
cost refers to the most likely CE figure given no abnormal problems occurring and normal

working practice.

high CE
uncertainty

low CE
uncertainty

. estimate becomes more certain
' as program progresses
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Phase Phase

Figure 4: Cone of uncertainty illustrating estimate uncertainty associated with baseline cost
estimates as it is iterated throughout the program phases [212]
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The latter processes and principles are graphically illustrated below in Figure 4 in what is
referred to as the cone of uncertainty [211], where the horizontal axis represents project
milestones and phases, while the vertical axis indicates estimation uncertainty and variability. It
can be seen that underrun of costs during early program phase is significantly less likely than a

cost overrun.

2.3.1 Cost Estimation Diversity within the Space Sector

Cost estimation within the space sector must be able to encompass a diverse scope of
missions ranging from simple satellites to reusable launch vehicles and manned spacecraft. Each
project is then further broken down into its technical system and sub-system deliverable elements
as well as organisational components. Therefore at various stages of a program, separate cost
estimates are required to address program development and manufacture of both hardware and
software, operation costs, life cycle costs (LCC), management and organisation costs. Other cost
assessments, such as advocacy and independent cost estimates (ACE and ICEs) are also required,
which are separate, although associated with or embedded within the context of an existing LCC
estimate [136]. To facilitate for all these cases, proper selection of appropriate estimation
methods and tools is vital, since this positively impacts overall project costs. Many variables and
considerations dictate this choice, including available technical definition detail and program
phase, the scope of the effort to be costed, availability of historical cost data and program
maturity coupled with the cost estimator competency and experience [135]. While it is important
to recognise these differences, the methods and processes themselves remain fairly consistent.

To address the diversity for cost estimation purposes, numerous proprietary, dedicated
models exist to estimate various aspects of mission costs for both software and hardware. These
include cost models for subsystems and space instruments (SICM, NICM, MICM) [65, 74, 135],

systems engineering processes (COSYSMO) [29], operations and processing (SOCM, MESSOC)
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[134, 174, 194], as well as ground development and risk assessments (ACEIT, Crystal Ball,
@Risk) [136]. Even a model for determining the cost of performing a cost estimate has been
addressed [47, 159]. This Thesis, however, specifically focuses on commercial off-the-shelf
(COTS) cost estimation approaches applicable on a more global system level for an overall space
flight project with a hardware focus. The methods of focus here are normally best suited and
particularly necessary and applicable during the initial phases of program development and

mission planning.

2.3.2 Cost Engineering Oriented Organisations

The importance of effective, efficient and accurate cost engineering practices, as
underpinned by effective cost estimation throughout a program life cycle, is unquestioned. Yet
despite this fact, cost estimation methods and practices within industry remain largely undefined,
with a lack of understanding stemming from limited education, training and support available to
the cost engineering community. It is logical that an ability to control costs directly hinges on
closely adhering to set guidelines and learning from previous projects while simultaneously
reacting to current circumstances efficiently and effectively [123]. Yet prevailing organisational
inconsistencies concerning the absence of formal structure, documentation and processes for cost
estimation methods and practices [161] combined with ineffective retention of past experience,
knowledge and ‘lessons learned’ continuously results in inefficient outcomes. And with deadlines
and competitive bidding for projects adding time pressure to the mix, unstructured, hasty cost
estimations result in repeated significant budget overruns, particularly within larger organisations
and agencies like the US DoD [226], ESA [43, 44], and NASA [210].

These issues and inconsistencies have underpinned the emergence of numerous
professional, industry and Government cost estimation groups and organisations whose core

fundamental philosophy and aims are to promote the standardisation of cost engineering
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principles within industry. This is done through encouraging effective knowledge management
and retention, and pooling available resources to establish and maintain a common basis and
standards for cost engineering practice. Amongst others these include the International Society of
Parametric Analysts (ISPA) [90] and the Society of Cost Estimating and Analysis (SCEA) [189]
(both of which merged together in November 2012 to form the International Cost Estimating and
Analysis Association (ICEAA)[88]), the Space Systems Cost Analysis Group (SSCAG) [196],
the Association for the Advancement of Cost Engineering through Total Cost Management
(AACE) International [16], American Society of Professional Estimators (ASPE) [11],
Association of Cost Engineers (ACostE) [204] and the International Cost Engineering Council
(ICEC) [87]. While having a slightly different focus, fundamentally all of these organisations
share the common goal of cooperating and promoting better, more consistent cost engineering

principles and cost estimation practices and standards.
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24 CosTESTIMATION METHODS

Predominantly, four main, commonly accepted and staple cost estimation methods

(CEMs) form the backbone of tools applied for cost estimation within the space sector being:

e Engineering Build-Up
e Analogy
e Parametrics

e Expert Judgement

The detailed engineering build-up (also known as bottom-up) estimation approach
encompasses the synonymous techniques of engineering build-up, grassroots or detailed cost
estimations. Analogy and parametric cost estimations are then part of the top-down methods or
statistical approaches and can be classed as gross estimation methods. The Rough Order of
Magnitude (ROM) approach is also outlined in the NASA Handbooks as a commonly utilised
method. Finally, expert judgment (EJ), arguably, is another method commonly relied upon to
generate cost estimates, although there does not appear to be a clear consensus on whether or not
it constitutes an official method [83].

Several of the techniques can also be strategically combined to formulate a hybrid
estimate. Alternatively, if this is possible, an existing tool or model can be taken and potentially
‘tailored’ to a particular mission’s specifications through manual input or calibration. Given
recent radical advancements to space access and technologies with the political environment
encouraging commercial space access coupled with the advent of space tourism, it is more
important than ever to have the capability to obtain representative cost estimates. Currently,
given the promising advent of commercial launches [58, 205], ultrafast space transportation [52,
104, 167, 183, 191, 208] as well as the potential for space tourism [5, 23, 37, 70, 71, 106, 143,

146, 149, 167, 197, 200], this applies particularly to launch vehicles with manned capabilities.
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Yet a lack of precedent and consequently very limited data exists for this category of spacecraft,
limiting the suitability and application of the most commonly implemented CEMs within the
space sector.

The key CEMs, including the core three, as well as the supplement ones currently
recognised and utilised within the space sector are concisely summarised below, and their

respective attributes, strengths and shortcomings also provided.

2.4.1 Parametric Cost Estimation

Parametric cost estimation is applied prolifically within academic, research, industry and
government applications, offering a means to economically approach proposals, negotiations or
basic program cost assessments which hinge on cost or price data and estimation. More
specifically, the parametric approach is extensively applies in advanced planning studies,
contractor proposal validation, as well as commonly being used within planning and budgeting
during acquisition processes [42] with the CEM having official acceptance by the Federal
Acquisition Regulation (FAR) for proposal preparation [59]. It is also the foundation of
numerous key models and software used for early phase cost estimation of space programs, such
as the TransCost Model [100-102], the USCM [214] and NAFCOM [171, 188]. A particular
distinction of this approach is that it can be used when little is known about the design to be
costed, or when a readily applied validation or consistency check of an existing estimate is
required.

Best applied within early program phases, a top-down approach is assumed since only
basic requirements are usually available, while more detailed system and subsystem criteria are
not yet established. Only basic inputs which can be easily projected before concrete of final
design and specification information is available, and which logically relate to cost, are required.

Such often preliminary inputs are then sufficient to provide adequately representative cost results
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[81]. A series of mathematical relationships called cost estimating relationships (CERs) are then
determined based on historical data. CERs seek to relate cost to physical, technical and
performance parameters that are known to strongly correlate with program costs. Complexity
factors, or specific manually defined user inputs can then be applied to address deviations from
underlying CER parameters and a particular mission of interest.

However while it is commonly believed that early mission costing cannot be done
effectively in any other way, a difficult aspect of parametric cost estimation is the actual CER
formulation itself. A cost model is only as robust and reliable as its underlying database of
projects, so database quality and size impose limitations on CER credibility [60]. Significant
amounts of time and resourced are devoted to the collection of quality raw data, which then
usually needs to be adjusted for consistency, or normalised, to make it comparable and
compatible with other relative data. The challenge lies in obtaining sufficient, representative
quantities of cost data, yet alone in finding accurate, relevant and sufficiently detailed numbers
and figures. The DoD Parametric Cost Estimating Handbook [42] identifies nine main data
sources which include basic accounting records, contracts, cost reports and proposals, historical
and technical databases, other information systems and organisations, and functional specialists.
Here, a key difficulty concerning access to data arises due to the classified nature of most projects
within context of a competitive space industry. In fact the data collection process is often the
most time-consuming, strenuous and costly aspect in cost estimation and for accurate CER
formulation [137]. Even extracting data retrospectively from projects poses challenges relating to
contractual and administrative complexity [100]. Furthermore, all developed CER credibility
must be verified through comparison and sufficient correlation to existing projects. The interested
reader is directed to consult references [42, 89, 212] for more detailed information and discussion
about quality data collection, adjustments and normalisation for CER development.

In addition to the challenges of CER formulation, the CERs, once developed, may not be

relevant when new technologies or requirements beyond normal boundaries of the underlying
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CERs are introduced [109]. In this respect, assumptions must be made that historical data are
representative of future conditions, rendering CERs only effectively applicable to projects similar
in nature as the CER data itself. A solution here is to employ an alternative estimation method
which can be used as a sanity check, or to combine several approaches if it is possible to segment

the cost estimate into constituents which can be each addressed by various approaches.

2.4.2 Engineering Build-Up

Known synonymously as engineering build-up (EBU), bottom-up, grassroots or detailed
cost estimation, this very specific analytical approach is generally applied to a mission when all
parameters at system and sub-system levels are known and clearly defined. Cost estimations are
then performed at the lowest level of detail, and require a breakdown of the overall project into
smaller work packages, taking the form of a Work Breakdown Structure (WBS), which also
provides the reference for the Cost Breakdown Structure (CBS). The low level cost estimates
usually come directly from the engineers and experts performing the designated work, the sum of
which then constitutes the overall cost estimate for the program. It is common for labour
requirements and non-labour factors, such as material quantities, to be identified and estimated
separately, with any additional overhead costs, such as administrative expenses, being
concurrently factored in to obtain the total estimate [135, 136]. Therefore EBU is inherently an
extremely resource-intensive approach with significant associated costs, time and effort.
Extremely careful attention must be paid to the organisation of the WBS to avoid duplications
and omissions of tasks, which would then reflect directly on costs [173].

Inability to quickly adapt to scenario changes or specifications, requirement and design
alterations, which are frequently made during early planning phases, is a weakness of this CEM.
Given any modifications, new estimates must then be built up again. So ideally, detailed and

advanced low level specifications are necessary for application of EBU. These are usually not
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available during the beginning stages for mission planning, which renders the approach
unsuitable for application during early project phases.

However if applied during later project phases (i.e. Phases A — D) when sufficient details
are available, the resulting cost estimate can be extremely accurate since it is unique to the
specific industry and application [212]. Credibility is established since the total cost can be
broken down into constituent cost elements, providing clear insight into major cost contributors,
making elements of the estimate reusable within individual project budgets, and making the cost
estimate defensible [135]. Insight is also gained into major drivers and contributors to overall

cost, which can be useful for program review and analysis.

2.4.3 Estimation by Analogy

Analogy cost estimation relies on an extrapolation based comparison between different
precedent or existing efforts which are deemed to be similar or ‘analogous’ with the item being
costed [137]. Intensive analyst judgment is required regarding the similarity of two projects,
followed by adjustments made for any differences, such as project size, complexity, team
experience or technologies, between them. Although necessary, such judgment is often
considered subjective [212]. Application of the method is also limited since identifying a suitable
analog or adequately detailed technical, program and cost data are often an extremely difficult
task. If successfully identified, reliance for the comparison is then based on a single data point
only. Therefore sufficiently detailed data of the ‘compared’ system as well as the ‘new’ system
under consideration is essential. The method then hinges on the past experience, knowledge and
judgment of the expert regarding consequent adjustments or extrapolations. Strengths of the
analogy CEM include its quick and effective application at any time throughout various program

phases at minimum cost, since analogy can be applied even before specific program
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specifications are known. And if a close suitable analog is found, the resulting estimate is then
based on sound factual historical data and is defensible.

Analogy can be further broken down into Loose Analogy (LA) and Close Analogy (CA).
LA requires only few ‘loosely similar’ data points not closely related to new project, and adjusts
relevant past broad experience for moderate changes in complexity. CA requires very similar data
points from either another program or through technical development studies, and calls upon

direct past experience with adjustments made for only minor changes in complexity [109].

2.4.4 Estimation by Expert Judgement

Expert judgment (EJ), or expert opinion, is a commonly applied approach despite being
subjective in nature of the assumptions and assessments which are formulated by the estimator
based on their own experience and knowledge. According to ESA’s Engineering Costing
Techniques specifications, EJ is classed as an cost estimation method [72], contradictorily as both
the backbone and limitation of the analogy approach [60], as knowledge based cognition [130]
and simply guessing [97] in other literature. A widespread feeling exists that the EJ approach is
particularly intuitive and as such, consequently liable to personal knowledge bias and sensitive to
political pressures [83]. Yet while frequently criticised and often misunderstood by those outside
the cost estimating community [161], EJ is consistently and extensively applied in the generation
of cost estimates [72, 163]. Applicable during all project phases, EJ can be beneficial when
historical data are scarce or unavailable. While gathering a group of experts may require some
resources, once achieved, EJ requires comparatively minimal effort, time and cost and is often
used as a sanity check for CER results where implemented data are significantly beyond the CER
data ranges [212]. In fact various more advanced techniques have been designed with EJ at their
core. One example, the Delphi method, relies solely on group engineering EJ obtained from

several professionals, to provide the cost estimator with latitude in their cost prediction [135].
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Another useful approach is the Analytic Hierarchy Process (AHP) developed by Dr. Thomas
Saaty [164, 165]. AHP decomposes a problem into a hierarchy of specific criteria and
alternatives. Expert judgment is then employed to determine and assign specific rankings, or
priority scales through pairwise comparisons to the established criteria [73, 95, 165], and after
some normalisation of the rankings, an overall relative score can be deduced per option. An
advantage of AHP is its capability to significantly reduce complex, multi-faceted decisions to a
series of simple pairwise comparisons, in this way capturing and reflecting the subjective and
objective aspects of a decision [164]. Another strength is the method’s applicability to a decision
process despite the absence of quantitative ratings, since assessors and experts are always capable
of determining which criteria dominate over other criteria within a pairwise comparison context
[95]. A recognised weakness pertains, however, directly to the same weakness as that of the EJ
element itself, namely the fact that the EJ involved can be inconsistent or prone to knowledge or
experience bias. Ways to gauge any inconsistency and improve the EJ element of AHP are
challenging [95]. Despite this, AHP constitutes a powerful tool for comparisons of alternative

design concepts based on qualitative and quantitative criteria.

2.4.5 Rough Order of Magnitude Estimation

The NASA Cost Estimating Handbooks [135-137] define the rough order of magnitude
(ROM) estimation as one of ‘four generally accepted estimating methodological approaches’
[137]. Also referred to as a vendor quote (VQ), this ‘first order’ methodology is useful early in
mission planning phases to estimate costs via ‘rules of thumb’ that are either already known from
past experience, or readily available based on polling of current industry-wide data [109].
Applications of the ROM method for cost estimation include hardware, facilities and services,

usually when a project has not been started and when requirements are not explicitly specified.
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25 CosTESTIMATION METHODOLOGY SELECTION

In order to initiate a relevant, indicative and valid cost estimate for a mission,
identification of the most appropriate CEM which can most realistically indicate program costs
on a case to case basis is essential. While the method by which the cost estimation will be
performed is normally decided by the project manager, the responsibility to understand, select
and verify the pedigree and applicability of a suitable model which utilises the chosen method,
then falls on the estimator and is essential to the accuracy of the estimate [137].

Throughout the program life cycle, information, the levels of details and sometimes key
requirements and specifications relating to the project change. Concurrently with each phase
change, it is necessary to reevaluate the cost estimate and update this to incorporate the new
information which comes to light. The various CEMs available are to varying degrees appropriate
for use during the different program phases. This suitability and adaptability of the different
CEMs is qualitatively shown below in Figure 5, which particularly focuses on the essential pre-
phase A activities, and does not extend beyond the production Phase D. Here, relevant to the
focus of this Thesis work, we identify the CEMs suitable to the early, pre-phase A development.
As is highlighted in red in Figure 5, flexible, system-level CEMs are applicable during the early
stages, while it may be premature to use the more detailed and resource intensive approaches like
EBU. As can be seen, the main CEM during the early phase of interest is the parametric
approach. ROM and analogy estimates are also featured, while EJ is applicable consistently

throughout the entire program lifecycle.

2.5.1 Cost Estimation Handbooks, Reports, Manuals & Sources

Various different sources for cost estimation approaches, models, practices and standards
exist. In addition to official commercial models and software, a selection of detailed manuals,

handbooks, reports and other various sources exist addressing cost estimation..
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Figure 5: Qualitative application of CEMs according to project phase [109]

Prominent handbooks include the NASA Cost Estimating Handbook versions [135-137]
the SSCAG Space Systems Cost Risk Handbook [137], the FAA Life Cycle Cost Estimating
Handbook [60], the ISPA Parametric Estimating Handbook [89], the DoD Parametric Cost
Estimation Handbook [42], the RAND Project AIR FORCE Reports [47, 65, 227], and the GAO
Cost Estimating Assessment Guides [210-212], amongst others. These numerous sources,
however, generally tend to focus on particular elements of cost, such as cost risk or life cycle, or

a particular approach, as relevant to their most common application.
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As a part of this Thesis, a comprehensive literature review of relevant literature was
conducted and published to determine CEMs and consequently tools, models and resources
which utilise them. This review can be found in ref. [209] for the interested reader, and allowed
the identification and selection of methods, as well as tools, models and resources for application
to large scale, complex programs during the early program phases. Extracting information from
this research, relevant models and tools were identified for effective practical application to the

SpaceLiner industry case-study.
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2.6 THE AMALGAMATION APPROACH TO COST ESTIMATION

The wide scope of available cost estimation resources means that cost estimators must
select the most suitable cost assessment means for a given project during a specific program
phase. Such choice is subject to constraints including laws and regulations, as well as license and
subscription fees for most software packages. The cost estimator must be capable to justify their
choice of cost model, as dictated by project purpose and level of design details available [135].

Here, two important things should be emphasised. The first being a distinction between a
cost estimation methodology (CEM) and a cost estimation tool or model. CEMs refer to an
underlying approach or principle of performing a cost estimate, like the parametric or analogy
approaches. In turn, tools like PRICE-H or 4cost, or the various available models like TransCost,
refer to commercial or government products which are based around a specific underlying CEM.
It is essential to again stress that while a suitable method, model or tool is key for an estimation,
the science of cost estimation also incorporates the elements of good data, as well as an
experienced, knowledgeable estimator. Together, the three elements combine to produce a robust,
justifiable estimate to support a representative, realistic project budget, as previously shown in
Figure 3. Within this chapter, the development, logic, structure and application of the new
Amalgamation Approach, as developed through the work conducted within this Thesis, is

introduced and explained.

2.6.1 Multiple CEMs, Models & for Cost Estimation

In order to obtain an overall system level cost estimate for a program, the mission
elements must be costed with respect to their development, production and operations phases
including launch and ground operations and support. Any associated profit margins should then
also be incorporated to obtain the price (see Chapter 2.1). The CEMs and range of available

models, tools and resources available are more suitable in varying degrees for use in particular
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circumstances and for specific applications during different project phases, as has been
demonstrated in Chapter 2.5. It is therefore common for estimators to loosely combine multiple
different CEMs and also tools to obtain cost estimate for an overall system. It is known that this
approach can maximally support the various associated engineering tasks involved for large
projects, while also allowing for the comparison of cost models [203]. For example, in their paper
which compares ESA and NASA cost estimation approaches and end results for a human mission
to Mars, Hunt and van Pelt (2004) list the CEMs of parametric CERs, PRICE-H, SEER-H,
historical analogies and vendor quotes as the chosen methodologies to arrive at a preliminary
estimate [85]. However, although applied and described in select research papers, until now, such
a combination approach has remained predominantly, highly intuitive, with no formal structure

being outlined nor defined for its application.

2.6.2 Amalgamation Approach Definition & Application

Many of the significant cost estimations, in particular for large scale complex projects like
those undertaken within the space sector, rely on one main cost estimation source, model, tool or
CEM, with perhaps a loose sanity check from another estimating source [60], and sometimes also
numerous models and tools. The AA definition hinges on a cost estimate, whether at a macro- or
micro level, being derived through a formalised cross-check with multiple other means, whether
through a different CEM or tool and model. In any case, a minimum of three cost estimate results
are required and contrasted amongst each other. In this way, multiple points can be used by the
estimator as reference, with strategic analyses then employed to justify selection of a most
representative cost estimate or range. In this instance, simply a pairwise comparison would be no
different to a sanity check, and given a significant cost estimate delta, might make it challenging

to determine which out of two estimate holds the most uncertainty. Three estimate results which
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are thoroughly and strategically executed, however, should allow for the cost estimator to make
an easier identification of where any inconsistencies or issues might originate from.

This Thesis therefore proposes a formalised standard, the AA, for such an approach,
which harnesses a strategic combination of multiple, justifiably selected CEMs and consequently
models or tools to increase the reliability and representativeness of the cost estimate. Through
AA, an added redundancy is incorporated into the cost estimate through multiple results which
can then be analysed and contrasted. Such a seemingly basic comparison process increases the
cost estimation fidelity through elimination of factors such as human error, while concurrently
reducing uncertainty and cost risk, which might arise when a previously applied method has
specific limitations known by the estimator, which undermines credibility of the resulting cost
estimate. In essence, AA can be paralleled to life critical engineering systems within a
mechanical and hardware sense, or, for example, avionics networks on manned space craft, which
must always feature system redundancy. A similar concept and redundancy configuration, albeit
relevant within a financial context to the budget of a space program rather than human life, is
therefore proposed for cost the estimation function, through utility of AA.

Furthermore, AA 1is designed specifically for application during early program phase
when uncertainty of the estimate is inherently very high in accordance with the cone of
uncertainty principles already presented in Figure 4. At this stage, also, the relevant CEMs, as
well as models and tools are also relatively fast to implement, thus accommodating for relatively
quick and simple changes of parameters since inputs are generally higher-level ones.

Here, it is assumed that given the respectively large budgets associated with international,
complex programs in the space industry, due to the large scale of investment and ramifications of
failure, that sufficient resources are available to adequately support a solid cost engineering team
and its cost estimation experts, with funding allocated for necessary resources. Core requirements
are a sufficient quantity of staff to effectively execute the cost estimation function, as well as

resources for acquisition of any necessary cost estimation tools or models (license fees).
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The proposed AA technique can ideally be utilised for three different although

complimentary purposes, at three different ‘modes’ of function. These are introduced below:

e AA contribution within the formulation of cost estimate on a micro-scale, internal

to that estimate (AAwmic)

e Formulation of an independent, stand-alone, ‘prime’ cost estimate at a macro-level

based on AA (AAmac)

e AA application to an existing cost estimate to serve as a sanity check or validation

for that existing estimate (AAvar)

For each different purpose and mode of application, however, slightly different standards,
rules and requirements apply, as defined and outlined in more detail in the following sub-chapters

below.

2.6.2.1 Sub-element AA Cost Estimation

The first application of AA, AAmic, would be a sub-function within context of
formulation of a single cost estimate which is already based on a certain CEM, and deals with the
unique requirements and specification for a particular project. In this case, internal to that
estimate, different CEMs might be able to better address the individual and various project
elements, components or processes to be costed. An example of this is where a system model,
such as the Small Satellite Cost Model (SSCM), a parametric-based tool, is applied, but where
the resulting cost estimate is expressed as a sum of constituent sub-system cost estimates at lower

levels. Here, the estimator may opt to take out particular sub-system estimate components and
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replace them with, for example an analogy or bottoms-up estimate if more in-depth details are
available for that particular sub-system, or if past experience can offer a more representative cost
for that segment. This is an example of AA application on a micro-scale (AAmic), contributing to
a more reliable estimate in a manner internal to that estimate. This principle is illustrated
graphically in Figure 6. A typical SSCM output is shown, but where selected cost elements (in
this instance, the propulsion sub-system) estimate as calculated by the initial SSCM parametric
model based on inputs, is replaced by costs (in this instance, cost) obtained through other CEM or
tool known to be more representative. In this example, the analogy CEM is applied, where the
propulsion engineer might know of a similar propulsion module which already exists and costs
$18.5M, based on firmly known data. The SSCM model-calculated cost element is thus removed,
and replaced by the AA-deduced value. All consequently affected values, shown crossed out in
red in Figure 6, are then revised and adjusted. While the example shows only one element being
affected by AAmic, more elements can be influenced and revised, and more than one CEM or
even tool, can be used.

For the AAwmic the sub-system nature of the initial cost estimate to which AAwmc is
internally applied to, might imply that this initial estimate must be a bottom-up estimate, and
therefore only possible to be formulated later on during a program phase. However, even with the
case of the high-level system TransCost parametric model which can be applied even during very
early phases, a basic component breakdown to at least a secondary level of detail (i.e. engine,
rocket stage, booster etc.) AAmic can still be applied when one of the component costs produced
by the baseline cost model is known or shown to be different through application of another CEM
or tool or model.

As the program develops through into the later program phases, the AAyc method is
rendered less applicable. As the WBS breakdown becomes more detailed, encompassing lower
system levels, and the EBU CEM increases in relevance, by its definition, each sub-item is then

costed independently in line with the definition of this CEM.
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Estimate (FY13$K) % of % of

Non-rec Rec Total Std Error | Sub-level Sys-level
Spacecraft Bus Subsystems
Power 1.563 2345 3.909 2244 7.2%
Structure 4.089 3.626 7.715 3.302 Known cost
ADCS 2.085 2170 4.254 _ through analogy
Propulsion 008077 1 0.5407 . ﬁ:‘; CEM
TT&C* 3.813 3.520 7.333 9964 18.500
C&DH* 7.402 6.833 14.234 0 26,3%
Thermal 546 484 1.029 502 1,9%
Spacecraft Bus __25.-597’" _,.25-.51‘?" __54.11‘4"' 12.239 100% B61.4%
IA&T™ 5738 5.902 11.641 6.837 13.2%
PM/SE 8.451 9.156 17.607 10.212 Value to revise 0%
LOOS* 0 4755 4.755 5,4%
S/C Development & First Unit __3;9‘-':‘87"' ..A83297 | 88.-118 17.344 100%

Figure 6: Example of AAyic application within context of the parametric SSCM cost estimation,
where the analogy CEM is used to replace the initial cost estimation model output [7]

2.6.2.2 Prime, Independent AA Cost Estimation

A second and most substantial and intensive application of the AA, the AAyac mode, is
the formulation of an independent, stand-alone cost estimate at both the macro- and micro-levels.
Multiple CEMs and/or tools and models are used concurrently, to arrive at their independent cost
estimates, which are then contrasted, analysed and consolidated in a justified manner to achieve a
representative cost estimation range.

While multiple tools and models should be applied, they should always be applicable to
the program phase, as shown previously in Figure 5. Hence, it is common that the same CEM
underlies at least two, or even all of the multiple models and tools. This is perfectly in line with
cost estimation theory since during early program phases, the prominent CEM of choice is the
parametric method. Other CEMs, such as analogy and EJ can also be combined and applied
within the AAwmac context. The multiple results are then analysed, and consolidated, with any
discrepancies noted and addressed. Here, second to the cost estimation per tool or model, the

analysis process itself forms the bulk of the work, and often results in numerous iterations of
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calculations before a reasonable consensus and firmly justified synthesised cost range is
achieved. The skill, knowledge and expertise of the cost estimator are essential during this
process. The cost consolidation and result synthesis process should comprise of a concise and
thorough description of analyses conducted, assumptions made and respective, detailed
justification for the final cost range selected. Being an early phase CE also indicates that a point
figure is inappropriately precise at such an early stage.

In order for AAmac to be effective, (unlike AAmc which has no minimum number of cost
results for effective application of the method), a minimum of three separate CEs are required to
address the case where significant discrepancies exist between cost estimation results. In the case
of only two results, while redundancy is implemented, it would be very difficult to identify the
source of uncertainty given only a pair-wise comparison. However, with three values for
comparison and analyses, yet another added degree of redundancy is achieved between three
independently derived results, making it easier to analytically identify the source of any
discrepancies or significantly large variations. Besides, significant variations or discrepancies
between results would indicate a higher uncertainty of the final CE, which is an important finding
and outcome in itself. Such discrepancies indicate to the estimator to seek and identify reasons
behind the non-consensus, focusing on where and why they night arise. And if results differ
dramatically, then the further analysis which is elicited leads to a synergy of multiple results
based on analyses of the cost engineer. This higher level of analyses and more solid justification
are enforced through AAmac than would result from a single-source estimate value. If a clear
consensus and consolidation of the multiple AAmac cost results reflected through a reasonable
cost range are still difficult to attain, either a larger CE range might be appropriate, or a higher
uncertainty interval associated with a more narrow cost range, might be assigned. Both outcomes
would nevertheless provide vital, transparent information to program management about the
accuracy and reliability of the final estimate. This element is usually missing, or not as explicitly

and clearly reflected in standard, single, stand-alone CEs. Alternatively, a greater uncertainty, or
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larger cost range might incite an increased urgency to re-valuate and reassess the results as soon
as new, more specific information about the project becomes available.

For efficient use of AAmac, @ WBS of the program is required to allow for a cost
breakdown to be established at a high program level, but also at a lower WBS level, if needed.
Here, it is also necessary to establish an AAmac interface which supports the AA function. As
such, a simple yet highly effective Excel-based tool, the Amalgamation Approach Interface Tool
(AAInT), was designed and developed within the scope of this Thesis to address the need for a
clear, simple and specialised interface which facilitates for entry and quick analysis and
dissemination of at least three sets of results in line with the AAmac. This interface is able to
show the multiple cost results in a convenient and clear way that allows the cost estimator to
make a convenient and fast comparison and consequent analysis of multiple figures. AAInT is
also flexible and can be customised by the user to incorporate WBS structures of various depths
depending on the scale of the program. Furthermore, and more essentially, the AAinT supports
importation of cost data directly from the source into dedicated spreadsheets at the discretion of
the user, to avoid the potential for human and other transcription errors. Caution must
nevertheless be exercised when linking the input cells on the main calculations sheet to the
various cost figures in other sheets. A more detailed description of a customised AAInT example
is provided later in this Thesis in Chapter 4.8.1 with respect to the chosen case-study.

A drawback of AAwmac is that the derivation of three values using three different methods
or models is of course more resource consuming, especially if more than three values are derived
through application of different CEMs, models and tools and the costs compared and analysed.
However this is then a question of trade-off between the increase of resources and expected
increase in CE certainty, and should be decided on a case-to-case basis, with consideration to
given available resources for the cost estimation function.

The AAmac process and the associated steps for a minimum of three tools are shown in

Figure 7. All key AA elements which are new to standard cost estimating practice are highlighted
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in purple. At the highest AAmac level, and reiterating theory presented previously in Figure 3, the
three elements required for a justified CE are shown, being reliable, representative and sufficient
program data, suitable models or tools to support estimate execution, and a competent cost
estimator. The data then supports the estimator in creating a program breakdown of elements to
be costed (usually in a WBS format) at the necessary level of detail. Cost calculations are
performed using multiple models, and results entered into an AA interface, AAInT, after which
they are contrasted, compared and any significant cost deltas analysed to determine the reason. If
the analyses determine an inconsistency or error, this is corrected and another cost run done via a
crucial iterative process. Thus, when the final result it reached, any inconsistencies or errors are
maximally eliminated. Not all cost deltas necessarily indicate an error as they could result from
different model mechanics. All cost estimator conclusions, reasoning, logic and justifications
should be fully documented and explained. The final step is then consolidation of multiple results
into a cost range based on the analyses performed and on the latter reasoning, justifications and

conclusions to reach the ultimate AAwmac result.

46



i Estimator
i* competent
ie experienced

Engineering Data

e current/reliable
* representative

——
(WBS)

Element
Structure

program-phase relevant | 4..CENM/madel/toal.3.input:

e thorough e sufficient
. -----------------------
E >3 CEMs / models/
' tools
S »|. b
. Justlﬁable+ <
cost calculations

4

\ A /

(model/tool expert user input)

* contrast & compare
identify significant cost deltas

in-depth analysis

KN\

iteration

inconsistency / error /

consolidation & synthesis
of multiple results
full documentation

discrepancy

Figure 7: Graphical representation of AAyac showing key inputs, logic and processes
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2.6.2.3 Validating AA Cost Estimation

Alternatively AA can be implemented as a sanity check or validation (AAyar) to an
already existing estimate which might need to be validated or confirmed. The assumption here is
that such an existing estimate was compiled through use of the standard single CEM, method or
tool. Here, uncertainty may arise when the previously applied method has specific limitations
known by the estimator, which undermines credibility of the resulting CE.

As previously described, in line with the AAyar process, other CEMs, methods or tools
are then applied to existing, identical inputs used during formulation of the initial CE, and the
result of the second cost estimate, compared and analysed alongside the already existing figure.
Here AA acts as a staunch sanity check for order of magnitude of the original estimate, to support
it, or if the difference is significant, may indicate that an alternative CEM or tool should be
applied, or that the original estimate should be questioned or reconsidered if the two are
drastically divergent. Although here, it is important to be aware that the divergence could lie in
the sanity check method itself, in which case this distinction lies to be made by the estimator
based on available data as well as their expertise and experience, two of the identified elements

for a representative cost estimate.

2.6.3 AA Key Requirements

For the AAwmic and AAyaL modes of AA there are no specific requirements or limitations,
other than first the selection of an appropriate CEM, followed by choosing a relevant model or
tool, if necessary. For the standalone AAmac approach, however, and as already outlined in
Chapter 2.6.2.2 above, a minimum number of three models or tools must be identified and
acquired to allow concurrent estimation of program costs. Out of the three AA modes, AAwmac is
the most structured, formalised and resource intensive mode. After this, the individual costs and
model results are contrasted, compared and analysed in what is essentially a cost estimate

redundancy process. With a high level of analytical activity necessary once the first multiple set
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of results is obtained, AAmac can evolve into a highly iterative process where initial analysis
uncovers any inconsistencies. Inconsistencies identified may be related to human error, EJ bias,
the inaccurate translation of technical details into model/tool parameters, among others, and need
to be rectified. At each iterative loop, however, the cost result uncertainty is reduced, and the
final results honed in upon.

Since numerous CEMs exist, many combinations of different methodologies are possible,
in addition with various combinations of the available tools and models based on them. Decision
of which particular methods to combine and apply, remains the responsibility of the project
manager in close coordination with the cost estimator themselves. Here, the experience and
knowledge of the estimator is of crucial importance [128]. Such a decision hinges on a number of
determining factors which include the available information with respect to program definition,
specification and requirements, expected level of cost estimate detail, and availability of
resources such as costing tools or models, available data, finances, personnel and time. In any
case, it is essential that any decision must be fully justifiable and defensible in scope of the latter
constraints and overall project. In addition, close attention must be paid that each method or tool
is implemented by a professional and experienced estimator who intricately understands the
capabilities of their method or tool. After all, using a multitude of models does not translate into a
more accurate estimate if the methods applied are not suitable for the program, or in accordance
to program phase, or are wielded by an inexperienced estimator.

Furthermore, as already described in Chapter 2.6.2.2 an essential requirement and element
of the AAmac framework is a simple, effective and flexible AA interface which can be tailored
for the unique nature of each program being costed with AA. In addition, a WBS is also usually
required. Depending on the nature of the program being costed, as well as the depth of cost
estimation, this usually delves into at least three if not four levels of WBS elements, which

should be achievable albeit only at a preliminary level even during the early program phases.
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2.6.4 AA Advantages

Regardless of the mode, there are multiple benefits associated with the amalgamation
approach. All these points have already been mentioned respectively per individual AA mode in
the preceding chapters. Since each of the advantages is linked or feeds into the other advantages

due to their close relation and logical effect, the points are shown in a succinct point form below.

e Cost estimate redundancy check / validation

e Immediate identification of significant cost variances between methods

e Assists quick and effective identification of human error data input

e Increases fidelity of data accuracy for model input

e Increased final cost estimate robustness, representativeness and reliability

e Reduced cost estimate uncertainty and thus associated risk

e Clear indication through result discrepancies, if a cost estimate needs to be reassessed or
revised

e AA framework supports and elicits further analyses and clear, detailed justification of any

assumptions made during cost estimation formulation

Overall, AA offers a powerful, effective and efficient redundancy check, validation or
consolidation of an existing cost estimate within context of a formalised procedural program
management framework. It helps to reduce cost estimation uncertainty and consequently financial
risk, while increasing the estimate’s representativeness, robustness and accuracy. In addition, if a
significant deviation between multiple results is observed, this outcome already indicates the
level of uncertainty, which the cost estimator can then seek to address through further, deeper
analyses to determine the underlying reasons. If discrepancies are considerable (order of
magnitude delta), then often, several iterations and revisions of cost calculations may be

necessary to arrive at a final, logical and justifiable consensus.
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2.6.5 AA Drawbacks

Several drawbacks of AA can be identified, and are dependent on the AA mode being

used. These are:

e Increased resource requirements (i.e. time, work effort, cost) associated with:
O cost estimate calculation using multiple models/tools
O analyses of multiple cost estimates, at top, and lower project WBS levels
0 performing multiple cost estimate iterations if necessary, in case of significant
result variations to justify the reason
0 tool/model acquisition (licensing fees and processes) and professional model/tool

user recruitment / involvement

e variability of models/tool and consequently internal model/tool mechanics (additional
requirement for cost estimator to have a basic understanding of each AA tool’s key model

mechanics)

The following sub-chapters offer a more in-depth explanation of the drawbacks, and how

these should be addressed and minimised.

2.6.5.1 Increased Resource Requirements

The main drawback of AA is that the derivation of multiple values using numerous
different methods or models is of course more resource consuming, requiring more time, effort
amount and consequently resulting in increased costs for compilation of a cost estimate. Of
course more than three values can always be derived through application of different CEMs,

models and tools. However whether this approach is taken is then a trade-off question between

51



the increase of resources (and costs) and expected increase in cost estimate certainty and
reliability. This should be decided on a case-to-case basis.

In addition, in the common case of considerable cost discrepancies, various cost
estimation iterations might be required, once again being costly in terms of the time dimension.
However, it is exactly through these iterations, that sound justifications for any contradictory
figures, and thus an increased cost certainty are also achieved.

Additionally, costs for any licensing fees of commercial tools and models which are
required, might also be incurred. In addition, if multiple models and tools are utilised, and, as is
common, if these are specific, complex, multi-dimensional models, the involvement of a
professional model/tool user might be required to enter all associated inputs and ensure all data
are effectively translated into the model-specific parameters. After all, cost estimate reliability is
a direct function of the experience and model familiarity and proficiency of the user, and their
ability to translate mission specifications into specific model or tool inputs. However, compared
to the enhancement of the resulting cost estimate in terms of representativeness and reliability,
and given the very high order of magnitude costs associated with the aerospace industry
programs which the cost estimation process relates to, the increase in resources at the critical
stage of cost estimation compilation is seen as proportionate. After all, establishing a sound,
realistic and sufficient initial program budget is essential to underpin future successful program

progression and execution.

2.6.5.2 Variability of Model Mechanics & Model Experts

The AA stipulates that several models or tools, as well as possibly CEMs need to be
applied. If multiple models and tools are used, then careful attention needs to be paid with respect
to maintaining a consistent input of the same program data between different models/tools to

ensure comparability of results.
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Another complication here is that most commercial tools, such as the PRICE and 4cost
aces models require an experienced user to conduct the proper input of data and translation of
technical parameters into model- or tool-specific inputs due to their specificity and definitions
and complexity of structure. The decision whether to involve a professional model/tool user
remains up to the prime cost engineer, relating also to the available early-phase program budget.
Here, if an expert user needs to be employed, then another consideration is the potential scope for
personal knowledge and expert judgement bias with respect to translation and interpretation of
technical program inputs into model/tool numerical values. The expert interpreting and entering
ultimate data into a cost tool/model should have knowledge of the space domain, and work
closely with the cost estimator. Here, the expert judgement and subjectivity of interpretation of
program data which is then translated into complexity factors, directly influence cost results. But
while it is important to note this drawback, the issue of subjective judgement is fairly prolific
within the cost estimation domain. After all, the EJ CEM shares the same problem, but is still
nevertheless widely applied and accepted within the aerospace industry. It is therefore extremely
important for the cost engineer to clearly and consistently communicate with the model/tool
expert throughout the entire process of data entry. It is also essential to clearly record and
document in detail all assumptions and logic behind inputs, the subjectivity of which may
potentially result in a respective reflection on final results. In this way, a clear logic-log and
transparent record must be kept of all decision making processes.

Even if expert model/tool user is involved, the prime cost estimator must nevertheless be
sufficiently familiar with the mechanics and workings of the selected cost estimation
models/tools, their mechanics and basic input and output variable definitions to ensure either
their own effective input or alternatively clear communication of technical, program and mission
specifications and to the expert user into the model/tool inputs. This is essential to facilitate for
commonality of model/tool calibration (if applicable), and transferring technical details into

representative complexity definitions relevant to whichever tool/model being used. In addition, a
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basic model/tool understanding also assists in final analysis, result interpretation and
consolidation of the multiple AA results into a single range, allowing for clear identification of
possible reasons for result discrepancies, if any.

While fundamentally similar, the various existing early-phase models and tools have
different complexity factors, both qualitatively and quantitatively, feature different interfaces and
allowances for inputs, and also can make different baseline assumptions, which much all be
familiar to the cost estimator to ensure effective AA application and consistency of inputs
between various models and tools. Therefore if data entry for a specific tool or model is achieved
with assistance of an external expert user, the constant, consistent, unambiguous and clear
communication between the two parties throughout the course of the estimate calculation is

absolutely crucial.

2.6.6 Amalgamation Approach Summary & Conclusions

The structured approach and key principles of the proposed Amalgamation Approach in
its three defined modes of application have been defined - namely AAmic, AAmac and AAvar.
The main aim of AA is to effectively achieve a redundancy framework for cost estimation results,
just like redundancy is implemented in mechanical and technical applications for life-critical
systems, with AA replacing the usual industry approach of reliance on a single cost estimate
source. The cost redundancy goal is either achieved through conducting a separate cost estimate
to confirm or challenge an existing one (AAwmic and AAvyar), or in the case of the AAyac mode,
through utility of multiple CEMs or tools to either to create a brand new and stand-alone
estimation. A specially designed Excel-based tool, AAInT, has also been developed and
introduced for effective application of AAmac to complex space programs, based on inputs from
a program’s unique WBS and constituent sub-systems. This interface facilitates for data input at

various levels of program and WBS detail, while remaining sufficiently flexible to accommodate
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the various specificities inherent to each program, particularly of a complex and international
nature.

Overall, AA constitutes an effective method to reduce uncertainty associated with an
initial, single cost estimate, and is ideally suited for application during early phases when cost
risk associated with an estimate is high. While AA (especially AAmac) to a cost estimate is more
resource intensive, the reduced uncertainty and increased justification and representativeness

through result redundancy may often warrant the latter given the large scale of space programs.
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3 SPACELINER - AN INDUSTRY CASE-STUDY

“Nothing ever built arose to touch the skies unless some man dreamed that it should,

some man believed that it could, and some man willed that it must.” — Charles Kettering

In 2005, a strategic, innovative and visionary concept was proposed by the German
Aerospace Center (DLR), with the potential to not only enable sustainable low-cost space
transportation to orbit [176, 179, 180], but also to revolutionse the status of currently viable
passenger point-to-point transportation. Based on statistics extracted directly from the aviation
industry, it is clear that ultra-long haul travel between the world’s key locations and business
centers is a substantial and mature market. Since the termination of Concorde’s operation in
2003, intercontinental travel has been restricted to low-speed, subsonic and long-duration flights.
An interesting and attractive alternative, therefore, to conventional air-breathing hypersonic
passenger airliners in the context of designing and developing intercontinental passenger HST
vehicles of the future, would be a rocket propelled suborbital craft. Such a concept, dubbed the
SpaceLiner [168, 182, 183], has been proposed, and is currently under investigation by the DLR
Space Launcher Systems Analysis (SART) group at the Institute of Space Systems in Bremen,
Germany. This two stage RLV would be capable of traveling ultra long-haul distances such as
Europe — Australia in 90 minutes, while other intercontinental routes between business centers
located in East Asia, Europe and the East and West coast of North America, could be reduced to

flight times of slightly more than one hour [168].

A perfect hybrid between the space and aviation industries, the SpaceLiner design is
based on using well established rocket technologies in order to benefit from the existing safety
standards established within the space industry, rather than having to establish a track-record for

completely new and untried technologies.
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Figure 8: The SpaceLiner vision of an ultra-fast, rocket-propelled intercontinental, point-to-point
passenger transportation spaceplane [82]

Here, repeated studied have shown that estimates for developmental projects containing
only “modest technical advances” have a tendency to be more accurate than projects which
incorporate totally novel ideas and concepts, thus pushing the development threshold
substantially [31]. And with the vehicle reaching speeds of up to Mach 25 during flight, safety is
of the utmost priority to the concept and the potential for its future commercial success. The
SpaceLiner’s main purpose would be to service the point-to-point, intercontinental passenger
transportation segment, which, as previously touched upon, is foreseen to be considerable. With
the new space age depending on the combination of reusability and high traffic levels civilian
space access is the new market most likely to demand these high traffic levels [15].

This utility overlaps neatly with the latest deviation of space access into the space tourism
and ultra-fast long distance passenger transportation domains, giving SpaceLiner the potential to
revolutionise the launcher market with both high production and launch rates per year, and
consequently significantly lower costs.

An important distinction which needs to be made within context of the SpaceLiner, is that

this vehicle, in terms of technology and application, is new in the sense that it is a hybrid between
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the aviation and space domains. Basically, a space technology has been proposed for application
to a standard civilian application and function of passenger transport. This characteristic
influences the development and production processes and approaches for such a vehicle, as well
as the associated costs. Development would be more in line with space industry standards, while
the high number of serial production foreseen for the vehicle would resemble more the aviation

industry. This is further elaborated upon in more detail, later on in the Thesis.

3.1 SPACELINER CONFIGURATION DEVELOPMENT & LAUNCH SEQUENCE

First proposed in 2005 [179], the SpaceLiner concept has been and continues to be under
constant development as technical requirements crystallise. Numerous papers detailing progress
of the iterative design process have been regularly and consistently published and presented to
the wider aerospace community [169, 180, 182-184, 187, 208].

The SpaceLiner baseline design concept consists of a fully reusable booster and passenger
stage, both of which are arranged in a piggy back configuration, as seen in Figure 8. The vertical
launch system is powered by rather conventional LOX/LH2 staged combustion engines, all of
which should be functioning from lift-off until main engine cut-off (MECO). The booster stage is
predominantly the cryogenic propellants vessel with its own engines. The passenger stage,
referred to synonymously as the orbiter, encapsulates and carries the passengers in a cabin
configuration. Passengers embark horizontally, as they would a standard aircraft, after which the
capsule is integrated into the orbiter for a vertical system start. This passenger cabin element of
the SpaceLiner vehicle is a highly complex sub-system in its own right. Furthermore equipped
with a solid propellant propulsion system, the cabin is also designed to functions as the passenger
escape capsule in the unlikely event of an emergency [21].

A fundamental characteristic of the concept is its full reusability, which should allow for

low turnaround times between flights of each vehicle. Both the booster and orbiter, including
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engines, are designed to be fully reusable and equipped with wings for a gliding return flight.
After the launch, the vehicle climbs to an altitude of approximately 73 km, at which point the
booster separation occurs. During the entirety of the ascent phase, a propellant cross-feed from
the booster to the orbiter is foreseen right up until separation between the stages to reduce overall
size of the orbiter. After separation, the booster makes a controlled re-entry and is transferred
back to the launch base by a patented ‘in-air capturing” method. This has been investigated at the
DLR through simulations in the past, and has been proven feasible in principle [177, 178], while
further research and future work pertaining to the topic is also planned.

Meanwhile, the orbiter continues to accelerate to a velocity of 6.7 km/s and an altitude of
80 km using its own propulsion system. After the passenger stage main engine cut-off (MECO),
the powerless gliding flight phase begins. Initially, the SpaceLiner was designed to use a so-
called skipping trajectory which was believed to maximise the range and thus reduce propellant
and mass. However, it was also found that this trajectory leads to comparatively high heat loads,
and increases the mass of the thermal protection system. Most recent trajectory optimisations
have obtained a smooth trajectory devoid of any skipping, while greatly improving passenger
comfort and reducing heat loads [187]. Here, a small increase in propellant mass for the new
trajectory profile is more than balanced by a lower TPS mass. In addition to the trajectory
improvements, the vehicle shape has also changed.

Since the first design, different configurations in terms of propellant combinations,
staging, aerodynamic shapes, and structural architectures have been analyzed. A subsequent and

respective configuration numbering scheme has also been established for all investigation phases.
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The genealogy of the different SpaceLiner versions is shown in

Figure 9. The configuration trade-offs within the FAST20XX studies performed in recent years
support the definition of the latest and most current reference configuration, SpaceLiner 7, which,

up to date, has advanced through to the version SpaceLiner 7-3.
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The SpaceLiner is a highly dynamically evolving concept with advancements and
progress being made throughout the course of the writing of this Thesis, and indeed in real time.
As such, it is vital to point out that for the sake of the analyses and calculations presented in this
Thesis, at one point it was necessary to select and effectively ‘freeze’ one specific version, which,
at that time, was the most current available. This version is SpaceLiner 7-1. Therefore, although a
more current version is currently under investigation, and work is continuing on the concept

advancement, all calculations and analyses presented in this Thesis, pertain to SpaceLiner 7-1
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3.2 MiISSION DEFINITION

Since investigations on the SpaceLiner began, the ambitious westbound Australia —
Europe route has been defined as the reference case. Using the mission range as a fundamental
criteria, the connection between Australia (Sydney) and Western Europe, has been calculated to
be the longest at roughly 17,000km [186, 216]. The effect of the surface rotation of the Earth
influences the chosen direction of travel, with a positive effect observed for all trajectories flying
towards the East. As a result of the selection process, the westbound Sydney to West Europe
route is identified as being the most demanding, and thus has always been taken as the
SpaceLiner design reference mission. It is therefore the reference trajectory that has been most
extensively studied to date. It is proposed that this flight distance will be traversed on a daily
basis in each direction by a spaceplane, carrying 50 passengers (PAX) onboard. Several other,
shorter intercontinental missions have also been defined, which have the potential to generate a
larger market demand. For this reason, a SpaceLiner derivative configuration with the capability
of transporting up to 100 PAX over the shorter intercontinental distance has also been studied
11991 n order to keep the number of different stage configurations at the lowest possible level, the
potential flight destinations of interest have been divided into three classes, and could be flexibly
serviced by a suitable combination of four vehicles (50 PAX orbiter stage, 100 PAX orbiter
stage, nominal booster, shortened booster), all with a high commonality of fundamental

components and sub-systems, such as engines and avionics, despite differences in size.

e C(Class 1: Reference mission (up to 17,000 km) Australia — Europe with 50 PAX
orbiter and large reference booster

e (Class 2: Mission (up to 12,500 km) e.g. Dubai — Denver with increased 100 PAX
orbiter and large reference booster

e Class 3: Mission (up to 9,200 km) e.g. Trans-Pacific with increased 100 PAX

passenger orbiter and reduced size booster
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3.3 SPACELINER7

The current arrangement of the two stages at lift-off is presented in Figure 10. The stage
attachments are in accordance with the classical tripod design. The axial thrust of the booster is
introduced through the forward attachment from booster inter-tank into the nose gear connection

structure of the orbiter. The aft attachment takes all the side and maneuvering loads.

Figure 10: Visual representation of the latest SpaceLiner 7 launch configuration with passenger
stage (top) and booster stage (bottom) with stage attachment [183]

The booster is a large, unmanned tank structure powering the SpaceLiner system at
launch with its nine engines, and providing propellant cross-feed to the orbiter until stage
separation. Two integral tanks with a diameter of 8.6m are used with separate bulkheads. The
configuration resembles that of the Space Shuttle External tank layout, modifications to which
include the ogive nose (for aerodynamic reasons and for housing subsystem), a varied propulsion
system, and the wing structure with landing gear. Key parameter data for the configuration is

shown in Table 1. The SpaceLiner passenger stage shape and internal structure configuration,
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including two engines and the passenger cabin/rescue capsule, are graphically shown in Figure

11. Some key parameter data are also given in Table 2 for the SpaceLiner 7 passenger stage.

Table 1: Key parameters of SpaceLiner 7 booster stage

Length | Span | Height Fuselage Wing Leading | Wing Pitch | Wing Dihedral Angle
[m] [m] [m] Diameter Edge Angle Angle [deg]
[m] [deg] [deg]
83.5 36.0 8.7 8.6 82/61/43 3.5 0
Table 2: Key parameters of SpaceLiner 7 orbiter stage
Length | Span | Height | Fuselage Wing Leading | Wing Pitch | Wing Dihedral Angle
[m] [m] [m] Diameter Edge Angle Angle [deg]
[m] [deg] [deg]
65.6 33.0 12.1 6.4 70 0.4 2.65

As the structural pre-design is not yet finished, all dry mass data are still based on

empirical estimation relationships derived from launch vehicles or hypersonic transport studies.

These data are shown in Table 3. System margins of 14% (and 12% for propulsion) are added to

the estimated mass data. Based on available subsystem sizing and empirical mass estimation

relationships, the orbiter mass is derived as listed in Table 4. The total fluid and propellant mass

includes all ascent, residual and RCS propellants and the water needed for the active leading edge

cooling. The stages” MECO mass is approximately 161.8 Mg.

Figure 11: Latest SpaceLiner 7 orbiter shape (left) and CAD drawing of the reusable SpaceLiner
7 passenger stage (right) showing configuration of cabin, propellant tanks and landing gear [22,
182]
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Table 3: Mass data of SpaceLiner 7 booster stage

Structure | Propulsion | Subsystem | TPS Total Dry | Total Propellant | GLO Mass
(Mg] (Mg] (Mg] [Mg] Mass Loading [Mg]
[Mg] [Mg]
91.7 36 21.6 22.8 172.2 1290 1462
Table 4: Mass data for SpaceLiner 7 orbiter stage
Structure | Propulsion | Subsystem | TPS Total Dry | Total Propellant | GLO Mass
[Mg] [Mg] [Mg] [Mg] Mass & Fluid Loading [Mg]
[Mg] [Mg]
56.2 10.1 43.5 30.8 145.4 229.6 376.8

The SpaceLiner 7 gross lift-off (GLO) mass exceeds 1830 Mg for the Australia — Europe
reference mission. To put this relatively large value into perspective, however, using the analogy
method, it is still below the mass of the Space Shuttle STS of more than 2000 Mg, and is

therefore considered to be technically feasible.

Table 5: Mass data for SpaceLiner 7 launch configuration

GLO Mass incl. PAX /
Payload [Mg]
1839

Total Dry Mass
[Mg]
312

Total Propellant Loading
[Mg]
1520

3.4 SpPACELINER CONSIDERATIONS & CHALLENGES

A significant amount of work has already been performed on studies, analyses and
simulations of the SpaceLiner system since the concept’s inception in 2005. The SpaceLiner
concept was awarded funding within the framework of the EU-funded, international FAST20XX
Seventh Framework Programme under Theme 7- Transport, Aeronautics [172]. As a direct result

of the extensive ensuing investigations by a conglomerate of international partners, significant
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progress of the concept status was made. Concurrently, during the detailed preliminary
investigations, various challenges spanning across the technical, logistical, commercial, socio-
political as well as economic domains have been encountered, identified and explicitly defined.

Key points are listed below:

e Acoustic noise and sonic boom

e Launch and landing site selection

¢ Routes, destination and city-pairs

e Trajectories and TPS

e Environmental impact

e Operational considerations

e Door-to-door passenger transport network
e Reusability

e Reliability and safety

e Business case considerations

The latter key issues and challenges as per the present status of research and have been
categorically outlined in separate works belonging to the course and progression of this Thesis
work [208]. The challenges arising for the SpaceLiner program are directly and irrevocably
linked and interrelated in a complex network of technical, logistical and programmatic
dependencies. Many outputs from various disciplines directly provide inputs and influencing
other categories. Nevertheless, ref. [208] describes each aspect and issue separately. It is beyond
the scope of this Thesis to define explicit solutions, but rather to hone in on the particular area of
interest, being the cost considerations and cost modeling of large, complex space systems in an

international context.
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Consideration and estimation of life cycle costs (LCC) of any new and proposed program,
and in this case, the SpaceLiner case-study, is an extremely important task. More specifically, the
aspect of performing a cost estimation during the early program phase for an unprecedented,
large and complex program is indeed the kernel of this Thesis. The classical LCC categories of
the non-recurring development and the recursive production costs are addressed, while operations
and the associated recurring costs are discussed in a more qualitative manner in line with the
early case-study program status. This will be elaborated upon in greater detail in subsequent
chapters.

In terms of the cost of the service to passengers themselves, immediately it is clear that
tickets for such a journey will considerably exceed that paid for standard airline tickets of today.
This cost increase is reflective of an entirely new level of technological application, and is the
premium assigned to the time savings of SpaceLiner’s ultra-fast mode of travel. Such logic
automatically narrows the potential target market for SpaceLiner, honing in on the current
aviation segment’s 63 million business class and first class travelers who flew in 2012, and
generated more than €72 billion ($95 billion USD in revenues) [166]. Congruent with this
definition of the initial target market niche, the underlying assumption is the increased propensity
of the consumer to travel and also enhanced ability and willingness to expend money for an
enhanced travel experience, making them ideal consumers of the service which SpaceLiner
encompasses.

The consequent Chapter 4 is dedicated to the development and discussion of effective and
novel cost estimation approaches and processes (AAmac mode), resulting in a preliminary cost
range for SpaceLiner development and production. More importantly, a structured cost
estimation framework is established to allow for future refinement of the initial cost estimations

as more information and technical details of the program become available.
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4 SPACELINER CASE-STUDY COST ESTIMATION

“Man must rise above the Earth- to the top of the atmosphere and beyond — for only thus

will he fully understand the World in which he lives.” — Socrates

In this chapter, the challenge of formulating a representative early phase cost estimate for
an unprecedented vehicle is considered directly through a practical application of cost
engineering principles and cost estimation approaches on a selected case-study - the SpaceLiner.
Using the cost engineering and estimation theory which has already been introduced, developed
and discussed in earlier chapters as a baseline, the following chapters outline in detail the tailored
and strategic approach undertaken to produce a cost estimate for a large, complex and
unprecedented vehicle concept which is in an early pre-phase A stage. A pivotal tool to this
approach is implementation of AA, in particular, the AAmac mode, as discussed in Chapter
2.6.2.2. From now, any mention of AA can be assumed to be with reference to the AAymac mode.

During the early phases of the program, an initial cost estimation is necessary to
determine the various life cycle cost (LCC) elements, establish a funding scheme and to
formulate a desirable and representative business case. The latter three elements are not mutually
exclusive, but in fact, heavily related. The final program cost is almost always guaranteed to vary
from the initial estimate due to dynamic program evolution, as well as unforeseen events which
cannot be factored in for during formulation of that estimate. Here, adequate and representative
risk and uncertainty, between which a clear distinction should be made [209], play a very
important role and should also be assessed at program commencement. This topic, however, is
not a focus of this Thesis, as it constitutes an own extensive field of study and research. Still,
realistic budgeting, the basis of which is derived from a preliminary program cost estimate of
development, production and operation costs, is a crucial first step to underpin future program

success. A justifiable, competent, informed cost estimate reflective of all the data which is
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available during the early program planning forms a solid foundation for an adequate and
supportable program budget [212]. Synergised implementation with strong project and schedule
management functions further increases chances for a program’s timely and efficient execution
and ultimately realisation. So despite preliminary, limited or incomplete information regarding
configuration, mission or environmental parameters, as is the case for the still evolving
SpaceLiner case-study, a pronounced need still exists for reasonable, justifiable and

representative cost range to be achieved, early in the program.

4.1 THE SPACELINER COST PHILOSOPHY

Although SpaceLiner does not use any fundamentally new or exotic technologies, the
integration and adaptation of these heritage elements is within a new context, and results in
revised requirements such as reusability, and stringent standards for a civilian application. Thus
the concept is unprecedented and novel in nature, making application of only existing cost
estimation models and methods based on data derived from historical programs, a challenge.

From purely a technical perspective, SpaceLiner is very much a launch vehicle, so one
must therefore look at historical projects in the launch vehicle segment. The only realised
projects to date which are comparable for this specific category of space vehicles are the Space
Shuttle Fleet, which was only semi-reusable [93], and the Russian Buran orbital vehicle, which
performed just one unmanned flight before the program was cancelled due to a mix of political
influences and insufficient funding [76]. In terms of the recent launcher markets, current launch
rates have continued to steadily increase, arguably due to increased competition and changes to
newly emerging commercial companies. And the higher launch rates influence launch costs,
generally driving the costs of space access down, and requiring that existing cost models to be
recalibrated. As an example, recent suggestions have implied that the SpaceX fleet of Falcon 9

vehicles “break the NASA/Air Force Cost Model NAFCOM” [193], a cost estimation tool
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commonly used in the space industry. So in order to keep up with the deviating space economy
trends and space market changes, it is essential that future cost estimations have the capability to
obtain indicative, relevant and justifiable estimates despite implementation of novel and

unprecedented concepts, furthermore integrated within new company structures [209].

4.1.1 SpaceLiner WBS Definition & Development

For all systems, and in particular for large, complex ones, like the SpaceLiner case-study,
the principle of successive refinement given the divide-and-conquer strategy is an essential
component of effective program planning at project commencement. During this decomposition
process, complex systems are successively and strategically segmented into modular, less
complex pieces, until they are simple enough to be conquered [175]. From this, generally two
structures emerge, namely for describing the product system itself, as well as a structure to
describe the system which produced the product system. This is the prime goal of a work
breakdown structure (WBS), which is a necessity for logically, categorically and systematically
addressing all project phases, and in particular the development and production Phases C and D.
A WBS and the work package definitions provide the reference for a detailed bottom-up cost
estimation and budget formulation, since the cost breakdown structure (CBS) is then directly
linked to the content of the WBS [115, 175]. After all, costing smaller, more tangible units is
significantly more achievable and traceable, allowing for more stringent control and increased
transparency than when the cost of a whole agglomerated system comprising of already very
complex sub-systems is considered at an overall top level. In addition, the project is immunised
with improved visibility of management data such as schedule, cost, and technical performance,
amongst others [112].

Therefore, the first critical step to the logical commencement and progression of cost

analysis for any large-scale, international complex space program is the establishment of an
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adequate and representative WBS. The development of such a WBS, incorporating the model
philosophy (see Chapter 4.1.3, Table 8 and Appendix A) is an iterative top-down process
defining lower level elements until the work package level has been reached. This WBS then
forms the backbone for not only program organisation and execution, but indeed also for cost
estimation and control of actual costs and schedule throughout all project phase [112, 115, 202].
As such, upon consultation with topic-specific literature, a specific and detailed WBS for the
SpaceLiner case-study Phases C and D was developed, as shown in Figure 12, and to a deeper
WABS level in Appendix A. Establishment of the WBS was a very intense, dynamic, iterative and
time-consuming process requiring many loops, changes, modifications and rearrangements of
elements between groupings before the final breakdown, as it is shown in Appendix A, was
achieved. Here, the interaction, communication and open dialog between project management
experts and case-study engineers and specialists in their respective SpaceLiner domains was
essential to establish an efficient break-down of the overall complex program into its logical
substituent units strategically. The author wishes to acknowledge Professor Bernd Madauss from
ISU for his invaluable guidance and sharing his knowledge and expertise for the compilation of
the case-study WBS.

Firstly, the SpaceLiner concept, as a whole, was segmented into logical sub-level
constituent modules which conformed to the group of non-recurring development and the

recursive production costs.

e SpaceLiner fly-back Booster (SLB)
e SpaceLiner orbiter passenger stage (SLO)
e SpaceLiner main engine (SLME)

e Passenger cabin / passenger rescue capsule (SPC)
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While the engine SLME belongs to the lower-level of SLO and SLB components, it was
identified separately as a key element, and the ‘heart’ of the SpaceLiner vehicle which would
incur development costs, as well as consequently, production costs.

A WBS was consequently derived for the multi-element SpaceLiner case-study to provide
a logical outline and vocabulary that describes the entire project and integrates all available
information in a strategic, transparent and consistent way [175]. The sub-system inputs and
categories were based on existing SART in-house Space Transportation Systems Mass (STSM)
software package [45] inputs and outputs for both constituent system elements and the respective
element masses. The latter were consequently strategically segmented into appropriate
SpaceLiner categories of SLO, SLB and SPC in line with WBS requirements and standards.

In line with theory for successful WBS development, multiple iterations were then
required, and will continue to be required throughout project advancement. This is because the
full extent of the work and tasks is often not evident at commencement, but rather evolves during
the WBS formulation and consequent project execution phases [175].

While quantitatively, the derived SpaceLiner case-study WBS ideally describes the top-
level system components, which were necessary for application of the AA, attention was also
paid to extrapolating the systems into accurate descriptions of their constituent sub-elements and
components. This was challenging since many sub-system elements are still works in progress
and being dynamically defined prior to their ultimate crystallisation. Nevertheless, sub-system
SpaceLiner components were defined qualitatively, thereby providing an essential and thorough
structure and framework for more detailed, bottom-up estimation of the concept to occur as it
matures in the future.

The SpaceLiner is a two-stage launch vehicle system comprising of the main fly-back
booster stage (SLB) and the passenger orbiter stage (SLO). Furthermore, unlike any vehicles
which are used as reference projects within the TransCost manual, the SLO stage features an

integrated passenger capsule which has a hybrid function, and also doubles as a passenger rescue
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capsule (SPC) in case of emergencies. Its prime goal is to eject from the SLO body, and
autonomously and safely return the passengers back to the ground. In this regard, the SPC
features its own solid propulsion system which requires a minimum of development effort since
all the technology already exists.

In terms of the SpaceLiner propulsion, while based on standard cryogenic propulsion
technology, the SpaceLiner main engine (SLME) would need to be newly developed in view of
the passenger-transportation context, with the key challenge here being the required reusability
component. SpaceLiner assumes engine reusability of 25-50 times, as is explained later in
Chapter 4.1.5. For the sake of the cost estimation, it is also assumed that the SLB and SLO use
the same cryogenic engine. Mechanically, the engines are identical, although having different
size nozzles. Being a traditional, heritage LOX/LH cryogenic engine technology, assuming an
100% new development effort for a single engine is sufficient to address the development of both
SLO and SLB propulsion. This important assumption has already been defined and outlined in
detail also in the Chapter 4.1.5.

To reflect all technical information, the resulting WBS has seven top-level WBS elements
from 1000 through to 7000, which are further expanded overall to three levels of detail. The top
three levels are shown in Figure 12, while the full four levels of detail can be found in full in
Appendix A.

The kernel of this Thesis predominantly focuses on development and application of novel
and innovative new cost estimation approaches and strategies aimed at calculating development
and production costs of physical hardware elements of complex space systems during the early
pre-phase A phase. The chosen complex and unprecedented SpaceLiner case-study constitutes an
ideal candidate for application of the new cost estimation models, approaches and theory
developed within this Thesis work, as it is clearly still in the targeted early pre-phase A stage. As
such, however, assessing and estimating costs for the WBS ground and operations elements in

detail is still deemed too premature as the requirements and key, necessary details are not yet
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clearly defined. This holds similarly true for the software component, both development and
production, of the SpaceLiner case-study. So while these WBS elements are not explicitly
estimated, they are logically integrated into the WBS structure and nevertheless considered at a
basic component and element level. The italic blue font shown for WBS elements 6000 and
7000, as well as 2500-4500 identifies this distinction visually.

When more mission information becomes available, it can be expected that the WBS will
need to be updated and expanded respectively to reflect this accordingly. However, in the
presented baseline SpaceLiner case-study WBS, the structure of all necessary WBS elements for
such a large-scale and complex program, and the approach taken to derive these classifications

and groupings, is presented within context of a real-life practical industry application.

74



SL

Level 1.

SpPACELINER WBS

Level 2 s Level 2. Level 2. Level 2 .. Level 2. Level 2. Level 2 s
SYSTEM SLO SLB SPC AIT GROUND OPERATIONS
1000 2000 3000 4000 5000 6000 7000
Level 3 s Level 3¢ Level 3. Level 3, Level 35 Level 3,4 Level 3 s
» 1100 PMO 2100 PMO © 3100 PMO 4100 PMO 5100 PMO 6100 PMO ® 7100 PMO
2200 PROP © 3200 PROP 4200 PROP 5200 MU/BMM (01) 6200 LAUNCH PAD @ 7200 FLIGHT OPS
2300 STR/MECH O 3300 STR/MECH 4300 STR/MECH 5300 STM (02) 6300 RUNWAYS ® 7300 FLIGHT CONTROL
2400 TPS/TC O 3400 TPS/TC 4400 TPS/ITC 5400 EQM (03) 6400 PASS'G BLDG ® 7400 GROUND STAFF
2500 FC S/W ® 3500 FC S/W 4500 FC S/W 5500 PFM 1 (04) 6500 GROUND ® 7500 MARKETING &
CONTROL STATIONS SALES
2600 AVIONICS © 3600 AVIONICS 4600 AVIONICS 5600 PFM 2 (05)
6600 BOOSTER ® 7600 TRAINING
2700 POWER + HSK © 3700 POWER + HSK 4700 POWER + HSK CAPTURE
® 7700 STATION
2800 SLO AIT © 3800 SLB AIT 4800 LIFE SUPPORT 6700 GROUND MAINTENANCE
MANTENANCE &
4900 SPC AIT REFURBISMENT ® 7800 SL VEHICLE
MAINTENANCE
6800 GROUND
SUPPORT EQUIPMENT
6900 TRANSPORT
INFRASTRUCTURE

Figure 12: SpaceLiner WBS for development Phase C showing three levels of detail




4.1.2 SpaceLiner Program Schedule & Milestones

Despite the early phase of the program, and to complement the developed WBS, it was
important to establish a preliminary and realistically executable, expected program schedule to
determine and define key dates, some necessary milestones and the distribution of program
phases with respect to time. While slightly different systems and terminology can be adopted
between international space agencies, the European Cooperation for Space Standardization
(ECSS) standard for project planning and implementation [57] was relied upon as a baseline for

this work. This Standard outlines seven distinct program phases, as shown below:

Phase 0 — Mission Requirements

. Phase A — Concept & Feasibility

. Phase B — System Definition

. Phase C — Design, Development & Verification
. Phase D —Production

. Phase E —Utilisation

. Phase F — Disposal

The last two Phases E and F, shown in italics, are not addressed in this Thesis, since the
development and production phases are the key focal elements of this work. Analogy and the EJ
methods were then employed to estimate and predict the expected, realistic duration of each
program phase drawing on previous large-scale space program examples. Consolidated
information and expert opinion was extracted from direct discussions with top experts from both
academia and industry specialising in the program management function of the space domain to
determine ROM representative timeframes for the various scheduling phases, keeping in mind
the considerable scale, scope and high complexity of the SpaceLiner concept. With the mission
analysis of Phase 0 presently underway, Phase A could commence already in 2015, which, given

that the Mission Definition Review (MDR) is executed during 2015 or 2016, presents a realistic
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and current scenario. Phase B, the preliminary program definition which precedes final definition
may be estimated to then take approximately eight years. The design and development of Phase C
could then commence in 2025, realistically lasting up to ten years. The consequent production
Phase D is preliminarily assumed extend over 15 years.

The resulting preliminary schedule, which assumes Ty to indicate the time reference for
program commencement, is shown qualitatively (not to scale) in Figure 13 below. The logical
sequence and progression for each milestone, activity and review as well as preliminary phase

durations assumed for the SpaceLiner case-study, are also included in ifalics with reference to Ty.

Program Phases

Major Steps ___{)E’_h_ase 0| Phase A | Phase Bé Phase C J) Phase D

Definition

Design/Development

Test/Verification

Production (1st year)

EDC-P APR-1  ORR

Figure 13: Preliminary SpaceLiner case-study program schedule

Additionally, and in close consultation with the European Cooperation for Space
Standardisation (ECSS) guidelines [57], the aim of which is to be applied for the management,
engineering and product assurance in space projects and applications, the following milestones
associated with the various program phases have been identified as necessary for effective and

thorough execution of the SpaceLiner program:
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Pre-Phase A — Mission Requirements
e Mission Definition Review (MDR)

Phase A — Concept & Feasibility

e Preliminary Requirements Review (PRR)

Phase B — System Definition
e System Requirement Review (SRR)

e Preliminary Design Review (PDR)

Phase C — Design & Development
e Effective Date of Contract Development (EDC-D)
e C(ritical Design Review (CDR)
e E/QM Qualification Review (QR)
e PFM1/2 Flight Test Reviews (FTR1/FTR2)

Phase D — Production
e Effective Date of Contract Production (EDC-P)
e Annual Production Reviews (APR1 to APR15)
e Operational Readiness Review (ORR)
¢ End of Production Contract (EPC)

While the ECSS standard stipulates that the QR and FTR (also interchangeable with the
acceptance review, AR) milestones are associated with Phase D, in line with the SpaceLiner
philosophy presented in Chapter 4.1.3, it is deemed that any prototype activities belong firmly

within the Phase C development phase, and as such, both the QR and FTR case-study reviews are
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thus segmented to Phase C. The classical ‘V Model’ is demonstrated throughout a program’s

review sequencing. Commencing from Phase A and the PRR to the Phase B PDR, a top-down

process is observed beginning at the highest level with the customer and top level supplier, and

flowing down through the customer-supplier chain towards the lowest levels. From Phase C and

the CDR to the APRs of Phase D, however, the review sequence is reversed to a bottom-up

direction, starting with the lowest level supplier and their customers, and ascending up the

customer-supplier chain back again to the top level customer. This V-Model mechanism and

principle is illustrated below in Figure 14.

Project Initiator

MDRX&

System Operator

f/XCRR

Top Level Customer

PRR/SRR/PDREZ

j/l CDR/QR/AR

1°* Level Supplier

1*Level Customer

PDR&

i\ CDR/QR/AR

2" Level Supplier

2" Level Customer

PDR&

]7‘\ CDR/QR/AR

n" Level Supplier

n"Level Customer

PDR\§7

ﬁ CDR/QR/AR

Lowest Level Supplier

Figure 14: Review life cycle showing various program reviews within context of the V-Model

structure [57]
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It must also be pointed out that despite the template of milestones and project reviews
outlined above, the program management must remain flexible to incorporate additional reviews
into the project planning schedule to address the specific and unique project needs of every
program [57]. With context for the SpaceLiner case-study, it should be noted that due to the
safety-critical nature of the vehicle, in line with stringent safety requirements, additional reviews
and audits may well be incorporated into the preliminary schedule structure presented within this
Thesis.

Here, it is not the aim of this work to describe the specific features, key objectives,
structure, logistics and requirements for each of the above milestones and reviews, although full
information, detailing aims and goals of each review, can be found in the ECSS Standard in ref.

[57], on pages 21-28.

4.1.3 SpaceLiner Development & Prototype Modeling

Space is undeniably a risky business. Therefore building development models and prototypes to
verify the design and proper function through test in flight in the development phase, is of the
highest priority to establish a strong safety and solid reliability baseline. This is particularly
crucial for unprecedented vehicles like the SpaceLiner case-study. In fact, the risk for such a
vehicle increases due to the high number and untrained nature of its civilian passengers for a
spacecraft. Implementing a stringent testing campaign, as well as increasing the number of
SpaceLiner prototypes flown, as well as test-flight hours prior to commercial implementation
should therefore increase and establish a particular reliability standard, and reduce risk. At this
stage it is ambiguous to attempt to numerically capture and quantify this risk, however it is clear
that the more development models and prototypes which are built and successfully, respectively
tested, the better the safety record, and the lower the perceived risk. The SpaceLiner technology

is from the space domain, while its application resembles an aviation scenario. Classic space
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components have fewer prototype units than those within the aviation industry, with many of
those being on a sub-system level rather than at a full system level. However, given the safety-
critical nature of the SpaceLiner program, the aviation industry analogous prototype quantity
philosophy was largely adopted for definition of the development phase prototype philosophy
applied to the SpaceLiner case-study example. Research was conducted to ascertain both the
aviation and space industry approaches for prototype and testing standards and regimes.

Within the aviation domain, a focus was placed on large, current aircraft programs from
the leading aircraft manufacturers like Airbus and Boeing, and existing literature was extensively
consulted. While detailed internal program information is usually difficult to locate as it is rarely
made public due to confidentiality constraints, several reliable sources were nevertheless
identified and referred to [10, 62, 63]. The Airbus A380 program had five fully operational
prototypes which clocked a total of 2,500 hours of flight tests to achieve certification with both
the European and US airworthiness authorities, the European Aviation Safety Agency (EASA)
and the Federal Aviation Administration (FAA), respectively. Similarly, the recent A-350
program also incorporates five prototypes, MSNOO1-MSNOO5 with another 2,500 flight-test
hours. The sequence of flights is designed to use the flight-test aircraft exactly like a potential
airliner would, training the associated processes accordingly and assessing general handling
qualities, operational performance airfield noise emissions, and systems operation in nominal
mode.

Within the space industry, prototype philosophy differs given that flight duration of most
launchers is significantly shorter, and as such, flight hours are not as important a parameters, as
the number of successful launches and landings, where appropriate. Similarly, the flight and
mission dynamics of a program like SpaceLiner would be rather different, operationally, to
standard civil aircraft. Long haul carrier airplanes frequently fly long routes lasting up to 16
hours, and as such, a test regime which incorporates extenuating durations of flight hours holds

relevant. The SpaceLiner vehicle would only fly a maximum duration of 90 minutes in
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accordance with its reference mission requirements. Therefore here, at a top system level, a much
more relevant and representative statistic for SpaceLiner prototype units would be with the
number of successful launches and landings, especially with the vehicle being fully reusable. On
a sub-system level, the number of engine test-firings would be a solid statistic for the prototype
and testing regime.

However, prior to having fully functional flight prototypes, numerous preceding
mockups, test and engineering models must be constructed and tested. Furthermore, various
standards exist for the various sub-systems, which define different requirements and goals per
sub-system. For example, a recent 2014 NASA standard for “the critical structural design and test
factors (NASA-STD-5001B [140]), stipulates that “The standard accepted practice for
verification of launch vehicles and human-rated spaceflight hardware is the prototype approach
in which a separate, dedicated test structure, identical to the flight structure, is tested to ultimate
loads to demonstrate that the design meets both yield and ultimate factor-of-safety requirements.
An acceptable alternative for verification of spacecraft and science payloads is the protoflight
approach, wherein the flight structure is tested to levels above limit load but below yield strength
to verify workmanship and demonstrate structural integrity of the flight hardware .” Here, we
see that from a structural perspective, the space industry stipulates a low number of components
to achieve verification of a system through the prototypes. It can also be seen that the prototype
approach incorporates an extra level of test hardware prior to flight. However the protoflight
verification approach is advantageous in that it does not require a dedicated test unit, since
qualification testing can be performed directly on the flight hardware, although here, a margin
over flight limit loads must also be demonstrated be test [140]. Choice of which method is
applied depends on the available budget, which, if insufficient, might force the program to adhere
to the protoflight method [120]. It must also be noted that electronics and software for such a

large system adhere to a completely different testing standards, requirements and processes.
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The aim of this Thesis is not to delve into low-level testing and validation requirements
for the SpaceLiner case-study. Instead, it is essential to establish and clearly define an initial top-
level prototype philosophy and preliminary schedule in order to proceed with the AA approach
and cost estimation of program development. Upon consultation and intensive discussions held
with numerous highly experienced, seasoned industry professionals and space domain experts, as
well as in line with current ESA industry practice for rocket vehicle testing (ECSS-E-10-03A
[55]), a five-model prototype philosophy was developed and adopted for the SpaceLiner case-
study [121]. The model philosophy consisting of three development and two prototype models

and their definitions, is outlined below:

e 01 MU/BMM - Mockup & Breadboard Model
Full scale mock-up dimensionally true of the expected SLO/SLB/SPC configurations,

including engines, structures, tanks, electronic units, control mechanism, etc.

e (02 STM - Structure & Thermal Model
Structural model to be tested under environmental conditions such as thermal, vibration,

noise, shock, acceleration loads, etc.

e 03 EQM - Engineering & Qualification Model
Model applied for qualification testing and initial flight tests including landing having

fully representative parts or integration spares of lower fidelity standard.

e 04 PFM 1 - Proto/Flight Model 1
First flight-worthy, high-fidelity standard prototype for flight tests program including

landing and total system acceptance.

e 05 PFM 2 - Proto/Flight Model 2
Second flight-worthy, high-fidelity standard prototype for flight tests program including

landing and total system acceptance.
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Inputs of prototype units for the 4cost aces and PRICE commercial models can be
decimal numbers to reflect different effort requirements. For any other production inputs,
however, fractions cannot be entered. A consolidated approach to assign a representative
prototype-model philosophy for the SpaceLiner case-study had to be determined. Extensive
discussion with highly experienced aerospace experts were held, and published ESA guidelines
[155] were identified. Table 6 below shows a direct excerpt which recommends a baseline

allocation of fractional weightings for ¢typical prototype-model items.

Table 6. ESA Standard prototype counting values for various prototype-models

Prototyping / Test Model # of equivalent PFM

Mass Dummy (MD) 0.1
Bread Board (BB) 0.2
Structural Model (SM) 0.4
Engineering Model (EM) 0.5
Structural Thermal Model (STM) 0.6
Engineering Qualification Model (EQM) 0.7
Qualification Model (QM) 0.85
Protoflight Model (PFM) 1.0

Upon further in-depth discussions with experts [121], and based on close accordance with
the typical ESA standard presented in Table 6, the specific weightings of the five SpaceLiner
development and prototype models were altered in accordance with program specificity, and
consequently assigned as shown in Table 7 below. It can be seen that the SM represents a full
prototype model of value 1.0, although it is only a structural model. Additionally, it can be seen
that both PFM 1 and PFM 2 also have 1.2 fraction values of full prototype units. This is because
by their definitions, these models will be extensively tested beyond their limits, requiring
increased effort and therefore cost, compared to any consequent standard performance

prototypes. For a vehicle such as the SpaceLiner in particular, the testing requirements for the
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various system elements including the SLO operation and landing, and also the SLB return to the
launch site following an in-air capture maneuver, the increased values are more than warranted.
The overall prototype total is thus 4.7 SpaceLiner units.

Additionally, Table 7 can be further broken down and considered from a lower level, on a
main component basis per SpaceLiner SLO (including SLME), SLB and SPC elements. For each
of these three lower-level components (introduced in Chapter 4.1.1 and fully detailed in
Appendix A), a model matrix is developed and presented. The SLO model matrix is shown in full
Table 8 below depicting necessary quantified part-units per prototype stage. The full model

matrices for the SLB and SPC are consequently found in Appendix B.

Table 7: Numerical values derived for SpaceLiner five-model prototype philosophy

Model Index Spaceliner Prototype Model # of equivalent PFM
01 Mass Dummy (MD) 0.5
02 Bread Board (BB) 0.8
03 Structural Model (SM) 1.0
04 Proto/Flight Model 1 (PFM 1) 1.2
05 Proto/Flight Model 2 (PFM 2) 1.2
> TOTAL 4.7

It is also important to be aware that due to the early pre-phase A stage of the SpaceLiner
program, the suggested prototype schedule should be considered preliminary in nature, with
significant uncertainty regarding the prototype philosophy. The philosophy should remain
flexible to be further refined in line with the evolution of the program during consequent project
Phases A/B. Any modifications or updates to specifications and requirements, as well as funding
availability should be reflected. The scope of each development model listed above is also prone
to change according to specific challenges of the system design which are still fluctuating [120].

To mitigate some of the prototype philosophy uncertainty, a more conservative approach it
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adopted. The established baseline prototype-model total of 4.7 units is revised upwards to a value
of 5 to reflect a more extreme scenario. This value is also in line with the aviation industry

standard for large aircraft of 5 prototypes as discussed previously in this chapter

Table 8: SLO Model Matrix quantitatively showing model philosophy components

Type > Test Models Prototypes
Proto Fraction => " W1: 114 0:J s
Model Code - o0 o1 02 03 04 05
D-2000 Orbiter (SLO) WBS Element DES \ MU/BBM STM EQM PFM1 \ PFM2

Propulsion (SLME) 2200 100 X X X X X
Engine Assembly 2210 100 X X X X X
Engine Support Structure 2220 100 X X X X X
Feed System 2230 100 X X X X X
Structures & Mechanics 2300 100 X X X X X
Main Tanks Assembly 2310 100 X X X X X
Upper I/F Adaptor 2320 100 X X X X X
Lower I/F Adaptor 2330 100 X X X X X
SLO Equipment Bay 2340 100 n/a X X X X
Body Flaps & Actuators 2350 80 X X X X X
Landing Gear 2360 100 n/a X X X X
TPS/TC 2400 100 X X X X X
Thermal Protection 2410 100 X X X X X
Active Thermal Elements 2420 100 n/a X X X X
Flight Control System 2500 80 n/a X X X X
ADCS 2510 80 n/a X X X X
RCS 2520 100 n/a X X X X
Flight Control Software 2530 100 n/a n/a X X X
Avionics 2600 80 n/a n/a X X X
On-board Computer 2610 COTS n/a n/a X X X
Comm. Equipment 2620 COTS n/a n/a X X X
Health Monitoring 2630 80 X X X X X
Power & Housekeeping 2700 100 n/a n/a X X X
Batteries 2710 COTS n/a n/a X X X
Converters 2720 80 n/a n/a X X X
Cabling & Connectors 2730 80 n/a n/a X X X
Sensors 2740 COTS n/a n/a X X X
SLO AI&T 2800 100 n/a X X X X
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4.1.4 The Development & Production Industry Analogue

For the SpaceLiner, two of the three classical key components of the overall program
cost, being the non-recurring development and the recursive production costs. It was deemed to
preliminary to calculate operation costs due to the early phase of the program, and no clear
operations scheme having being determined as yet. Here, given the hybrid nature of the vehicle, it
is the philosophy that the development effort lies in the space-realm, since all technologies to be
designed and tested are space-based. After the initial flight test units, production then resembles
production processes of the aviation industry. The high quantities of the SpaceLiner vehicles
expected to be produced is analogous to the rates of modern production of large airlines, like the
Airbus A380 [9], or Boeing’s B777 Dreamliner [30]. The cost of consequent units of production
is thus considered based on assessment and analyses of the aviation industry to determine the
potential production learning curve for SpaceLiner. These latter assumptions translate themselves
into associated numerical complexities when calculating development and production costs for

the SpaceLiner case-study.

4.1.5 The Main Engine Development

SpaceLiner features two cryogenic engines — a Booster (SLB) stage engine (nine engines
per SLB stage), and a second engine for the passenger “orbiter” (SLO) stage (two engines per
SLO stage). Here, it is vital to note that the SLO and SLB engines, mechanically, are the same,
except for the nozzle extensions, as shown in Figure 15. As such, the SLO net engine mass is
larger than for the SLB engine, having a larger nozzle. To attribute specific percentiles of novelty
to two separate engines of the same technology, but of different scaling, would also be
unreasonably precise at this early stage. Being identical mechanically, it is therefore assumed
that only one development cost is incurred for the heavier SLO engine, thus providing a most
extreme, ‘worst case’ cost, but which is then considered to also cover the development cost of the

smaller SLB engine.
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Figure 15: SpaceLiner Orbiter (left) and Booster (right) engines with different nozzle extensions
[225]

416 Cost Estimation for Software Effort

The science of cost estimation between software and hardware, although interrelated
functionally and operationally, is nevertheless very commonly segmented and addressed
separately [42]. The software category of costs, both development and production, is largely
synonymous across the phases, with ‘production’ comparative to software testing and
enhancement once the core code has been compiled. And while interacting with hardware, the
software cost category is no different to estimation of any other element, except that several
aspects of the process are distinct, peculiar and unique [42]. Software costs are also very
challenging to estimate for depending on the nature of the software as a product, which is
essentially intangible, invisible and intractable. This makes the end product difficult to quantify
[28, 202], with NASA referring to software cost estimation as constituting a “tar pit” [42] within
context of their Space and Missiles Center experience.

One of the first essential steps in any estimate is to understand and define the system
which is to be estimated. So while hardware requirements are well advanced, for the SpaceLiner
case-study, software requirements have not yet been sufficiently defined, rendering them in the

extremely early pre-phase 0 stage. As such, accurate costing an unspecified effort is an
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impossible task. After all, premature estimates are one of the contributors to inaccurate software
development costs [202]. As such, software costs were not considered for the SpaceLiner concept

at this stage.

4.1.7 SpaceLiner Production Quantity

For calculation of the SpaceLiner production costs, an interesting figure is the theoretical
first unit (TFU) cost produced. Particularly for the TransCost model, the TFU cost is then used as
the basis for calculation of all serial production costs for a batch of items to be produced. By
definition, the TFU is the first unit in the serial production of multiple vehicles and as such,
should incur the highest production cost out of the batch to be produced. Usually, production
quantity is directly dependent on a clearly defined business case. In turn, the latter incorporates
not only a clear, overall program schedule, but also flights rates, which inherently assumes the
clear defined launch/landing (L/L) sites and consequently determines the total revenue from
expected flights to be sufficiently profitable resulting in financial gain, and a sufficient return on
investment (ROI) for its investors. For the SpaceLiner case-study, such a business case has not
been yet established, since the technical details, as well as key programmatic data are not yet
finalised. As such, a basic assumption had to be made.

Taking the established SpaceLiner program schedule already introduced in Chapter 4.1.2,
we see that the operational timeframe has been assumed and set as being 20 years. Although
some L/L sites have been proposed, with the reference mission established being Australia to
Europe, it can be assumed in a conservative approach that L/L pairs may be located in China and
the USA as well (see also Chapter 4.11 for a more detailed discussion). Assuming that between
these L/L pairs, four routes are established, those would be flown daily, in each direction,
equating to eight SpaceLiner flights per day. Daily flights would need to be ensured to allow

passengers the freedom and flexibility of travel to tailor their travel needs and short travel times.
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With eight flights per day, this equates to 2920 flights per annum. And with SpaceLiner baseline
core vehicle element reusability (excluding engines) of 150 times, this results in a required
SpaceLiner production rate of 20 vehicles per year. Adding an additional 5 vehicles as a margin
to this amount (one additional SpaceLiner per L/L pairing, with one further additional safety-
margin vehicle) results in a required production rate (with margin) of 25 vehicles. Consequently,
over the 20 year proposed production phase, this results in a total of 500 SpaceLiner vehicles

produced.

4.1.8 SpaceLiner Reusability Impact on Production

Being designed as a fully reusable vehicle means that a single SpaceLiner vehicle can be
flown multiple times, a capability which is strongly aligned with cost effective space access. This
reusability has a technical limit, which is specific as being 150 flight cycles for the SLO (and
SPC) and SLB elements. For the eleven SLMEs per SpaceLiner vehicles, it is assumed that a
baseline engine reusability will be 25 times given technical restraints and the current capability of
existing rocket engines. Despite being known to be a technical challenge for rocket engines, the
relatively high reusability rate is, however, not deemed impossible. For example, the Russian
Kuznetsov NK-33 engine, currently utilised in the first stage of Orbital Sciences Corporation’s
Antares launchers, albeit in a modified version, are rumoured to have been successfully fired on a
test-bench well above 30 times [54, 141]. In view of this, a further interesting and plausible
sensitivity analysis for 50 times SLME reusability would be relevant, and is indeed considered
later in this Thesis in Chapter 4.10.9.3, although realising this goal this will depend on technical
capabilities and limits, which can only be determined through prototyping and extensive testing.

With an SLME/(SLO/SPC/SLB) reusability ration, it is also clear that the varying rates of
reusability for parts in a single, common vehicle also directly influence production rates, since

engines would have to be replaced during vehicle maintenance six times during the lifetime of a
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single SpaceLiner vehicle. This consequently influences production rate of SLMEs as well as the
overall production costs during the program lifecycle. For production, 500 SpaceLiner units are
considered. Each vehicle requires eleven engines, which must then be replaced six times.
Therefore 66 SLMEs need to be supplied per SpaceLiner vehicle to match the reusability lifetime

of each key component.

4.1.9 SpaceLiner Cabin/ Rescue Capsule

The SpaceLiner passenger cabin and rescue capsule life-critical system (SPC) is the sub-
system which constitutes the most novel and unprecedented and therefore challenging of
technologies within the SpaceLiner case-study. Initially the structure is separated, allowing
passengers to embark in a normal horizontal configuration. It is then integrated into the SLO
main structure on the launch pad prior to launch. In case of emergencies during the flight, the
cabin functions as a rescue capsule, capable of returning the passengers safely to Earth in an
autonomous manner. The SPC and its integration within the SpaceLiner stage are shown in
Figure 16.

While some loosely analogous rescue capsule systems based on a similar premise do
exist, these are mainly observed within the aviation industry, including the B-58 Hustler, the XB-
70 Valkyrie, the high-speed F-111 aircraft (2 crew), and the early prototypes of the Rockwell B-1
Lancer aircraft (4 crew). However for all of those aircraft, the scale and crew-carrying capacity of
these capsule structures deviates extremely to the SPC requirement of being able to transport 50
passengers. Looking into the space domain, historically, the Gemini (2 crew), and Apollo (3
crew) capsules from the mid-1960s, as well as the Mercury program, and the more recently
proposed Orion capsule (4 crew) once again transport only a very limited number of crew
compared to SpaceLiner case-study requirements. Therefore, directly using any aviation and

space analogues forms a weak basis for a representative comparison of technologies, and
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therefore expected costs, within context of the SpaceLiner case study. Therefore conceding that
there are differences between historically available precedent programs to the SPC component of
the SpaceLiner program is a very important point for later analyses and discussion of

development and production cost results based on the AA and parametric model calculations.

Figure 16: SpaceLiner SPC passenger cabin and emergency escape capsule [22]

4.1.10 SpaceLiner Operations & Ground Costs

While both operations and ground (O&G) cost considerations are, of course, critically
important to complete the total LCC analyses for an overall program, at this stage the SpaceLiner
operational concept and therefore the processes as well as exact ground infrastructure
requirements remain largely undefined as they are still evolving. More crystallised information
regarding flight routes, L/L sites and environmental impact is required to obtain a reflective and
fixed regime and thus inputs and cost estimation for operations and the ground segment

infrastructure requirements and schematic. As such, both the operational and ground

92



infrastructure scenarios are described quantitatively only, in Chapter 4.11, with some numerical
estimates and assumptions provided. However, these LCC components specific to the
SpaceLiner case-study and application will need to be investigated further in particular as the
technical and mission specifications and requirements of the concept continue to emerge to a

maturity and into fruition.

4.1.11 SpaceL.iner Cost Risk Analysis

In addition to the importance of representative scheduling, which seeks to minimise the
likelihood of cost overruns and scheduling delays, the effects of potential risks must be
considered during initialisation of a program through risk analysis. While this topic has already
been briefly introduced theoretically in Chapter 2.3, it is discussed in greater depth, albeit at a
qualitative manner, in the consequent chapter.

In his classic 1982 book entitled Augustine’s Laws, Norman R. Augustine famously stated
that “two types of uncertainty plague most efforts to introduce major new products: known-
unknowns, and unknown unknowns” [18]. This is particularly relevant to the chosen SpaceLiner
case-study. Given the magnitude and expanse of the SpaceLiner program, here, close assessment
of the known unknowns, the cost risk assessment element, is especially crucial. Risk bears a
negative connotation, implying a detrimental effect of an unforeseen or unexpected event on the
program execution, scheduling and therefore, cost. It is therefore very important to conduct
various risk analyses and assessments prior to program commencement, to try and address,
capture and identify possible risk factors and elements which may impact a program, and seek to
quantify the cost ramifications.

Risk is defined as the uncertainty of successfully achieving any of the technical,
programmatic and/or cost targets of a project [116]. Within this definition, and with reference to

the SpaceLiner case-study, technical, scheduling, programmatic, financial (cost) and operational
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considerations all contribute a certain degree of risk [202]. As shown in Figure 17 below, the
single common denominator for the various risks introduced through the latter program elements,
is cost. Thus, it is imperative to be able to translate any identified potential program risk into a
cost, to integrate within program budget. Implementation of effective risk mitigation techniques

allows for this cost to be minimised.

Programmatic

Figure 17: Interrelation of program elements which introduce risk and uncertainty [116]

While only internal factors are under the direct control of program management, risk is
frequently imposed due to external factors. Nevertheless, all risks still require identification and
careful and strategic management. Here, risk assessment seeks to quantify the probability of a
certain event occurring and its consequent impact on a project, in which way risk can be in part
preempted and factored in for within a cost estimate. All projects, and in particular large-scale,
international programs with an increased number of interfaces and increased complexity like the
SpaceLiner case-study, contain a certain amount of risk. The actual process of active risk
assessment has bene defined in a multitude of ways, depending on the project. However, the
basic steps include planning of risk management, identifying the risks, performing qualitative and
quantitative risk analyses, and planning risk responses as a mitigation action [156]. Madauss also
outlines a more comprehensive approach to achieve the same goal in four steps, as shown and

outlined in Figure 18.

94



1. Risk Identification

Listing of potential risk areas from experience
Review of lessons learned from prior programs
Review of performance anomalies

Review of manufacturing & test anomalies from
prior programs

2. Risk Evaluation

Evaluation of identified risks
Classification of risks (low; medium; high)
Periodical re-evaluation of low/medium risks

Separation of medium/high risk elements for
risk reduction processes

4. Risk Monitoring & Control

d

3. Risk Mitigation /Retirement
Plan

Execution of risk mitigation tasks

Proactive evaluation of performance data &
implementation of any corrective actions

Maintanance & updating of risk management
database

Preparation of risk status report

Formulation of risk abatement team

Definition of risk reduction objective
Preparation of risk planning analysis
Formulation of risk reduction plan

Assigning of responsibility for each action item

Preparation of corrective action plan

Figure 18: Four step process to risk assessment and mitigation [69, 115, 116, 133]

From the beginning of the project phases all potential risks must be identified, evaluated,
mitigated and constantly monitored in line with the four step risk management and mitigation
approach. For the SpaceLiner concept, since the operational scenario is not yet determined,
operational and programmatic risks remain difficult to assess. Technical risks and challenges for
the case-study vehicle have, however, been identified and well documented [208], although these
too are dynamically evolving concurrently with SpaceLiner’s definition of technical details and

specifications. Here, and from a technical and logistics perspective, the aim should be that any
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remaining technical risks will be minimised to a level which is acceptable for successful
integration into the commercial passenger transportation niche, being comparable with standards
enforced within the aviation industry. To address this, a key philosophy of the SpaceLiner design
concept is to base the design on state-of-the-art technologies in order to keep the potential
technical risks as low as possible. In addition, a passenger rescue capsule has also been integrated
into the design with the aim of improving the significantly lower safety factor of the space
domain.

Here, a critical engineering challenge for all passenger transportation vehicles is to reach
a high reliability status through low technical and operating risks (see Figure 17). In this respect,
the rocket SLB, SLO (SPC) elements should be man-rated to achieve a much higher reliability
and a well proven safety record of close to 100 percent, similar to the aviation industry. This,
however, cannot occur until the elements have been fully developed, and performed regular,
successive, intensive and successful flights to prove the reliability of the technologies involved.
When a firm reliability record is established, it can be expected that passenger demand based on
the feeling of security, as well as funding sources, are likely to increase [6]. More information of
SpaceLiner case-study technological, logistical and operational risks can be found in detail in ref.
[208]. Here, key SpaceLiner case-study challenges are identified to be the safety and reliability of
the system, acoustic noise and sonic boom, launch and landing (L/L) site as well as routes,
destinations and city pair selection, a door-to-door passenger transportation network, trajectory
optimisation and thermal protection system (TPS) ramifications, environmental impact, as well as
operational considerations [208]. Each aspect would require a risk assessment, to translate into a
cost equivalent. At this stage, this has been achieved through a global margin imposed for costs
for all models applied within the AA context.

A baseline SpaceLiner case-study schedule and timeline has also been proposed in
Chapter 4.1.2, although this is also of a preliminary nature, hinging on future elements such as

production quantities, which in turn depend on flight location pairings, and a business case which
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considers flight frequency and how many vehicles should be in concurrent operation. To achieve
such a preliminary schedule, various assumptions had to be relied upon, all of which have also
been fully documented to support justification. When concrete information becomes available, in
line with the four step risk assessment plan, assumption should be replaced with fixed program
data.

In terms of the financial risks for a complex system as the SpaceLiner concept,
assessment and quantification is a challenging task given the multitude of influencing factors.
However it is well known that estimating confidence hinges directly on the detail and status of
program definition, which makes early program phase cost estimation such a challenge. It is
therefore of great importance to develop and crystallise realistic and clear technical specifications
and requirements as a solid basis and prerequisite of a reliable cost estimation.

In summary, risk assessment must be implemented across all major WBS element
categories. The introduction of risk assessment actions and the attempt to eliminate all risks
related to cost estimation is the primary formal means for risk control, at this early stage of the
SpaceLiner case-study, the assessment of risks was performed at a very top system level through
a judgement of the overall estimating confidence, as will be discussed in Chapter 4.12. The
hardware cost estimation for the development and production phases of the SpaceLiner case-
study which are performed and discussed in this Thesis are optimally based on all currently
available preliminary technical definitions, a systematic baseline project structure demonstrated
in consolidation of a WBS, as well as establishment of a preliminary project schedule.

For more information on the diverse field of risk assessment, the interested readers may
refer to the following references for further details on risk and uncertainty assessment and

management across the various program aspects [13, 31, 42, 65, 94, 115, 133, 137, 156, 212].

97



4.2 CASE-STUDY COST ESTIMATION APPROACH

This sub-chapter details the challenge and the process used to arrive at an initial
SpaceLiner case-study cost estimate for the SpaceLiner case-study vehicle development and
production for both the theoretical first unit (TFU) as well as consequently for a proposed serial
production schedule. The focus of this work is predominantly the initial development costs,
which are typically very high, especially for large, complex aerospace systems [222]. And for
such a largely unprecedented and integrated launch system as the SpaceLiner, it is not
unreasonable to expect that the largest obstacle to its actual operation will be finding investors for
the prospectively significant development cost. Preliminary production costs are also calculated
with a relatively high degree of certainty through implementation of AA, while operational
processes and ground infrastructure are considered qualitatively at this preliminary stage.

The task of establishing an early phase SpaceLiner cost estimate was broken down into
the following five steps, as illustrated in Figure 19. The following individual sub-chapters
describe the first four steps in more detail. The final fifth step is then relegated into an own

chapter since this constitutes a large proportion of the cost analysis work of this Thesis.

1 Identification of existing appropriate
cost estimation method & model ‘

2 Selection & acquisitiong of model

3 Model understanding / testing /

validation .

4 Model adjustment/ calibration

Model application to SpaceLiner
case-study (development cost)

Figure 19: Framework for SpaceLiner development costs estimation processes
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4.3 CoST ESTIMATION METHODOLOGY IDENTIFICATION

As introduced and described in Chapter 2.6.2, the Amalgamation Approach will be
implemented and demonstrated within this Thesis within application of a current and actual
industry case-study, the SpaceLiner concept.

Furthermore, as previously established and detailed in Chapter 2, various key cost
estimation methods (CEMs) exist for application within the space industry. Suitability of each
CEM is strongly dependent on program phase. With every advancement and change to any aspect
of a program, it is essential to re-evaluate and update the latest cost estimate to incorporate
changes and reflect new information as it becomes available. In this way cost estimation is a
dynamic process ongoing throughout the entire program lifetime.

SpaceLiner is in the early development phases, and more specifically, currently classed
within the pre-phase A stages. As such, reflective of the active research and concept advancement
and incorporation of technological progresses within context of the program, the concept is
dynamically evolving. Flexible, system level CEMs are applicable to this early stage, while more
detailed and resource intensive approaches, like EBU, are inefficient and thus inappropriate.

Consequently, the firm theoretical cost engineering baseline established through the
intensive literature review found in ref. [209] could be applied to a current and real industry
example of a large, complex and international space program in its early phase — the SpaceLiner
concept. Through application of key findings from analyses already presented in Chapter 2 and
through dissemination of cost estimating principles presented in Figure 5, the parametric
approach was selected for predominant utility and application to the SpaceLiner. Analogy as well
as the EJ and ROM CEMs were also identified as being relevant during this phase.

In line with the AAmac structure requirements and theory, three tools and models were
identified for application to the case-study example chosen within the context of this Thesis. As
already introduced in Chapter 4.4, two space-industry prominent and highly utilised commercial

off-the-shelf models and tools were chosen, being PRICE and the 4cost aces parametric and data-
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empty models. In addition, the high-level, dedicated launcher systems parametric TransCost
handbook and model was also selected. The TransCost Model is available for ready purchase in
the form of a textbook. The PRICE and 4cost aces models, however, all require varying annual
license fees.

For the purpose of this work, the 4cost aces software was used under an agreement to
support the aims and goals outlined in this Thesis with the unwavering and excellent support of
Mr. Joachim Schoffer and Mr. Herbert Spix. The PRICE software was utilised under an academic
license from the International Space University (ISU) in Strasbourg under the guidance of the
distinguished Professor Bernd Madauss, with outstanding assistance offered by Mr. Fabian
Eilingsfeld.

All three models of TransCost, 4cost aces and PRICE selected for AAmac mode

utilisation in this Thesis are outlined in greater detail in the consequent chapters.

4.4  AAmac COST ESTIMATION MODEL & TOOL SELECTION

CEMs form the backbone of various existing cost estimation tools and commercial
models relevant to the space sector which exist. These were also identified and listed in the
literature review [209]. Three such parametric tools and models were identified and chosen and in
line with AA principles and based on their suitability to the SpaceLiner case-study. These
comprise of the dedicated TransCost model for launch vehicles, as well as the commercial 4cost

aces, and PRICE tools. These are briefly introduced and outlined below.

4.4.1 TransCost Model

The parametric TransCost Model for Space Transportation Systems Cost Estimation and
Economic Optimisation was chosen as one of three models within the AA framework for the

SpaceLiner case-study. TransCost is a dedicated launch vehicle system model encompassing cost
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categories of expendable (ELV) and reusable (RLV) launch vehicles. It is therefore of interest
within the context of this review. The model itself is integrated into the Handbook of Cost
Engineering for Space Transportation Systems. Conceived initially as a cost engineering tool,
TransCost uses the parametric CEM with underlying CERs derived from a vehicle and engine
database of cost data of European and US space vehicle and engine projects within the 1960-
2009 timeframe. As such, TransCost is referred to as a ‘data-full” model to reflect its inclusion of
project-related data for space programs.

TransCost breaks down the costs of a program into three clear categories, being
development costs, production costs (incorporating the learning factor, f;) and operations costs.
This latter group of costs is more generally defined categorically, since operations costs are
mission-specific, making universal formulae difficult to establish. In this sense, TransCost sets
out categories, areas and classes of costs for individual consideration and determination on a case
to case basis.

Designed specifically to be applied in the initial conceptual mission design phases,
TransCost was an extension of the 1971 dissertation work of D. E. Koelle and is now a very
commonly used space transportation cost model within industry, perhaps due to its low cost and
ready availability, simple handling, and transparent cost estimation relationships (CERs) and data
which underlie the model. Data from historically recorded missions is used to derive a regression
line of best fit. Such a regression line is then represented mathematically, in the form of a CER. It
is then assumed that any future missions of similar characteristics can be modeled by this trend
line. TransCost features dedicated CERs for various vehicle categories, with any differences
between underlying CER data and the mission being estimated (i.e. complexities, technology
novelty and other deviations), adjusted for by specially defined complexity factors. TransCost
effectively features twelve complexity factors (f;), from fy to f;;, which can be applied to the
existing basic CERs to adjust for variations between the underlying CER and the program which

is being costed. These factors are defined and summarised in Table 9 below, while a full list of all
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the complexity factors, their definitions and values are also included in Appendix D for
completeness and the self-contained autonomy of this Thesis as a stand-alone document.

Being a dynamic model, both the database and CERs are continuously updated, and the
latest model available since October 2010 is TransCost Version 8.1. Minor variations in CERs
exit between the modified TransCost versions, the latest three of which are comparatively shown
below in Table 9. While some minor variations of TransCost value ranges can be observed
between the three TransCost versions, this shows the dynamic and evolving nature of the
Handbook and cost estimation model which seeks to keep up to date with current trends and
developments within the space launch vehicle sector.

The model itself addresses three areas of the launch vehicle life cycle costs, being
development, production and operations costs. Each category is further broken down into sub-
categories, each with its own unique respective CERs, which address distinctly identified
categories of ELVs, RLVs and craft, and include solid propellant boosters, liquid propellant,
pressure-fed as well as turbo- and ramjet engines, and crewed capsules and space systems.
Different factors underpin each CER, and focus on vehicle mass, number of launcher stages,
number of units produced and the expected launch rate.

Furthermore, a range of twelve additional complexity factors exist, to be assigned in
accordance with what is being costed. These factors, collectively denoted as fx, address the
impacts of varying technological advancements and quality level, team experience, regional
productivity, series production, effects from increased number of participating contractor
organisations, subcontractor-ship or Government involvement, optimum schedule deviations and
past technical experience, as well as, more recently, the commercial element to development and
production. A visual representation of the TransCost Model structure breakdown is presented in

Figure 20.
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Table 9: TransCost Complexity Factors defined for three TransCost versions

TC Definition TC7.3Formula/ | TC8.1Formula/ | TC8.2 Formula/
Factor Values Values Values

fo System engineering/integration | 1.04 V" 1.04 N 1.04Y
factor

f, Development standard factor 04tol.4 04tol1.4 0.3to1.4
(dev. costs)

f, Technical quality factor (dev. system/element system/element system/element
costs) specific specific specific

f3 Team experience factor (dev. 0.7to 1.4 0.7t01.4 0.7to1.4
costs)

f, Cost reduction factor for series 0.7to 1.0 0.7to0 1.0 0.7t0 1.0
production (prod. costs)

fs Refurbishment/maintenance mission specific mission specific mission specific
cost factor (ops. costs)

fe Cost growth by deviation from see Appendix D see Appendix D see Figure 49 in
optimum schedule (dev. costs) Appendix D

f; Program organisation / cost n %% n %" n %"
growth factor for parallel
contractor organisations (dev.
costs)

fs Regional productivity model see Appendix D see Appendix D see Appendix D
(dev. costs)

1 Cost impact of sub- see Appendix D see Appendix D see Figure 50 &
contractorship Appendix D

f10 Cost reduction by past 0.7t00.85 0.7t00.85 0.75t00.85
experience, technical progress
and cost engineering
application

fi1 Independent development w/o | 0.55 to 0.65 0.3t0 0.45 0.45 to 0.55
government contract’s
requirements & customer
interface

*) N= number of vehicle stages
**) n= number of parallel contractor organisations involved in program

A particular feature of the model is the use of the ‘“Work-Year’ costing unit, which
provides firm cost data transcendent of inconsistencies due international currency conversion
rates and annual inflation fluctuations. TransCost and all constituent CERs are entirely

transparent with each CER specified, explained, and all underlying reference projects shown,
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with accuracy for historic cost data regression stated as being within +20% of cost data range
[102]. The open nature of TransCost also means that it can be easily implemented within various

programming environments, such as Excel©, which will be demonstrated further in this Thesis.

TransCost
Model
Development Cost Production Cost Operations Cost
+ Expendable vehicles (ELVS) 4+ Vehicle elements & systems 4+ Prelaunch operations (DOC)
4+ Reusable vehicles (RLVs) 4+ Engines 4+ Commercialisation (I0C)
+ Engines + Refurbishment /spares (RSC)
v v \/
RSC (RLVs only) I0C DOC
+ Vehicle refurbishment + System management + Ground operations
+ Engines refurbishment + Marketing & contracts + Propellants & materials
<+ Technical system support <4 Mission operations
+ Facilities’ maintenance + Fees & insurance

Figure 20: TransCost Model category structure for CERs and costs

4.4.2 TransCost Selection Criteria

In summary, the TransCost model is a dedicated launch vehicle cost model which covers
launch vehicle development, production and operation for both expendable (ELV) and reusable
(RLV) launch vehicles. A key feature is a detailed and transparent cost database of reference
programs for European and US space projects over the past five decades, based on which
underlying CERs are derived from. Each cost category is further broken down into sub-categories

with their own unique, respective CERs addressing various ELV and RLV technology categories
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of stages, solid and liquid propellant boosters, pressure-fed and turbo- and ramjet engines, and
crewed capsules and space systems. Different complexity factors underpin each CER, and
address system-level parameters including mass, number of launcher stages, number of units to
be produced, and expected launch rates. Complexity factors are then further assigned as
necessary to factor for aspects like technological level, team experience, regional productivity,
series production, and program funding structure. A particular feature of the model is also the use
of the ‘Work-Year’ (WYr) costing unit, which provides firm cost data transcendent of
inconsistencies due to international currency conversion rates and annual inflation fluctuations.
The effort figure can then be converted to any currency, for any year’s economic conditions
(e.c.).

Therefore the TransCost model applicability and selection for the SpaceLiner project was

justified for the following main reasons:

e Dedicated cost model for launcher vehicles (ELVs and RLVs).

e Updated database from 52 years of program history for Europe, USA, and Japan.

e Transparent, open CERs with identifiable and visible reference missions behind each

formula shown in a graphical display of reference points.

e Ideal applicability at high, total system level

e High suitability for use during early, conceptual inception and design phase while

technical and mission details are still emerging

e Uses of effort “WYTr” unit to quantify cost, which overcomes possible exchange rates,

currency, inflation and timeframe conversion fluctuations and inconsistencies

e High relevance also to advanced, reusable space transportation concepts
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Therefore the TransCost model was selected as the basic, kernel model and tool for the
baseline SpaceLiner LCC calculations of development and production. In particular, dedicated
CERs applicable to these two cost categories were targeted for utility. Operations costs (WBS
element 7000) could be disseminated largely in a qualitative only, with some numerical figures
provided, although backed mainly by analog or EJ CEMs. In addition, ground infrastructure
(WBS element 6000) was also loosely estimated based on the EBU, analogy and EJ approaches.
due to the still early program phase of the SpaceLiner concept, the final version of these two LCC
aspects will need to be reconsidered at a later stage when final program details and requirements
are concrete. Therefore, the non-recursive development costs, and the recurring production costs
were focal to this study.

Based on theory, other supporting CEMs including analogy, EJ and the ROM approach
were also deemed relevant, concurrently employed, and often relied upon as sanity checks during
the costing process.

The overall cost estimation ranges for SpaceLiner development and production are
therefore a result of the CEM amalgamation approach (AA) which has been strategically
established, developed within this Thesis, and applied to a current actual space program in line

with efficient cost engineering principles and practices.

443 PRICE Systems PRICE-H

The PRICE-H cost estimation model was developed by Frank Freiman in Moorestown,
New Jersey, with its origins in military space applications. Based on his studies of statistical
quality control, in 1969 he invented parametric cost modeling for hardware systems development
and acquisition [12, 152]. The PRICE-H Model was then established commercially by Mark H.
Burmeister at the former RCA-Astro organisation, now Lockheed Martin in 1975 [152]. Being
developed to assist with bidding on payloads for military systems to DoD on intelligence

satellites, the PRICE Systems Solutions now constitutes a market leading software distributed by
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PRICE (Parametric Review of Information for Costing and Evaluation) Systems internationally.
A subscription for the software is required.

The PRICE® Systems Solutions is based on the parametric CEM, and consists of two sets
of models, being the legacy PRICE Estimating Suite (PRICE-H and PRICE-S) and the new
generation TruePlanner (True-H and True-S) [137]. Both PRICE models contain hundreds of
CERs derived from extensive research and statistical analysis of data from over eleven thousand
completed projects with defined product characteristics and known schedules, with most of the
data points themselves sanitised. The CERs are proprietary and the database therefore
confidential. As such, PRICE-H is what is referred to as a ‘data-empty model’, also meaning that
the model must be calibrated prior to its application for a specific project. The PRICE Estimating
Suite is not a dedicated space systems or launcher model, so applications extend across multi-
disciplinary estimates. The model is however very frequently applied to the space sector for
hardware, software and scheduling estimations and project planning, particularly at the product
concept stages [42]. Clients of the PRICE products include organisations like the DLR and

NASA, which hold agency wide licenses on the software [135].

Since this Thesis has a hardware focus, only hardware models will be mentioned herein.
To complement PRICE-H, the PRICE suite also includes the PRICE-HL (Hardware Lifecycle)
and PRICE-M (Electronic Module and Microcircuit) models. PRICE-H has the capability to
estimate most manufactured items and assemblies, and requires key inputs such as weight,
manufacturing complexity, quantities, schedule information, development costs and production
costs [60]. The model must first be calibrated for each individual project by the user, which
consequently allows for extraction of benchmark data for future use and reuse. This calibration is
achieved through application of multiplication factors including the main Platform and
Complexity parameters, the latter are deemed to be the core of the PRICE hardware cost model,

being the universal metric for normalised cost density in a hardware item. A basic Platform Value
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allows for conversion of historical data to more modern applications by transcending different
disciplines, and effectively considers different operational environments in terms of commercial,
military ground, airborne, manned and unmanned space. Complexity factors must be calibrated
respective of product family, with the Engineering Complexity Factor addressing design standard
and team experience in combination with a Manufacturing Complexity Factor. While the model
facilitates for manual entry of parameter values, default Complexity values are also available.

The complementary PRICE-HL model generates operations and support cost outputs
across all phases of hardware life cycle. Additionally, the PRICE-M estimates electronic module

and applications specific integrated circuits (ASICs) development and production costs.

4.4.4 aces by 4cost

The Advanced Cost Estimating System, aces, is a parametrics-based module of the 4cost
suite, constituting cost estimating software for gauging plausibility of projects during the early
stages. Released by the German company 4cost, this ‘most innovative parametric model
available’ [2] was developed by a group of software, hardware and cost engineers under the
leadership of Herbert Spix, and has been on the market since 1992. An annual license fee
depending on the license type is applicable.

The 4cost aces model is a general all-purpose model applicable to compile cost estimates
for mechanical and electronic hardware assemblies and systems as well as software programs [4].
Again, being a data-empty model, 4cost aces must be calibrated prior to project application and
in line with respective historical company data. A built-in model for life cycle costs allows aces
to derive costs from acquisition stages, to preliminary design and development through to
production and LCC analysis. Optional user calibration allows the model to function like a
specific tool. Within the space industry aces has been used by companies and research
institutions including OHB, DLR and the former EADS Astrium, now known as Airbus Defence

and Space.
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The model is differentiated by the fact that it does not have an underlying database of past
missions. Instead mathematical functions and algorithms (CERs) based on multi-disciplinary data
collected and analysed over many years, form the basis of all cost estimates. As a deviation from
the traditional processes, inputs like material lists and labour hours are therefore not needed.
Instead, inputs pertain to economic conditions, manufacturing processes and development
strategies [2], based on which only relevant inputs associated with an appropriate mode are
highlighted for the user. Programmed using Visual Studio and C++, aces facilitates for common
import and export interfaces in various formats including, amongst others, Excel© as well as text
files [3].

The resulting output estimate provides an initial ‘feasibility check’ for a preliminary
design, and cost information for hardware development, production and LCC trends. The output
also reflects costs including those associated with design engineering, drafting, project
management, documentation, system engineering, special tooling and test equipment, material,
labour and any overheads. The model also provides estimates for subsystem integration and

assembly costs and system testing [2].

45 TRANSCOST MODEL TESTING, CALIBRATION & VALIDATION

The process of understanding, testing and validation was only possible and therefore only
relevant and applicable for the TransCost model. This is the only transparent, and data-open
model which facilitates for a testing and calibration regime to be implemented. The 4cost aces
and the PRICE tools, being commercial tools, are both data-closed and confidential models with
non-transparent databases and thus, model mechanics. Both models, however, are widely utilised
within the space sector within formulation of cost estimates for a wide range of missions and

applications, and also during various program phases.
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45.1 Understanding TransCost Development Cost Estimation

Prior to the TransCost model being applied for calculating SpaceLiner development costs,
it was deemed important to firstly test the model and establish a solid understanding of its
mechanics, and the associated complexity factors, as well as the CERs, their derivations and
groupings of underlying reference missions. This was achieved by applying TransCost to several,
select known missions, which allowed for calibration of complexity factors for future application
to SpaceLiner.

During this process, the programmed Excel interface was also consequently tested and
debugged. To achieve this, a TransCost testing and calibration regime was developed and
defined, during which TransCost was applied to various launcher programs, the resulting cost
estimates analysed and conclusions drawn. This process is illustrated graphically at a top level in

Figure 21.

Identification of launch vehicle / system

documents/reports € . literature
Location of reference cost data <
polling industry/ EJ 4= ROM

@l

Application of TransCost CERs / method

-

Comparison of TransCost results
with reference data

&

Analysis / TransCost calibration / lessons
learned / conclusions

Figure 21: Illustration of TransCost model testing regime

110



4.5.2 TransCost Development Cost Structure

The TransCost model arrives at its development cost estimates for each individual system
component, such as a system stage, booster or propulsion unit, or engine. These are then
summed, and complexity factors are applied at a higher level. Here it is important to note that the
factors fs, f7 and fs are collectively known as programmatic factors (PF) since they are associated

with program organisation, and are described in the definition of the top level formula:
Co=foQ H, +D H, +D H) fo fr [y (1)

where fo: systems engineering/integration factor
Cp: total effort (WYr)
Hg: engine CER effort (WYr)
Hy: vehicle/stage CER effort (WYr)
Hpg: booster CER effort (WYr)
fo: scheduling complexity factor
f7: program organisation factor
fs: regional productivity factor.

For each category of engine, vehicle and boosters, independent CERs have been derived,

taking on the following two forms:

H=aM"-f-f, )

H=a-M-fff, 3)

where H. element CER effort (WYr)
a. derived constant (CER specific)
M. mass of component (with derived CER specific exponent, x)
f1. development standard factor
f2: technical quality factor
f3: team experience factor.
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Therefore, each program or vehicle must be segmented into its constituents, which are
then costed respectively at a system level. The launcher system elements covered by the
TransCost model are split into two categories of Propulsion/Engine Development CERs and

Vehicle Systems Development CERs, the constituent elements of which are shown below.

e Propulsion/Engine Development CERs
0 Solid-Propellant Rocket Motors
0 Liquid Propellant Rocket Engines with Turbopumps
O Pressure-fed Rocket Engines

O Air-breathing Turbo- and Ramjet Engines

¢ Vehicle Systems Development CERs
0 Solid-Propellant Strap-on Boosters and Stage Systems Rocket Motors
O Liquid Propellant Propulsion Systems/Modules
O Expendable Ballistic Stages and Transfer Vehicles (ELVs)
O Reusable Ballistic Stages and Transfer Vehicles (RLVs)
0 Winged Orbital Rocket Vehicles
O HTO First Stage Vehicles, Advanced Aircraft and Aerospace Planes
O VTO First Stage Fly-Back Rocket Vehicles
0 Crewed Ballistic Re-Entry Capsules

0 Crewed Space Systems

After this, the appropriate TransCost defined complexity factors are applied, and all
individual costs tallied to arrive at a final total system-level cost. The only sub-system
information required by TransCost is that for engines (namely the mass and a technology factor,

/2, which is specific on a case to case basis). Inherently, the TransCost model does not adequately
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facilitate for a reduction in costs due to existing heritage from previous, similar programs. A team
experience factor addresses the familiarity of a team with a proposed project. A technology
specific factor, f, is then applied based on each specific system or element type.

Furthermore, it is important to note and highlight the specific ‘development costs’
definition which TransCost adopts. Five types of development costs can be identified and

classified. These are:

1) Effective Cost to Completion (CTC) — Total cost after completion of the program,
including inflation

2) Most Probable / Realistic Development Cost — Including a margin for unforeseen
technical problems and delays which cannot be established at commencement of a program

3) Ideal / Theoretical Development Cost — assumes everything goes according to
plan with no technical or schedule problems (this is the standard industrial proposal basis)

4) Minimum Credible Development Cost — unrealistic cost estimate under
competitive situation in order to win a bid or contract (some cost items neglected)

5) Unrealistic Development Cost — Cost figures based on ‘“believing” with no cost
studies nor analyses and a lack of experience in order to sell a concept

Here, the development cost type which is calculated by the TransCost CER algorithms is
Type 2 - Most probable / Realistic Development Cost since the underlying CERs are based on
actual post-program completion system development costs. To put this in a rough numerical
context, such a ‘most probable’ cost is a ROM 15-20% higher than the ‘ideal cost” shown above
in example 3, and also calculated using the EBU CEM which tallies independent cost estimates at
a micro, sub-systems. Here, since TransCost CERs are based on actual costs, including therefore
the costs for unforeseen technical problems and delays, TransCost therefore claims to “represent

the ‘most probable’ or ‘realistic cost’”’[102].
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453 TransCost Production Cost Structure

Similarly to the development costs, TransCost arrives at its production cost estimates for
each individual system component, such as a system stage, booster or propulsion unit, or engine.
Furthermore, the cost for production of #» number of units can be calculated, as well as for the n™

number of units. The top level formula is described in in Eq. 4 below:
Cr =fO(ZFE+ZFV)'j[87 (4)
1 1

where Jfo: systems management/vehicle integration & checkout factor
Cr. total effort (WYr)
n. number of units to be produced

Fg. engine CER effort (WYr)
Fy. vehicle/stage CER effort (WYr)
fs: regional productivity factor.

If we assume that n=1, then we can calculate the production cost for the theoretical first
unit (TFU), which is always the most expensive unit of the production chain, since afterwards the
learning effect is observed.

Going one level deeper, for each category of engines and vehicles, independent CERs

have been derived for production costs, which take on the following form:

F=naM"f, ()

where F: element CER effort (WYr)
n: number of units to be built
a: derived constant (CER specific)
Mx: mass of component (with derived CER specific exponent, x)
f4: learning factor.
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Once again each program or vehicle must be segmented into its constituents, for which
production costs are then calculated. For production, again, the components are split into two
categories of Engine Production CERs and Launch Vehicle Systems Production CERs, as shown

below.

e Engine Production CERs (First Unit Cost)
0 Solid-Propellant Rocket Motor, Strap-on Boosters and Stage Systems
O Liquid Propellant Rocket Engines

O Air-breathing Turbojet Engines

e Launch Vehicle Systems’ Development CERs
O Propulsion Modules
O Ballistic Vehicles/Stages (Expendable and Reusable)
O High Speed Aircraft / Winged First Stage Vehicles
O Winged Orbital Rocket Vehicles

0 Crewed Space Systems

A key consideration within the TransCost production cost category is the learning factor
calculation. This hinges on empirical charts featured in the handbook, for engines and stages
respectively, and is underpinned by the unit mass (per engine/stage) and the expected annual
production rate. In fact, the number of units to be produced plays an important role, since the
production cost can be expressed as a sum of a batch of » units, or alternatively, as the cost to
produce the ™ unit in a batch.

As in any industry, consecutive units manufactured in succession to the TFU will be
subject to the learning effects of production. Consequently, associated costs are expected to fall.
This process can be described mathematically, with various learning effects mathematically noted

across different industries. The TransCost model addresses the issue of the learning effect
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through a production cost reduction factor, fzon a component level, as seen in Eq. 5. This f«factor
is based on the learning factor, p. Originally proposed by Theodore Paul Wright in the traditional
average unit value approach denotes that a learning factor of 0.8 results in a cost reduction of
80% through the doubling of production for a single unit [100-102].

For space systems, the learning curve value has been found to lie generally between 0.80
and 1.0. Concurrently, for the aerospace industry, NASA has established this learning factor to be
0.85 [136, 137]. The specific value, of course, is quite logically dependent on unit size (mass)
and the frequency of production (i.e. annual production rate). The basic underlying presumption
is that the higher the production rate, the more pronounced the learning phenomenon, and hence
the lower the overall production costs.

The number of parallel contractors, or in other words, a collaborative multi-organisational
effort for production, also incurs a significant cost increase. For example, in the case of the
Concorde, it was rumoured that the development cost increased by 30% due to the collaborative
nature of the project, with two production lines required, one in Bristol, and one in Toulouse
[145].

While this is an interesting production cost-driver to identify, as the production
framework for the SpaceLiner case-study remains to be defined at this early phase, this factor is
not incorporated into the calculations. As this becomes known, the cost estimate should be

amended and revised, in line with cost engineering principles.

45.4 TransCost Model Excel Tool

The TransCost 7.3 model was taken as the baseline and programmed into a dedicated in-
house Excel® spread-sheet interface and this tool was used to arrive at development and
production cost estimate ranges using information. A screenshot of a development cost

spreadsheet is shown in Figure 22 below.
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3 |UNIT 1

L Chapter 2,31 Solid Propellant Rocket Motors TC, pg 32
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8 NORP 10

g |COST M£ (2013 e.c.) 0,000 150750
1 Europe
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15 |Hel= 7= 0 481 {23 Engine Dry Mazs (M} 0

15 Hel= 0,00 WY'r il 0
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19 |Mg (¥ gualfctn. firings) = 1 NORP 10
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Pl COUNTRY

el YEAR
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24

el Chapter 33 Pressure Fed Rocket Engines TC, pg 39

26 |Hep = 167 *M40.35*f1 * 3 Engine Diry Mazs (M} 0

27 |Hep = 0,00 Wy'r il 0

23 3 0

29 NORP 7

30 COST ME (2013 e.c. 0,000 190750

Byl COUNTRY Europe

el YEAR

Bl COST

34

k=l Chapter 2,341 Airbreathing Turbojet/Turbofan Engines TC, pg 42

36 |Het = 1380 * M*0.285* 1 * f3 Engine Diry Mass (M} 0

37 |Het = 0,00 WY'r il 0

35 3 0

39 NORP 5

40 COST M£ (2013 e.c. 0,000 150750

LAl COUNTRY Europe

Ll YEAR

LRl COST

Ll

45

LN Chapter 2,342 Airbreathing Ramjet Engines (no examples exist yet TG, pg 43

47 Her = I55*MM0.295* 11 = f3 Engine Diry Mass (M} 0

48 |Her = 0,00 WY'r 1 0

45 3 0

50 NORP 0

51 COST ME (2013 e.c. 00,0010 150750

el COUNTRY Europe

53

54

Figure 22: Screenshot of programmed TransCost tool in Excel showing the development cost
interface
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The initial TransCost 7.3 cost estimation model and the associated CERs and complexity
factors were programmed in Microsoft Excel in three dedicated spreadsheets for Development,
Production and Operations. Supporting worksheets were also made for key complexity factors,
including f4, learning factor, 8, country productivity, as well as the vital TransCost WYt model.
This spreadsheet tool was used as the basis for conducting cost estimation calculations for
existing programs, and therefore analyses of the TransCost model and its mechanics.

More recently, the latest versions of TransCost 8.1 and 8.2 were obtained and studied
closely to identify the changes which have been implemented since the previous TransCost 7.3
version. The existing Excel spreadsheets were consequently reprogrammed to implement
TransCost 8.2 and new results calculated and compared to existing cost estimation results. The
outcome of this exercise was to ascertain whether the new version was more representative of
actual costs. The main changes observed were small variations in factor-defined value ranges,
and are shown comparatively in Table 9 from Chapter 4.4.1 above.

A key difference with TransCost 8.1 and 8.2 is that the fs country productivity factor is
applied on an individual CER basis internally within each of the development, production and
operation (DP&O) sub-groups. Previously, however, fgs was applied to the sum of the latter, at a
higher level, when the sum of each CER was individually tallied. From a logic perspective, fg
represents country productivity. In this sense, it is logical for this factor to apply at a lower level,
since within a single project, difference components are frequently manufactured in various
countries and are subject to different productivity conditions, which also influences costs. For
most of the above development programs, work was performed in Europe and the European
productivity factor (0.86) was therefore overall applied to the sum of the development,
production and operations rather than on an overall Y Cp basis. In any case, this minor difference
has no significant effect on costs calculated within this Thesis. Nevertheless, a future work to this
existing TransCost validation regime could be a re-calculation using the updated and latest

TransCost version, which ever this may be at the time of this proposed future re-work.
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455 TransCost Development Cost Test & Calibration

The focal cost category for this Thesis is development cost. A range of launch vehicles of
interest and their development programs were identified, being both ELVs and RLVs. TransCost
was then extensively tested against existing cost data to obtain a solid feel for model dynamics,
cost driving parameters and the complexity factors and their sensitivities. Here, only the
development program phase (Phase C) was considered since the TransCost production cost was
not ideally suitable for the SpaceLiner case-study example, something for which AA is ideally
suited for, as is explained later in the Thesis.

The launcher programs assessed include both realised programs, as well as concept
studies, like the ASTRA Hopper vehicle. The programs to which the TransCost model was

applied, are listed in Table 10.

Table 10: Space programs used as inputs for extensive TransCost testing process

ELVs RLVs
Ariane 5G Space Shuttle
Ariane 5ECA Buran-Energia System
VEGA & VENUS LFBB
VLM ASTRA Hopper

The RLV testing process for the LFBB concept is presented in detail within the main
body of this Thesis, as this is particularly relevant to the selected SpaceLiner case-study.
TransCost applications for RLV vehicles as shown in Table 10, are to be found fully for
completeness sake in Appendix E, while all ELV analyses can be found in ref. [207].

The biggest challenge of this testing process and regime was data acquisition and
ensuring its validity in terms of availability, sufficiency, representativeness and completeness of
information. Sources of data and figures included text books, official documents (program

reports, official industry presentations and meeting proceedings), internal sources like documents
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and technical notes, and complimented by information obtained from the polling of experts. In
particular, vehicle program cost data was required, as well as background information and
technical parameters, including masses. In many cases, existing data had to be carefully analysed,
disseminated and processed to identify respective development and production costs proportion
of overall stated program costs which were often expressed as bulk, combined figures.

In addition to the baseline parametric TransCost model and Excel tool, other CEMs which
were used concurrently and include the analogy, EJ and the ROM approach. These were
necessary and applied during selection of the TransCost complexity factors (f;), as well as for

‘sanity checks’ to the resulting costs calculated.

4.6 TRANSCOST TESTING, CALIBRATION & VALIDATION FOR RLVS

Extensive work and analyses were conducted for the purpose of applying and therefore
testing, calibrating and validating the TransCost model. Such a strenuous testing regime also
allowed to ascertain whether the programmed TransCost model Excel tool (see Chapter 4.5.4)
was representative, facilitating for the debugging of any potential programming errors. The
created Excel Tool was therefore used to perform all the cost estimations for validation purposes.
In addition, in order to be able to calibrate the model in the future for application to other
purposes, such as the SpaceLiner case-study, different exampled had to be taken where some
available cost data could be found, so as to compare, be it only loosely, the results TransCost
costs with some existing stated cost data.

TransCost was applied to the Russian Energia-Buran launcher system, as well as the
American Space Shuttle to determine the program development costs (see Appendices 0 and 0).
These two programs are of distinct interest since they are the only existing space systems which
can be considered as “reusable” (although technically, only partly so) which have flown to date.

Due to numerous similarities between the Buran and Shuttle programs, a direct comparison
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between the two systems and their costs, which firstly need to be identified from literature, was
also of interest within the scope of this study. Furthermore, two additional RLVs — the Liquid
Fly-back Booster (LFBB), described in the following chapter, and the ASTRA Hopper vehicle

(see Appendix E), were also assessed with regards to their program costs.

4.6.1 Liquid Fly-back Booster

There are various LFBB vehicles which have been proposed and consequent studies
which have been conducted and documented. There are, however, no realised projects for this
category of vehicles. Within context of this particular study and report, the important requirement
was to identify some existing data which presented some reflective cost figures for a given
project. This way, this data and figures would provide a basis against which a TransCost
formulated estimate could be benchmarked and compared with.

Internal documents for the ASSC2-Y9 LFBB were identified [50] which presented cost
estimations and a detailed LCC breakdown for this particular LFBB. Therefore the relevant data

was also extracted and used for input into the TransCost spreadsheet.

Figure 23: ASSC2-Y9 concept of a semi-reusable launch vehicle with A5 core stage and two
attached, reusable fly-back boosters [46]
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4.6.1.1 LFBB Configuration

The LFBB (ASSC2-Y9) launch vehicle comprises of the following elements, for which

the development costs are applicable:

e Main cryogenic stage EPC-H185 (expendable)
e Vulcain 3 main engine (reusable)

e LFBB (reusable)

Here, the focal element for cost estimation is of course the reusable LFBB stage. Of
course this has no bearing on the effort amount, since this is merely a measure of effort, and as
such is irrelevant for which year this work effort is converted into a monetary amount. The final

costs, however, are all given in 2011 e.c. values to assist for a relevant comparison to be made.

4.6.1.2 LFBB Excel Component Break-down Structure

The component breakdown structure and the Excel TransCost spreadsheet screenshots
with all relevant inputs and complexity factors for ASSC2-Y9 are presented in Table 11 through

to Table 13 below.

4.6.1.3 LFBB Calculation Assumptions

Some key assumptions also had to be made within the scope of the LFBB cost estimation
with regards to numerous inputs and some complexity factors. The key assumptions are outlined
below, and are also annotated in red with association to the fields which the assumptions affect
in the tables above.

Furthermore, for the LFBB, significant heritage exists for various components, and
therefore, the newly developed and introduced TransCost f}, factor for delta developments, is

applied. This is found in Appendix E, where the derivation process is also fully described.
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Table 11: TransCost CER for Vulcain 3 engine

TC 7.3, Chapter 2.32 Liquid Propellant Rocket Engines pg. 49 ‘

CER = 277*MN0.48 * f1 * f2 * f3* 5 Engine Dry Mass (M) 2370

= 3302.89 WYr fl 0.70

f2 (# test firings basis) 0.73

for f2 calculation f3 0.80

Ng (# qualification firings) = 200 f12 Al. 0.70

COST M€ (2011 e.c.) 922.2 NORP 10

Table 12: TransCost CER for main cryogenic stage EPC-HI185
TC 7.3, Chapter 2.43 Expendable Ballistic Stages & Transfer Vehicles pg. 49 ‘

CER = 100 * M~(0.555) * f1 * f2 * f3 * {5 Vehicle DRY Mass w/o Engines (M) 16851

= 647.66 WYr fl 0.40

for f2 calculation 2 1.04

M_NET 204767 f3 0.70

M_engine 2840 | A3. f12 A2. 0.10
M_propellant 187915
% Res. Gas at c/o 3
Res. Gas at c/o 1200
Usable Prop Mass 186715
M_dry 15212
NMF specific 0.08
NMF average 0.085

COST M€ (2011 e.c.) 180.8 NORP 12




Table 13: TransCost CER for LFBB

TC Chapter 2.47 VTO First Stage-Fly-Back Rocket Vehicles (no realised projects) pg. 74 \
CER = 1462 * M~(0.325)*f1 *f3 *f5 Vehicle DRY Mass w/o Engines (M) A4. 39090
= 42479.59  WYr f1 1.1
f3 1.0
COST M€ (2011 e.c.) 11860.4 NORP 4

144!

Table 14: Updated CER for LFBB development cost (described later in Chapter 4.7)

Chapter 2.47 (est.)
VTO First Stage-Fly-Back Rocket Vehicles (no realised projects)
CER = 493.27 * M~ (0.3746) * f1 * f3 * {5 Vehicle DRY Mass w/o Engines (M) 39090
= 28488.21 WYr fi 1.1
f3 1.0
COST M€ (2011 e.c.) 7953.9 | NORP 4




Al. The Vulcain 3R engine and the associated technology already exist. However for the
ASSC2-Y9 vehicle, the engine must be reusable. To factor in for this, the fj, factor is taken to be

0.7.

A2. For the main EPC stage development, the newly developed fj, delta development
factor was applied. Based on calibration performed for ELVs (ref. [207]). the value was assumed

to be 0.1 since the stage already exists, and only minor delta developments are necessary.

A3. The mass for the engine was extracted from documents pertaining to a previously
conducted ASTRA study [199], and was taken to be 2840kg. This mass is seemingly different to
the mass entry for actual development of the Vulcain 3R in Table 11. This is explained by the
fact that the mass difference between the two is due to a nozzle-extension used for the EPC than
for the boosters, despite an identical engine. For the Vulcain 3R engine calculation, this is taken
to be the lighter mass, since mechanical tests are independent of the nozzle configuration. For the
f; calculation of the EPC, the heavier engine/nozzle mass is taken, representative of the actual

stage configuration.

A4. The LFBB dry mass w/o engines was calculated using data from [181] with the three
Vulcain 3R engines (3 x 2370kg) subtracted from the LFBB gross weight of 46200kg.

A5. A new, modified CER was established (est.) to rectify a shortcoming of the
TransCost model. This process is described in a dedicated Chapter 4.7 to be found later on in this
Thesis. The new CER applies directly to the LFBB category of vehicles, and is essentially an
augmented and modified version of CER 2.47. Here, it is interesting to apply this new, more
representative and justifiable CER to the ASSC2-Y9, for the LFBB stage. This recalculation and

the new results are shown in Table 14 above.
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After calculating all independent components which needed to be developed within the
scope of the program, the usual top-level TransCost formula stated in Eq. 4 is applied.

Here, it is important to note that results incorporate the WYr value calculated by the
updated and new CER derived for LFBBs (which is shown above in Table 13 and is outlined in

assumption on the previous page AS), and whose development is fully explained in Chapter 4.7.

In this case, the additional TransCost factors which are then imposed on the sum of the
constituent elements for ASSC2-Y9 system, are all outlined below, and their chosen values

stated:

. fo =108

(fo = 1.04 number of stages, in the case of the ASSC2-Y9, 2)

« =10

(here, assume no deviation from optimum schedule)

. f7=1.00
(f = n 0.2; with n being the number of parallel contractor organisations, in this case

assumed to be 1)

« £;=086

(TransCost stated country productivity factor for ESA)

The final development effort of the ASSC2-Y9 system, as calculated using the TransCost
7.3 model, was found to be a little over 30,000 WYt (30,174 WYT), equating to 8.6 BE at 2013

economic conditions.
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4.6.1.4 TransCost LFBB Result and Literature Comparison

Several key internal documents [48-50, 158] were identified to be representative values
for a comparison with the TransCost derived calculation. With the LFBB being only a concept,
the documents were independent, overall LCC calculations made for the industry using the
parametric PRICE-H software [152, 153, 209].

Key data extracted from the ASTRA report [158] for the comparison with TransCost
values is shown in Table 15 where it can be seen that the reusable Vulcain 3R engine is not
explicitly stated as an independent component in the DDT&E. However this cost is included in
the overall 2820 M€ stated for the LFBB. The exact cost of the Vulcain 3R is included in the
industry-developed cost estimation spreadsheet [50] and estimates the total development cost of

the Vulcain 3R engine as being 758 M€ at 2002 economic conditions.

Table 15: Industry estimated total LFBB development costs [158]

M€ Remarks
Project Office
Vehicle System 222
Mgmt & Ownership 443
DDT&E
LFBB 2821
EPCe 26 interface modifications
ESC-B 14 avionics modification
Upper Section 0 remains unchanged
Flight SW 218 200 men x 5 years
Proto-Flight Units
2XxLFBB 637 later used in the operating fleet
2 x EPCe 80 2 test flights
2 x ESC-B 37 2 test flights
2 x Upper Section 10 2 test flights
Ground Segment 588
Total Development Phase 5096
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Here, it must also be noted that the development cost for the Vulcain 3R engine is
different, to the same engine for the ASTRA Hopper concept. For the LFBB (758 M€), it is more
expensive than ASTRA Hopper (664 M€) due to six engines in total which are needed for the
two prototype LFBBs, as two booster units are always required per flight, as per the LFBB
configuration shown previously in Figure 23. And since development includes prototype units,
the added complexity of multiple engine integration, materialises itself in the higher development
cost.

Extracting relevant information, and including software costs which are also inherently
considered by TransCost, a comparative table between TransCost and literary (L) values is shown
below in Table 16. By definition, TransCost development cost already includes the first prototype
of the vehicle, while in literature, this is stated separately. Therefore, the literary design and
development costs as well as the cost of test models and proto-flight units are summed up in the
comparison table below, to make the results comparable with the TransCost development cost

calculation.

Table 16: Industry LFBB figures (L) compared with TransCost (TC) estimated values

Literary Cost TransCost Cost
Components Delta TC/L (%)
M€ (2002 e.c.) M€ (2002 e.c.)
Vulcain 3R Engine 572 -25
EPC - H185 stage 112 6

LFBB* 4929 83

Software *included n/a

*here, we assume the re-calculated value using the newly established CER 2.47 as outlined in assumption
A5 and fully detailed later in Chapter 4.7.

From the independent industry cost estimate, the total stated development cost of overall
cost components is 3.782 B€. In contrast, the TransCost calculated development cost, expressed

in a monetary value at 2002 e.c., is 5.613 B€, as summarised in Table 17.
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Table 17: Comparison of LFBB TransCost 7.3 and industry development cost

Literature TransCost Delta TC/L (%)

3.78 5.61 BE€ (2002 e.c.) 48.41

As can be seen, the TransCost estimation seems to be almost 50% greater than the
complimentary industry-based estimation performed using the PRICE software. The Vulcain 3R
engine component, as calculated by TransCost, is lower than the value derived from the industry
report. However, here it was noted that the industry reference spreadsheet [50] and the associated
industry report [158] incorrectly assume the heavier engine mass of the core stage of the ASSC2-
YO vehicle (stated as being 2654 kg), rather than the actual, lower booster engine mass (2370 kg),
which was used for development calculation cost in TransCost. Taking this fact into account, the
TransCost engine calculation seems to be fairly congruent with the PRICE industry cost
estimation. The EPC stage is also in strong congruence with industry-derived estimation. The
greatest difference in costs is evident for the LFBB stage. Despite applying the modified CER for
LFBB vehicles, development of the LFBB component, as estimated by TransCost, is almost
double that than the industry estimate.

Here, it may, however, be relevant to note that the industry document used for the
comparison was a competitive estimate to secure funding for the future of the program. Such a
cost estimate is defined by TransCost as being the minimum credible development cost produced
under a competitive situation in order to secure financing or a contract [102], as already
introduced in Chapter 4.5.2. Yet, this is an assumption, and in no way intended to qualitatively
nor quantitatively address the discrepancy. The other logical alternative is that, despite a
modified CER, TransCost still produces an overinflated development cost of LFBB-stages due to
a limited number of only four data points, meaning that each additional point significantly alters
the curve, and therefore the CER equation. This hypothesis would require further investigation in
the future, but for the present time, alerts us to the variable nature of cost estimation for tank-like

structures.
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47 CER DEVELOPMENT FOR REUSABLE BOOSTER STAGES

Throughout the entire process of using the TransCost model to come up with a cost
estimate, the utmost care was taken to ensure that every CER and its underlying data have been
understood. In fact, this philosophy is what underpins the logic for this part of this very work. So,
at every stage of that TransCost application process, wherever possible, own data has been
identified and compared with data points that feature in the TransCost model.

In view of this approach, the TransCost model’s Chapter 2.47 CER for VTO First Stage
Fly-back Rocket Vehicles, based on 4 reference points, triggered some doubt for the data point of
the ASSC-2, shown circled in red. This doubt arose during comparison of internal SART data
obtained from in-house documents, with the data implied by a reference point on the TransCost
CER curve. The CER graph in question is shown in Figure 24, as it appears in the TransCost
handbook.

Being one of only 4 data points (one of four reference projects) underpinning the CER
and thus the resulting development costs estimation, it was decided to establish a new CER using
relevant, available data to promote transparency and comprehension of the underlying database
and therefore the resulting development cost estimation figure. The data sets used for the CER
formulation were extracted directly from internal DLR and other available documents, and

included the following vehicles:

. ASSC2 V-4

. Space Shuttle LFBB
. ASSC2 Y-9

. FSSC-16 SR

Reliable and transparent data was readily available and therefore facilitated for

dissemination and analysis within context of the CER formulation process.
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Figure 24: TransCost CER for fly-back boosters based on four reference projects [100]

4.7.1 CER Establishment Process

TransCost represents its CERs graphically with both its x and y axes featuring logarithmic
scales, which makes the data easier to see due to its large spread, as shown in Figure 25. The

required input data to construct the CER so that it is in a TransCost congruent format is:

. x-axis: vehicle dry mass (without engines)

. y-axis: development effort (WYr)
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Figure 25: An example of a basic TransCost graph and associated CER with numerous reference
data points for rocket engines [100]

The TransCost model measures the development effort in the Work Year (WYT) unit.
However WYT figures are not always explicitly available within the literary data that, which
presented pure monetary currency costs. Therefore some basic reverse calculations were required
to arrive at an effort figure. This was done by identifying the relevant cost figure for each
program, as well as the associated year for economic conditions (e.c.). The TransCost Work Year
cost history table was then used to divide the total cost by the cost of one Work Year for the
particular, respective country, for that particular, respective currency. The result then yielded the

Work Year figure. For example:
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e Literary stated cost of Space Shuttle LFBB development: $5 B USD 1999 e.c.
o TransCost WYr value for the US in 1999: $203,000
e  WYrvalue for Space Shuttle LFBB: $5,000,000,000 / $203,000 = 24,631 WYr

When a concrete WYt value had been established per program, additional complexity
factors, fj, f3 and fj, were furthermore applied to the final WYr amounts for most of the 4
reference projects. This was done to adjust for differences and complexities between each
program, and to bring the figures to a common baseline so that they could be directly compared.

To remind the reader about the exact definitions of each complexity factor:

e f): development standard factor

e f3: technical quality factor

e fj»: a newly established delta development factor which has been additionally
implemented (based on extensive TransCost model application and analysis process, see
Appendix E) within the existing TransCost framework to address cases where
development of a technology/stage/component has considerable heritage which other

existing TransCost factors (such as f}, f; and f3) do not fully reflect nor encompass.

A summary of the four reference projects, the resulting development WYT figures as well
as the associated complexity factors which were assumed, are shown below in Table 18. Reasons,
justifications and assumptions are then consequently provided for each program, explaining the

complexity factors which have been applied and their values to facilitate for data normalisation.
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Table 18: CER complexity factor values assigned to stated cost data for normalisation

Adjusted
Program/ Vehicle Dry | Development Development
Vehicle Mass (kg) Effort (WYr) Effort (WYr)
ASSC-2 Y-9 39090 14656 | 09| 09| 0.9 20104
Shuttle LFBB 64039.6 24631| 09| 09| 0.9 33787
ASSC-2 V-4 17839.9 17811 | 1.0| 0.9 1.0 19790
FSSC-16 SR 34000 34417 | 1.1 1.1 1.0 28444
ASSC2 Y-9:

e f,=0.9: considered as a fundamentally EPC-derived standard project

e f3=10.9: similar project to the Ariane 5 EPC stage, and some experience from hypersonic

test airplanes

o fj; =0.9: subsystems, like the landing gear (Embraer EMB195), and actuators are reused

from existing flight vehicles

Figure 26: ASSC-2 Y-9 [46]
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Shuttle LFBB:
e {1 =0.9: based on Atlas V and Space Shuttle Orbiter technology
e f3=0.9: similar project to the Space Shuttle and Atlas V

e f;,=0.9: Atlas V main tank is partially reused

|

f

WA
| |

/ _l_]'eusabl'e First Stage

' |
it.
d Q a

Figure 27: STS configuration (left) and schematic (right) showing Orbiter, External Tank and
dual LFBBs in its ascent configuration [26]

ASSC-2 V-4:
e f; = 1.0: smaller tank, but novelty in technology (the tanks are separate, which is different

to Ariane 5 technology), challenging bulkhead

e f3=0.9: similar project, Ariane 5 EPC, hypersonic test airplanes

e {1, =1.0: no delta development considerations, all new components
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FSSC-16 SR:

e f; = 1.1: standard project, but more advanced technology than ASSC-2 (the tanks are

separate, which is different to Ariane 5 technology)

e f3=1.1: partially new project due to new advanced technology

e {1, =1.0: no delta development considerations, all new components

LH2
LOx
LH2

LOx

8

LH2

Figure 28: FESTIP FSS-16SR (top) [108]

Ultimately, after being adjusted and standardised, the four reference data points were
plotted on axes with logarithmic scales, and the associated power equation deduced, exactly
congruent with the TransCost CERs derivation method. The own CER which was consequently

derived from, and is shown in Figure 29 below, is:

(6)
CER =493.27 M*.

The other points, as seen on the graph with the same x-axis (vehicle dry mass) values, are
the values which have been further adjusted through application of complexity factors, fi, f3 and
fs, to ensure that four reference projects and data-points are standardised and are in fact

comparable, so that a CER can be justifiably established.

136



Established CER (power regression)

* y = 493.27 M°3746
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Figure 29: Newly established CER for reusable LFBBs

With a new CER established based on modification of the existing one, it was then most
interesting and indeed a logical step to compare the visual representation of this CER with the
original TransCost CER version. This comparison is shown in Figure 30.

It can be clearly seen that while the gradient of the two CER curves are similar, the
modified, established CER nevertheless has a greater gradient than that of the TransCost curve.
This means that based on the underlying CER data, the development effort, and therefore cost, is
effectively more sensitive to an increase in vehicle dry mass than the TransCost CER implies.
Additionally, due to a lower positioning of the new curve with respect to the y-axis, it can be seen

that the absolute WYTr effort is roughly a factor of 2 lower than for the original curve. Overall, it
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is considered that with this modification, a more accurate representative CER has been
established for reusable stages.

In addition, and given the newly established LFBB CER, the calculation already
conducted for the Liquid Fly-back Booster earlier in Chapter 4.6.1 was also revisited, and a
revised development cost for the LFBB stage, calculated. This is outlined in Assumption 5 (A5)
of Chapter 4.6.1.3 on page 119 of this Thesis, with final results shown in the previous Table 14.
As expected, a significant cost reduction of over 30% in this instance is observed between the
original TransCost LFBB CER result, and the result of the newly established CER shown in Eg. 6

above and visually contrasted with the TransCost CER below in Figure 30.
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Established CER (power regression)
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Figure 30: Comparison of newly established LFBB CER (power regression) with the existing TransCost CER




4.8 COSTING THE SPACELINER CASE-STUDY

4.8.1 Methodology

Early phase cost estimation poses a significant challenge given still evolving, limited
program information. CEMs, models and tools do exist to deal with very top-level estimates even
during early phases. However, most are parametric, meaning historical references are used to
model and predict future costs, adjusting for any minor modifications with complexity factors.
Yet if the program to be costed is significantly new or state-of-the-art compared with historical
projects which form the basis of a CER, then results of a single parametric model may provide a
non-indicative result of realistic costs. SpaceLiner is both in the early development phase, and
also a largely unprecedented vehicle, so both challenges hold true. As such, the associated risk
and uncertainty of the cost estimate, while already being inherently high during early program
phase (see Figure 4) is furthermore compounded.

At the top WBS level, as already presented in Chapter 4.1.1, the four key SpaceLiner
components of SLB, SLO, SLME and SPC are foreseen to incur non-recurring development
costs. Their masses for the SpaceLiner version 7.2 were obtained (see Appendix F) and used as
inputs for all models and tools.

The SLO, SLB and SPC form the top hardware categories of the overall developed WBS
for the SpaceLiner concept, from WBS element 2000 through to 4000. In the WBS the main
engine, SLME, is a subset of level two SLO and SLB elements found under 2200 and 3200 for
Propulsion. Here, it should be reminded that only one development cost for the two SLO and
SLB engines is incurred, since both engines are mechanically identical, with the only difference
being the nozzle extension. Here, to attribute specific percentiles of novelty to two separate
engines of the same technology, but of different scaling, would also be unreasonably precise at
this early stage. Therefore, with the inherent margin for technology heritage of the engines in
mind, it was assumed and deemed sufficient that development cost of one 100% new engine

(taken to be the larger mass and dimension) would be calculated, and would adequate to address
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the engine development effort and cost for both SLO and SLB, as has been discussed in Chapter
4.1.

All cost estimates resulting from multiple modes were entered into the specially
developed AA Excel spreadsheet, AAInT, which is specifically designed and developed to
ideally support the AA function, as already introduced in Chapter 2.6.2.2. AAInT was then
adapted for the unique nature and particular WBS of the chosen case-study. The key objective
and function of AAInT is to contain all WBS as well as multi-modal cost data in one spreadsheet.
As such, the main summary AAInT cost sheet derives its values directly from the source cost
files, thus eliminating the chance of transcription errors and minimising the potential for human
error. The summary sheet, as tailored to the SpaceLiner case-study, a snapshot of which is shown
below in Figure 31, then allows for direct comparison of costs at WBS level 2 (L2wgs) and L3wgs
between the different costing modes. Functionally, AAInT is designed to display up to as many
levels of a WBS. Each of the WBS elements are categorically listed on the left, with their
associated WBS index, and various columns allow for direct entry of resulting costs per WBS
element in a common row, facilitating for easy contrast and comparison, as well as efficient
analysis across the various levels. Lower-level costs are also tallied and shown in higher level
WBS figures. Both a development and production spreadsheet was programmed.

At the end of the cost estimation per SpaceLiner system element, a cost estimation using
the analog and EJ CEMs was also performed for the Project Management Office (PMO)
component. This critical management function is an essential one, and should not be omitted in
the cost estimation.

The WBS level 3 can be further expanded to show the lower SpaceLiner case-study
constituent level 4 components also. Such an expansion is shown for the SpaceLiner case-study
AAINT tool below in Figure 32. Due to the relatively early program phase and therefore inherent
cost uncertainty incurred by still evolving technical input parameters, all cost analyses were

performed at L3wgs and L2wgs, and as such, the level 4 expansion seen in Figure 32 shows no
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cost values. While the commercial PRICE and 4cost aces tools provided all costs at a constant

L3wss, the high level TransCost model (in accordance with its definition) produced only costs at

L2 wgs, except for the engine, SLME, which was calculated at L3wags.

[1]z] A B C E F I

s DEVELOPMENT

el all costs are at 2013 e.c. in EUROS (€)

3 [baseline case assumed)

4  WBS Element 2.0 PLTFM

5 C- 1000 Spaceliner OVERALL SYSTEM TransCost Jcost PRICE

(] Overall Project Management Office (PMO) 0,105 0,105
E 16 1200 Total Project Travel inc. all sub-systems 0,024 * included in calcs.

iz TOTAL (B£) 0,128 0,105

18 Spaceliner ORBITER (5LO) TransCost 4cost (5 protos) PRICE

19 SLO Project Manegement Office *included in calcs. *included in calcs.
|_—-ﬂ 26 Propulsion (SLME) l,DSDI 2,152
EI-] 30 Structures & Mechanics 5,390' 5,737
37 TPS/TC 1,168 1,117]
E 40 Flight Control System 0,000 0,000
[#] |aa "2600 Avionics *combined in WP 3600 | *combined in WP 3600
E| 48 “2?00 Power & Housekeeping 0,490] 0,273
E 53 2800 SLO AI&T 0,738 0,269]
|_—-ﬂ 60 CALCULATED TOTAL (B€) 8,836 9,547

61 STATED TOTAL (if applicable) 8,836 9,547

62 Spaceliner BOOSTER (SLB) TransCost dcost PRICE

63 SLB Project Management Office *included in calcs. *inciuded in calcs.
E 70 3200 Propulsion 0,714 0,850
|_—-ﬂ 74 3300 Structures & Mechanics 6,612 7,267
[+ |a0 3400 TPS/TC 1,496 1,212
83 3500 Flight Control System 0,000 0,000
E 87 3600 Avionics 0,348 0,145
E_‘ 91 3700 Power & Housekeeping 0,903 0,576
[+ [%8 3800 SLB AI&T 0,955] 0,417]
El 103 CALCULATED TOTAL (B£) 11.029 10.467

104 STATED TOTAL (if applicable) 11,

iy  C- 4000 Spaceliner PASSENGER CABIN / RESCUE CAPSULE (SPC) TransCost dcost PRICE

106 4100 SPC Project Management Office *included in calcs *inciuded in caics.
Ei 113 4200 Propulsion (CSM capsule solid motors) 0,051 D,DBEI
E 116 4300 Structures & Mechanics 0,351 D,SEAl
E 120 4400 TPS/TC 0,257] 0,380|
El 123 4500 Flight Control System 0,000 0,000
[+ |27 4600 Avionics 0,186 0,072
E 131 4700 Power & Housekeeping 0,209] 0,106|
|_—-Ij 136 4800 Life / Passenger Support Systems 1,200| 0,902
Fl-j 142 4900 SPC AI&T 0,217] 0,067|
E 145 CALCULATED TOTAL (B£) 2471 1,977

150 STATED TOTAL (if applicable) 2471 1977

151

152 OTHER Bl 1971

153 OTHER 2 B %74 0,000 0,503

154 TOTAL 26,132 23,374

Figure 31: Screenshot of developed AAwyuc Excel AAInT tool adjusted for application to the

SpaceLiner case-study, shown for development costs
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it C-2000 SpaceLiner ORBITER (SLO) TransCost 4cost (5 protos) PRICE
19 2100 SLO Project M Office *included in calcs. *incivded in calcs.
[ 20 2110 Project Management (PM)
21 ement (PCM)
22 ms Engineering & Design
23
|24
- |25 216
(=] |25 IIEI 2200 Propuision (SLME) 3815 1,050) 2,157
[ - |27 2210 | Engine Assembly
28 2220 Engine Support Structure
O |t 2230 | Feed System
[=] 5,390 5,757
[=] 1,168] 1,117
B 2410 Thermal Prot.
39 herm |
[=] |a0 72500  Flight Control System 0,000 0,000
[ - |41 2510 ADCS
42 2520 |RCS
43 2530 Fiight Controi Software
[=] |2a " 2600 Avionics combined in WP 3600 | *combined in WP 3600
[ - |45
- |46
- | 47 2630 |+ i,
=] |2 IEI 2700 Power & Housekeeping 0,490) 0,273
[ - |40 2710 | Ba
50
51 2730 | Cabling & Connectors
52 2740 Sensors
[=] |53 72800 SLO AIST 0,738 0,269
[ 54 wning & Maragement
55
56
57
58 5
59 2860 | PFM2
E 60 CALCULATED TOTAL (B£) 8,489 8,836 9,547
61 STATED TOTAL (if applicable) 8,836 9,547

Figure 32: Developed AAnyuc Excel AAInT tool screenshot with expanded L3yps elements to show
a further SpaceLiner L4ygps level of detail

As can be seen, the specially designed AAInT spreadsheet facilitates for work and
analyses to be performed at an even lower level, if such precision is warranted. This possibility
ideally lends itself for a logical transition from the parametric CEMs to the engineering bottom-
up (EBU) CEM later on during a program as it develops, and as CEM applicability transitions

from the initial higher-level parametric methods to lower WBS-level approaches.
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4.8.2 Amalgamation Approach to SpaceLiner

The SpaceLiner program is both in the very early development phase, and also a largely
unprecedented vehicle. To address this and the associated challenges this poses to derivation of a
representative cost estimate range, the amalgamation approach (AA) proposed in ref. [209] and
also introduced in Chapter 2.6, is assumed. AA employs multiple selected, relevant models or
tools to obtain several cost estimates of the same program, independently. The results for each
model or tool are then analysed individually, before being compared and analysed in reference to
each other. During this process, several iterations might be necessary to eliminate discrepancies.
Ultimately, the multiple cost values are then synthesised to obtain a representative cost range
given certain assumptions and justifications based on analogy or expert judgement. While being
more resource intensive to application of a single tool and CEM, when applied at early program
phase where uncertainty of the cost estimate is already high, the benefits are significant. AA
approach provides an added level of redundancy for an otherwise single cost estimate, which is
considered to raise the confidence and representativeness of the single range or figure obtained
from application of one method and model alone. In addition, attention is focused on elements
where cost discrepancies between multiple modes of cost estimation might arise, indicating
variances in cost uncertainty. For the SpaceLiner case-study application, the AAymac mode

(Chapter 2.6.2.2) is assumed and used.
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4.9 DEVELOPMENT COST ANALYSIS

“Development cost estimation is one of the most difficult costing areas since a lot of
subjective influence can be found in the definition of a development program.”

-Dr. Dietrich E. Koelle [102]

The first classical category of program costs are the non-recurring development costs.
Basic SpaceLiner information and technical data was assembled and provided for input into the
three AAmac models of 4cost aces, the PRICE-H model from PRICE Systems, and the TransCost
model. Close attention was paid to ensuring that input data was kept as consistent as possible
between all three models to allow for maximally comparable results.

For TransCost, only basic, top-level mass and complexity factor information was needed.
For both commercial tools, a higher degree of information was required and included details like
masses and complexities for mechanical and electronic components, team experiences, and
technical complexities. These latter values were either extracted from existing SpaceLiner data
files, or were estimated based on close consultation with relevant experts and professional users
for each tool. The resulting costs are all expressed with an economic base of 2013 and in a Euro
currency. Basic schedule information for inputs such as the anticipated start of the development
Phase C is derived from the overall program schedule introduced in Chapter 4.1.2 and shown in

Figure 13.

4.9.1 TransCost SpaceLiner Development Costs

Having analysed and tested the TransCost model to identify its validity, relevance,
applicability, and indeed its shortcomings and drawbacks, and after its calibration, it was now
suitable to apply the model and its CERs to the SpaceLiner concept to calculate a development

effort and cost. The most recently available TransCost 8.2 version was taken.
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For the TransCost model structure and for CER application, the top-level SpaceLiner
stages, as already presented in Chapters 4.1.1 and 4.8.1, were taken. These are the SLO, SLME,
SLB and SPC components. Relevant complexity factors, based on the TransCost model testing
and calibration procedure described in Chapter 4.5, also had to be determined and defined. These

are summarised in Table 19 below.

Table 19: SpaceLiner complexity factors for each component

Element f f, fs fg

SLO 1.1 0.44 1.0 0.86
SLME 1.1 1.31 0.8 0.86
SLB 1.1 n/a 0.9 0.86
SPC 1.3 1.19 1.0 0.86

For this calculation, it was assumed that there was no deviation from the optimum
schedule (fs=1.0), that cost increase due to multiple parallel contractor organisations is ignored
(f7=1.0) and that the country productivity factor (fg) is assumed to be that for ESA, defined in
TransCost as being 0.86. In additional, for calculation of the SLB, the modified TransCost CER,
as described in Chapter 4.7, was applied to determine the development cost.

All inputs were entered into the programmed TransCost interface described in Chapter
4.5.4, with all relevant inputs and complexity factors for the SpaceLiner case-study. All inputs
and complexity factors and resulting effort amounts and costs and are shown in detail below, with

respective assumptions shown in the tables in red, justified.

4.9.1.1 TransCost SpaceLiner Development Assumptions

Key assumptions had to be made for the SpaceLiner cost estimation addressing
complexity factors, since physical data about mass was taken directly from latest sources. The
assumptions for complexity factor value selection are summarised below and their choice,
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justified. All assumptions made for each calculation are also annotated in red next to the relevant

fields in Table 20 to Table 23, are outlined below:

Al. A complexity of 1.1 was chosen for the SLO development standard factor, f;. The
SLO is the SpaceLiner stage into which the passenger stage is integrated into. Due to this
proposed integration, the stage is largely unprecedented in nature, structure and application. To
address this, the development standard factor is set to indicate a new design with some new

technical and/or operational features, as per the TransCost definition of values.

A2. A complexity of 1.0 was chosen for the SLO team experience factor, f3. Here, while
the technical complexity is already addressed with a high f; factor (1.1) for the element, the
industry team for the SLO development has been assumed to be one which has some related

experience to the nature of the project.

A3. For all elements throughout the entirety of the SpaceLiner case-study, the TransCost
defined value of 0.86 was assumed for the f3 country productivity factor. This complexity factor
seeks to describe the ESA productivity level with comparison to the baseline value of 1.0 for the
US. This assumption is in line with the anticipation that the SpaceLiner program would be led by
the European companies, making the current ESA productivity factor the most appropriate value

available.

A4d. A complexity of 1.1 was chosen for the SLME development standard factor, f;. The
SpaceLiner engine employs standard, heritage cryogenic propulsion and as such, uses no novel
technologies. However, a main difference is engine reusability (25 times), which is challenging
and unprecedented in the rocket propulsion domain of today. This point is already in part

addressed by the increased number of test firings which influence the complexity factor f,.
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However, the development standard factor f; is selected to be higher than the norm, indicating a
new design with some new technical and operational features. Here, it is also assumed that the
development cost of the SLME here also covers the development cost of the engine for the

booster, which is mechanically identical, although it has a different nozzle extension.

A5. The number of qualification firings for development of an engine is a key cost driving
parameter. For the development of the SLME, 1200 test firings were assumed. This number is
extrapolated from a known reference number of 730 test firings for the similarly manned Space
Shuttle main engine, or the 800 test firings conducted for the RD-0120 rocket, both of which also
have a similar engine mass (3200 kg and 3180 kg for the RD-0120 and SSME respectively).
Since the SpaceLiner will be a manned system, although for civilian passengers, carrying a
significantly higher number of people on board, the safety and reliability requirements are much
higher. As such, the engine would require more test firings than that conducted for the Space
Shuttle. The assumed 1200 test firings roughly constitute a 165% increase on both the SSME and

the RD-0120.

AB6. A complexity of 0.0 was chosen for the SLME team experience factor, f3. Here, it is
assumed that due to significant heritage of the classical liquid propulsion engines in Europe, the
development team would have performed development of similar projects (i.e. the ESA Vinci

engine).

A7. A complexity of 1.1 was chosen for the SLB development standard factor, f;. The
SpaceLiner booster element is somewhat new in its reusability functionality. In addition, the fly-
back capability is also unprecedented by today’s space industry standards. As such, the f; factor

represents this novelty of new design with some new technical and operational features.
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Table 20: TransCost CER for SpaceLiner Orbiter (SLO) development

TC 8.2, Chapter 2.45 Winged Orbital Rocket Vehicles pg. 66

CER = 1420 * M~(0.35) * f1 * f2 * f3 * f8 Vehicle DRY Mass w/o Engines (M) 103879

= 33465.14  WYr fl Al 1.1

f2 0.437

for f2 calculation f3 A2 1.0

M NET (w/engines) 371000 f8 A3. 0.86
M propellant 229600
M payload 37520.82
NMF e* 0.389
e (TC 8.2, pg. 66) 0.17

COST M€ (2013 e.c.) 9537.56 NORP 8

Table 21: TransCost CER for SpaceLiner Main Engine (SLME) development

TC 8.2, Chapter 2.32

Liquid Propellant Rocket Engines with Turbopumps
Engine Dry Mass

CER = 277 * MA(0.48) * 1 * £2 * £3 * {8 (M) 3300
= 13385.14 WYr f1 A4. 1.1

2 1.31

for f2 calculation 3 A6. 0.8
Ng (# qualification firings) = 1200 AS5. 8 A3. 0.86
COST MS (2013 e.c.) 3814.764 NORP 10
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Table 22: Newly established CER for SpaceLiner Booster (SLB) development

VTO First Stage-Fly-Back Rocket Vehicles

new CER

CER = 493.27 * M~ (0.3746) * f1 * f3 * f8 Vehicle DRY Mass w/o Engines (M) 135379
= 16416.44 WYr f1 A7. 1.1

f3 A8. 0.9

f8 A3. 0.86

COST M€ (2013 e.c.) 10007.885 NORP 4

Table 23: TransCost CER for SpaceLiner Cabin/Capsule (SPC) development

TC 8.2, Chapter 2.48

Crewed Ballistic Re-entry Capsules

CER = 436 * M~(0.408) * f1 * f2 * 3 * f8 Reference Mass (M) 37520

= 42506.85 WYr fl A9. 1.3

f2 1.186

for f2 calculation 3 All 1.0

N (crew number) = 50 f8 A3. 0.86
Tm (max. mission life*) = 0.0625 | A10.

COST M€ (2013 e.c.) 12114.452 | A12. NORP 4

* maximum mission design life in days




A8. A complexity of 0.9 was chosen for the SLB team experience factor, f3 to signify an
experienced team which has performed similar projects in the past, to reflect knowledge and

experience gained from manufacture of the Space Shuttle external tank.

A9. A complexity of 1.3 was chosen for the SPC development standard factor, fj.
Although this is the smallest element of the overall SpaceLiner vehicle, the function duality of
the passenger cabin which also doubles up as a rescue capsule capable of safely returning all
passengers to Earth in case of an emergency, presents an increased technical complexity. As
such, the high f; factor is chosen to reflect a first generation system and new concept approach

involving new techniques and new technologies.

A10. To calculate the f, factor for the SPC, the TransCost formula requires input of the
number of crew (50, for the SpaceLiner baseline case) and the nominal mission time in days

(being 0.0625 for a 90 minute SpaceLiner flight).

All A complexity of 1.0 was chosen for the SPC team experience factor, f3. Although the
SPC is a challenging technical element, the team is selected to have some related experience,
since the cabin would take significant heritage from the aviation sector. In addition, for such a
life-critical system, the team members would have to be selected with significant experience to

address the task at hand.

Al2. It can be seen that based on the final results, the SPC is by far the most expensive
component of the four SpaceLiner elements, at over 12 B€. Here, it must also be noted that the
data underlying the CER is considerably old data based on only four data points. These are the
Gemini and Apollo capsules from the mid-1960s, as well as the Mercury program, and the more

recent Orion capsule proposal values for 2006 [102]. As such, it can be argued that for a
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passenger capsule to be constructed given today’s European experience with manned capsules
(for example the Autonomous Transfer Vehicle, ATV), the CER might not be representative of
current advances in technology and lessons learned. Furthermore, to acknowledge this fact, the
latest TransCost Model 8.2 has introduced two new factors applicable also to the category of
Crewed Ballistic Reentry Capsules. These two factors, fjo and fi; (ref. [102] pgs. 93-95) address
the cost reductions seen from past lessons learned, as well as for cost reductions stemming from a
commercial application, respectively. Each factor brings down the development cost. It is
therefore assumed to apply the each of those factors, using their values which have the smallest
cost reduction. The revised calculation is shown below in Table 24. The result is consequently

used as the final result, and for comparison within the Amalgamation Approach framework.

Table 24: Revised TransCost CER for SPC with f;9 and f1; complexity factors

TC 8.2, Chapter 2.48

Crewed Ballistic Re-entry Capsules

CER = 436*M(0.408)*f1*f2*f3*fg*f10*f11 Reference Mass (M) 37520
= 19871.95 WyYr fl A9 1.3

2 1.186

for f2 calculation f3 A1l 1.0
N = 50 f8 A3. 0.86
Tm = 0.0625 | A10. f10 0.85
f11 0.55

COST M€ (2013 e.c.) 5663.506 | A12. NORP 4

4.9.1.2 TransCost Development Results

Consequently, the TransCost obtained development costs per SpaceLiner element, with
the systems engineering factor f;, but before additional top level programmatic complexity
factors are applied, are shown below in Table 25. The f; factor addresses the stage integration of
a system. For a two stage vehicle (N=2) like SpaceLiner, TransCost defines this value as being

calculated in accordance with the formula:
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f,(DEV)=1.04". (7)

When all individual SpaceLiner element costs from Table 25 are tallied, a total of 91,691
WYTr is obtained, equivalent to 26.132 B€ at 2013 economic conditions. Here, while two other
complexity factors (programmatic complexities) must be applied at a top SpaceLiner system level
by definition, they are taken to each be a factor of 1.0. The schedule delay factor f; is set at 1.0
implying a rather theoretical ideal case scenario of an optimal schedule, since in reality schedule
delays are always incurred. The program organisation is also assumed to feature a single major
contractor who would be in charge of the SpaceLiner program, and the factor is also has a value
of 1.0. As little is yet known about the SpaceLiner case-study contractor structure, and the
schedule, both factors can be reconsidered at a later stage as more specific information becomes
available. As such, the total development cost for the SpaceLiner case-study, as calculated by

TransCost 8.2, is 91,691 WYT, equating to 26.132 B€ at 2013 economic conditions.

4.9.1.3 TransCost Sensitivities & Development Cost Range

At this early stage of the program, a point value estimate was deemed to be too precise
and thus inappropriate for the preliminary and high-level nature of the estimate. As such, a cost

estimate range was established. A lower and upper range of values were calculated through

Table 25: TransCost SpaceLiner development costs without programmatic factors

Element WYr Cost B€ (2013 e.c.)
SLO 33,465 9.538
SLME 13,385 3.815
SLB 35,115 10.008
SPC 19,872 5.664
Other (fo) 8,310 2.368

TOTAL 110,147 31.392
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varying three sensitive and arguably subjective TransCost complexity factors for the
development standard (f;), the technical quality (f2), as well as the team experience factor (f3).
Theoretically, underestimating technical complexity has been quoted as being a major challenge
to achieving cost and schedule goals within NASA [138]. Since is both f; and f, describe
technical complexity, they have been chosen to be incremented, to represent an increased
technical scenario to the initial baseline. A similarly logic underpins incrementing the team
experience f3 factor so that it describes a less experienced team, thus resulting in a worst case
scenario.

The technical quality factor for the SLME hinges on the number of test firings, a value
which was altered between 1200 and 2500. For the SLO, SPC and SLB, the team experience
factor was also altered to reflect a less experienced team to model and reflect the novel nature of
the SpaceLiner case-study. Finally, the development standard factor was also increased to reflect
a more novel system. All augmented inputs are shown below in italics, with the subscript S to
indicate that they are the factors subject to sensitivity analyses. The initial baseline values, as
have already been introduced in Table 19, are also displayed in their original form to facilitate for
a direct comparison. Table 27 then shows the summarised results of the lower and upper limits in
WYr values, as well as their cost equivalents, thus presenting the TransCost development cost

range.

Table 26: TransCost complexities sensitivity variations (s) for development cost range

Element fi  fis f, fos  f3 fas
SLO 11| 1.2|044 | n/a|1.0| 1.1
SLME 11| 1.2(1.31|1.59|0.8|0.9
SLB 11| 1.2| nfa| n/a|0.9 | 1.0
SPC 13| 14119 n/a |10 | 1.1
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Table 27: SpaceLiner development costs for lower and upper limits

Lower Limit Higher Limit Lower Limit Cost Higher Limit Cost

Element (WYr) (WYr) (B€, 2013 e.c.) (B€, 2013 e.c.)
SLO 33,465 40,158 9.538 11.445
SLME 13,385 20,004 3.815 5.701
SLB 35,115 42,564 10.008 12.131
SPC 19,872 23,541 5.664 6.709
Other (fo) 10,303 2.368 2.936

110,148 136,571

It is seen that through a higher development standard factor (f;), a lower level of team
experience (f3), and through an increased number of engine test firings to influence the technical
quality factor (1), very logically increases the cost of the development effort, in this instance, by
almost 25% to the original amount. The final development cost range for the SpaceLiner derived
through application of TransCost 8.2 and appropriate sensitivity analyses is therefore calculated

to be roughly between 31 B€ and 39 B€ for 2013 economic conditions.

4.9.2 Commercial Cost Models & Development Costs

Basic SpaceLiner information and technical data was assembled and provided for input
into three selected models and tools, being aces by 4cost, the PRICE-H model from PRICE
Systems, and the TransCost model. Close attention was paid to making sure that between all
three models, input data was kept as consistent as possible to allow for maximally comparable
results. For TransCost, only basic mass and complexity factor information was required. While
for the commercial tools, a higher degree of information was required and included details like
masses and complexities for mechanical and electronic components, team experiences, and
technical complexities. These latter values were either extracted from existing SpaceLiner data
files, or were estimated based on consultation with relevant experts for each tool. The resulting

costs are all expressed with an economic base of 2013 and in a Euro currency.
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The process of compiling a cost estimate using the 4cost aces commercial tool was done
in parallel with the cost estimate using the PRICE model. Calculations using each model were
made with the assistance of trained, highly qualified experts for each tool. The numerical cost
estimation results were then entered directly into the specially designed and programmed AA
Excel tool, alongside the TransCost values, allowing for the critical analysis step. In line with the
AA, several iterations had to be made, with re-calculations of costs from all models, based on
analysis of results after they had been committed to the AAInT spreadsheet. The final AA results
are therefore shown in this Thesis work as ultimate result from the AA cost estimation process.

Close attention was directed to ensuring inputs were as congruent and comparative
between the two models and tools used, to ensure maximum and unilateral comparability of end
results. Here, it must be noted that regardless of the fact that an identical data set was provided
for input into both software packages. Ultimately, aces and PRICE are very different models with
different mathematics behind them. Thus, typically, and not surprisingly, same input values will
result in different numbers. Variations can be attributed to inherent program algorithms and
internally generated factors and complexities for elements, as well as interpretations and
assumptions made by the expert cost estimators themselves while entering the data.

While calibration is normally performed for each model in view of the program to be
estimated, for the early stage of the SpaceLiner program, and thus the high level overview of sub-
systems, this step was unnecessary.

In both cases, the closest of attention was paid to ensure that inputs provided for both
models were reflective of the current status of the SpaceLiner technical specifications at the time
of model utility. Certain assumptions also had to be made to adjust for the various input formats
(i.e. complexity values and their classifications) between each model. Once again, some were
dependent on expert and program user interpretation. Additionally, a fixed SpaceLiner “baseline”
case had to be established in terms of not only technical data, but also programmatic information.

This was provided in a fixed format to both experts. Key criteria and assumptions for the
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SpaceLiner “baseline” case have been carefully kept in line with the detailed SpaceLiner
philosophy outlined previously in Chapter 4.1.

After all individual results were obtained from the three cost estimation tools and models,
in line with the Amalgamation Approach, these were entered into the specially designed AA
Excel interface, to allow for the final and most critical step of the process — the result analysis,
dissemination and appraisal.

The only cost element missing, as seen on the SpaceLiner case-study developed WBS, is
therefore the overall Project Management Office component described by WBS element 1100.
An additional element 1200 for travel costs is also considered, since by definition of the 4cost
model, travel costs for a program, which are in fact not entirely insignificant, are not calculated

by the model in the cost estimate, and need to be added additionally.

4.9.3 aces by 4cost

The parametric aces tool from 4cost GmbH was input with SpaceLiner data and necessary
additional factors which were derived upon consultation with an aces software expert. SpaceLiner

data was input, with the following aces parameters of focus:

. Structure and Electronics Element Mass (Wg/Wy)

. Development Environment (ENVIRD)

. Engineering Difficulty (ENGDIF)

. Technology Electronics/Mechanical Index (INDEXE/M)
. Amount of New Design (NEWREPE/M)

. Year of Technology (TECHYEAR)

. Number of Prototypes (PROTO)

. Economic Currency Base (ECBASE)

. Development phase commencement

157



Based on these inputs, an optimal development time was then synthesised by the aces
software, as well as the associated development and production costs. A basic outline of the key
aces parameters and defined parameters, and the associated justifications of values, are listed and

explained below:

° WM AN E
The element masses for SpaceLiner were entered from DLR internal documents and
calculations, into the WBS structure established in the 4cost aces interface. The W), entry refers

to the weight of mechanical items, while W refers to electronic item weight.

* ENVIRD

The ENVIR value addresses the environment, with ENVIRD describing the environment
for the development effort. Four categories of defined complexities are defined classed into the
stationary, mobile, aircraft and space environment categories. ENVIRD describes criteria for
environmental conditions, manufacturing formalities, deployment conditions and quality
assurances. For the SpaceLiner case-study, the categories of aircraft (ENVIRD values 1.9 — 2.1)
and space (ENVIRD values 1.9 — 2.2) are relevant. An ENVIRD value of 2.0 was consequently
chosen, which encompasses both the higher bracket of the aircraft category for military projects,
and the lower bracket of the space segment for unmanned typical satellite missions. The 4cost
table is shown in Figure 33, with the selected values, highlighted in green. Selecting a value
which overlaps both domains is representative of the SpaceLiner concept and the associated
philosophy of the hybrid nature of the vehicle. Despite being a new vehicle in context, the lower
end of the space segment classification is considered to reflect the significant amount of heritage
technology of the concept and, although manned, in effect, constitutes an advanced airplane

concept.
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Quality requirements / to Deploy ENVIR D /P
Stationary
"own use / commercial 03-06
Mass Production no support 06-07
commercial / Telecommunication 08-1,2
voical Software Quality requirements 10-14
military / good industrial Quality 10-14
Mobil
commercial / Telecommunication 09-1,2
Car Manufacturing / good industrial Quality 08-1.3
ships / Submarine 14-16
military Systems 13-17
Aircraft
commercial (FAA) 1,7-18
military Planes 19-20
Space
unmanned (typical) e.g. Satellites 19-22
manned Space 25
/ Deep Spacemanned Space 25-30
High Software guality requirements 2,042

Figure 33: Typical 4cost ENVIRD/ENVIRP factor values for various applications [1]

* ENGDIF

This engineering difficulty factor is a two-dimensional variable represented in a matrix
form as an interrelated trade-off between the two aspects of Team and TASK (see Appendix G).
The TASK descriptor addresses the scope of the development task (very simple project — new
development) and the TEAM descriptor reflective of personnel experience (expert team — new
team). In accordance with EJ, the TEAM factor was selected to describe an experienced team

(aces table value of 7), being a nominal table value in comparison to the table value of 10, which
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describes the ‘ideal’ and therefore unachievable team status. The 7 table value is entered into the
software as a ‘0’ numerical input. An experienced team is a reasonable assumption to make, since
for a project such as the manned SpaceLiner based on largely existing technology, an experienced
team would be required for component and hardware realisation. And for a program as
expansive, complex and international as the SpaceLiner, an inexperienced, a new, inexperienced
team would be inadequate and insufficient.

The TASK parameter was then automatically generated by an assistant function based on

other inputs including ENVIRD, TECHYEAR (described below) and mass.

* INDEXE/M

The INDEXE/M is the technology index for electronics (INDEXE) and mechanics
(INDEXM). Both are usually empirically derived values representing product producibility while
also qualifying the development effort. The numerical input values are available from dedicated
INDEX tables incorporated within the 4cost software, and for the SpaceLiner case-study were
determined automatically.

INDEXM is a function of physical characteristics, such as material type, finished product
density and fabrication method. INDEXE is a function of componentry, packaging density, easy
of manufacture, degree of testing and power dissipation. Both parameters depend, in this
instance, on the ENVIRD (development environment) inputs, always increasing alongside an

increase in ENVIRD. These inputs are also required for the production effort.

* Amount of New Design (NEWREPE/M)

The NEWREPE/M variables are used to quantify the amount of new design and drafting
effort required to manufacture electronic and mechanical hardware for non-repetitive assemblies.
All NEWREPE/M values to quantify the amount of new design and drafting effort required to

manufacture mechanical and electronic hardware were generated either through EJ based on an

160



existing table of value ranges, shown in Table 28 below, or through using the 4cost aces
NEWREPE/M Assistant function integrated in the software. The NEWREPM value was also
manipulated to reflect a 100% new effort for development of the SLO engine, as well as a token
1% new effort for the SLB engine (since a non-zero input in the field is required) in accordance

with the SpaceLiner engine philosophy presented in Chapter 4.1.5.

Table 28: 4cost aces table for the scope of mechanical and electronic design novelty [1]

Scope | Task NEWREPE/M
Preliminary Design 065-0,75
Layout / Drawings 0,50 -0,60
Full Design / Detail Drawings 0,40 -0,30
Assembly Drawings (done) 0,20-015
Quality Control 0,05-0,02

* TECHYEAR

This technical improvement factor, influenced also by the ENVIRD parameter, is applied
to account for advances in technology as time progresses. For the calculation of SpaceLiner, to
reflect the present level of technology, the TECHYEAR parameter was set at the year 2025 (input
as 125), which is when the development phase, in terms of prototyping construction and

consequent testing activities of the program is scheduled to begin.

* PROTO

This variable defines the number of prototype units which need to be built as part of the
development program phase. For the 4cost aces calculation, the number of full SpaceLiner
prototype vehicles was taken to be 5, in line with the SpaceLiner philosophy previously outlined

in Chapter 4.1.
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* ECBASE
The economic base (ECBASE), as the name implies, defines the economic base of the

output costs, and was set to the year 2013.

* Development ECBASE
The development commencement was also entered as being the year 2025, which is in

line with the proposed SpaceLiner schedule presented in Chapter 4.1.1.

A full list of the relevant, key 4cost aces software inputs as well as the resulting outputs

can be found in Appendix H.

494 PRICE

PRICE-H Suite was used as the interface for this calculation. The model facilitates for a
large number of control parameters used for primary calibration of the model to a specific
environment. However, in view of the preliminary nature of the SpaceLiner program, given the
top-level nature of the estimate and the high-level inputs, for this exercise, the model was used in
its un-calibrated mode, meaning all control parameters and PRICE-H Global values and
multipliers were set at their nominal, unadjusted values. Required complexities were then either
generated from look-up tables, or were entered manually by an experienced and expert tool user,
to translate technical requirements into representative model parameters. Key model inputs

included:

. Individual element mass (Ws/Wr)
. Platform value (PLTFM)
. Engineering complexity (ECMPLX)

. Manufacturing complexity (MCPLXS/E)
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. Number of prototypes (PROTOS)

. Design heritage (NEWST/NEWEL)
. Year of technology (YRTECH)

. Development start date (DSTART)
. Economic conditions (YECON)

While all detailed definitions can be found in the official PRICE manual [154], a basic
outline of the key parameters listed above, their selected values for the SpaceLiner case-study,

and the respective justifications for each decision are provided below.

* Ws/Wr

The element masses were entered into the WBS established in the PRICE-H software.
The W5 entry refers to structure weight, while Wr refers to total weight per element. As such, the
electronic weight is never input directly, but is derived by calculating the difference between the
total and structural weights (Wt — Ws). Because of this, the two values are very commonly
identical if there are no electronic parts present. Differences do exist between the two values for
electronic components in the WBS elements such as Power and ECS (WBS elements 2400, 3400

and 4400) or Cabin Avionics (element 4600) for example.

*PLTFM

The empirically derived platform (PLTFM) value influences development engineering
costs, and addresses the specification and testing level, the operating environment and reliability
requirements associated with the element to be designed. Very loosely (but not identically)
comparable to the ENVIRD value featured in the 4cost aces tool, the PLTFM value is also
divided into the four categories of ground, mobile, airborne and space. For the SpaceLiner case-

study calculation, a value of 2.0 was selected, being reflective of the quality assurance level for
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parts and inspections for a typical unmanned space mission. This may seem to be contradictive to
the manned nature of the SpaceLiner vehicle by its definition. However, if the PLTFM value of
2.5 for traditional, heritage manned space applications was taken, this would result in an over-
inflated cost for the program, as it would not take into account the existing significant heritage
for the SpaceLiner technology, nor the commercial nature and context of the program. Since
SpaceLiner aims to exploit lessons learned from advanced aviation products, economies of scale,
and more mature processes, a lower PLTFM value to strictly and purely space technologies is

reflective and representative of this.

* ECMPLX

The engineering complexity (ECMPLX) value is a measure of the complicating factors of
the design effort as they relate to the level of technology, and the skills of the development team.
More specifically, this factor addresses the influence and experience of the design team within
the scope of the development effort, with respect to the TRL of the technology. A typical value of
1.0 describes a new design, within state of the art, and performed by an experienced team familiar
with similar work. For the SpaceLiner, based on extensive PRICE expert user consultation, the
ECMPLX value was set to be 1.5 to reflect a team experienced with similar familiar, but not
identical technology, with the scope of the design effort having a new design, with unfamiliar
technology. The value is highlighted in green in Table 29. Although the SpaceLiner case-study
project would be based on significant technical heritage, the context of elements within a new
application imposes an added level of complexity, especially given the manned nature of the
system. The value of 1.5 therefore takes a more cautious approach, with the aim of not being too
optimistic, and to avoid resulting in understatement of development effort and costs. This
ECMPLX factor is only relevant to the development effort as it describes the design phase,
addressing drawing complexity which is then translated into an effort mount, and therefore does

not influence production.
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Table 29: PRICE engineering complexity (ECMPLX) values matrix [53, 154]

Extensive Normal Mixed Experience, Limited
Experience, Experience, Some Product Experience,
Scope of Design Effort Familiar Product Familiar Product Familiarity Unfamiliar Product
Simple Modification, 0.2 03 0.4 0.5
Existing Design
Extensive Modification, 0.6 0.7 0.8 0.9
Existing Design
New Design, Existing 0.9 1.0 1.1 1.2
Technology
New Design, New Product 1.0 1.2 1.4 1.6
Line
New Design, Unfamiliar 1.3 1.6 1.9 2.2
; 1.5 : ; .
Technology
New Design, State of the 1.9 2.3 2.7 3.1
Art Technology
* MCPLXS/E

The manufacturing complexity values refer to the manufacturing complexity of structure
(MCPLXS) and electronics (MCPLXSE). These technology indices describe the
structural/electronics portion of the item under development, measuring its technology and
producibility, as well as the labour and material required to make the item component. As such,
these factors are applicable to both development and production costs. MCPLXS/E are both
considerable cost drivers, the values for which can be derived through calibration, from dedicated
internal PRICE generators, as well as from reference tables of values extracted from a detailed

database of past historical missions and programs.

* PROTOS
The number of prototypes entered was 5 units in line with the SpaceLiner case-study

prototype philosophy definition outlined in Chapter 4.1.3. For items with multiple articles per
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SpaceLiner unit (i.e. engines, with 9 SLB and 2 SLO engines per vehicle), the number of
prototypes was increased to provide a complete set of hardware for each higher level assembly.
As such, the cost for 45 SLB and 10 SLO engines were calculated within framework of the
prototype units for the SpaceLiner development phase. For development of the SLME component
(element 2200), the PRICE model does not take into account the test firings for the development
effort. As such, a global multiplier was imposed to factor in for the stipulated number of 1200 of
test firings, which, at this early stage, was deemed by PRICE experts as a representative
amendment to address the qualitatively known cost gap. At a later program phase, however, it
would be appropriate to address this model shortcoming by conducting an independent bottom-up
analysis of the expected test-firing campaign costs. These should then be added on as a separate
element to the PRICE cost estimation structure. Here, it would be necessary to consider the non-
recursive costs for test-rig procurement and installation, and then the recursive fixed direct

operating costs (DOC) for the test facility as well as staff required for the campaign.

* NEWST/NEWEL

The new structure (NEWST) and new electronics (NEWEL) inputs define the amount of
the new structure/design effort required, where 100% equates to an input of 1.0. This was only
deviated from a 1.0 input to 0.01 for the propulsion component of the booster engine in WBS

element 3200, since development of this was assumed to be fully covered in the development of

the SLME for element 2200 (see Chapter 4.1.5).

* YRTECH

The year of technology defines the technological state for the development phase
timeframe. In case of the SpaceLiner program, YRTECH was set to the commencement of the
Design and Development (Phase C) of the program identified already in the program schedule

described in Chapter 4.1.2, and is determined as 2025, also in line with the 4cost aces tool input.
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* DSTART
The date of production start (PSTART) is given to be January, 2025 (input as 125), in line
with the YRTECH input shown above, and also reflective of the SpaceLiner baseline program

schedule introduced in Chapter 4.1.2.

* YECON
The year of economics (YECON) defines the economic base of the output costs, and was

set to 2013.

Based on all above key inputs, development costs per element were calculated. In
addition, an optimal development time was also synthesised by the PRICE software assuming an
ideal scenario with no schedule delays. A list of key PRICE software inputs which are discussed

above, as well as resulting outputs can be found in Appendix I.

495 Optimal Development Timeframe

The TransCost model is not dedicated to generating scheduling information, although
both the commercial software models, 4cost aces and PRICE generated baseline development
timeframes given an internal synthesis of all available inputs. Both tools rely on internal
algorithms to propose an optimal development phase which results in no cost penalties under
ideal, optimised scheduling conditions.

Duration of the development phase is a parameter which is automatically calculated by
the PRICE-H model. This is influenced by other model inputs and factors, including equipment
complexity, PLTFM and ECMPLX values, and results in an optimised cost, thus avoiding
penalties by enforcing an artificial timeframe. For the SpaceLiner case-study, this was found to
be 81 months, commencing in January, 2025 and continuing through until the end of September,

2031. The 4cost aces software similarly relies on inputs such as the environment descriptor
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ENVIRD, the engineering difficulty ENGDIF and the mechanical index INDEXM as key inputs,
and resulted in a development timeframe of 59 months, from January, 2025, until November,
2029.

It must be noted that both software tools produce idyllic and rather uncertain scenarios of
a development phase assuming no scheduling delays and no unexpected events. In reality, for a
program as large and complex as the SpaceLiner case-study would be, the timeframe is dictated
not only by technical capabilities, but also by a myriad of other aspects including politics,
economics, financing, as well as unforeseen occurrences. Here, the risk and uncertainty
assessment outlined qualitatively in Chapter 4.1.11 would constitute an essential input. As such,
taking the longer PRICE tool optimal development phase of 83 months, it can be almost certainly
assumed that the development phase would take longer than this.

The baseline results obtained from both commercial tools can be used to build upon as
more SpaceLiner program information comes to light. And with an initial program schedule
having already and freshly been established translating the still evolving technical details into a
timeframe, it is not too unreasonable to assume a simplified and optimised schedule at this stage.
Certainly, however, a greater level of scheduling risk analysis will also need to be integrated into
the cost estimate at a later program stage alongside revision of the currently proposed program

schedule as more precise information becomes available.

4.9.6 Development Project Management Office Cost Estimation

In this section, in accordance with the distinction made between the terms of “price’ and
‘cost’ in Chapter 2.1, ultimately the overall figures estimated in for the PMO function are in fact
prices, since the profit margin is always incorporated. Nevertheless, to comply with the cost
estimation goal of this Thesis, and to avoid confusion, while recognising the difference between

‘cost” and ‘price’, the term ‘cost’ is nevertheless adhered to.
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The PMO functions at the total, top system level (L1wgs) and at a major program element
level (L2wags), are represented in WBS elements 1000 as well as 2100, 3100, 4100, 5100, 6100
and 7100, respectively. While the independent component PMO function costs for development
of the SpaceLiner SLO, SLB and SPC (elements 2100, 3100, 4100 respectively) are already
inherently included in all three models used for the AA, the overall, top-level PMO function of
WBS element 1000 needs to be estimated. Here, EJ is once again employed to determine a
representative and defensible figure.

In addition, and as previously defined, elements 6000 (Ground) is only qualitatively
considered within this Thesis, and for the PMO function, it is possible to do a ROM cost estimate
using EJ in close consultation with experienced project management experts. For element 7000
(Operations), PMO costs are not considered since, being a recurring cost, they do not apply for
the non-recursive elements of the development phase.

For this section of calculations, both literature [114, 147] and high-level space industry
management and programmatic experts and professionals were consulted with respect to their
knowledge of the project office costs [118, 119], since here, real-industry practical experience is
essential for application due to the unique and unprecedented nature of the SpaceLiner case-
study. Expert judgement was also relied upon to assist in formulation of the PMO function
component breakdown, as well as to estimate preliminary numbers of staff and consequently the
costs for this vital function within the overall program framework.

Overall program costs vary significantly during a project as a whole, and more
specifically, within each program phase, as illustrated in Figure 34 below. PMO effort and costs
are not linear or proportionate with these movements, although it has been observed that the
highest levels of PMO and program management activities occur during the early program
phases, in the lead-up to production [223]. Such a trend is logically attributed to significant time
investment and initiatives for establishing and developing a project plan, which sees an effort

increase and therefore a higher utility, need, application and consequently cost of the PMO
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function in the initial concept and development and implementation phases [79]. Then, as the
program matures through development and into the operation, the PMO burden is reduced and re-

allocated to task managers.

>

/—Production & Construction Cost

Research &
Development

Cost _l

— Operation & Support Cost

Retirement & Disposal Cost

System Cost (Dollars)

System Life Cycle (Years)

Figure 34: The constituent costs and their typical qualitative variations incurred by each
program phase [25, 118]

To determine the top-level PMO effort expected for the SpaceLiner case-study, the task is
segmented into its constituent components, for which a total staff requirement is estimated and
converted to a cost. The breakdown of PMO functions and component as well as its structure
within the SpaceLiner WBS context was compiled through combination of project management
theory discussed in this chapter, alongside EJ derived from close consultation with ISU experts
with decades of diverse project management experience, including for large, international,
complex programs [118, 119]. The derived PMO effort and the constituent functions for WBS

element 1000 are shown below in Table 30.
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It is estimated that a total of 50 staff-members are required throughout the duration of the
development phase to perform for the PMO function of WBS element 1100. This derived figure
represents an average value of the overall typical work-effort curve, since the project manager’s
level of effort tends to significantly vary to the overall program effort curve.

To convert the staff numbers to a monetary amount, a relevant cost per annum for the
particular nature of the PMO management function had to be determined. The TransCost average
WYt Euro value for the 2013 economic year within the space industry is given to be €285,000.
However, arguably, since the management function can be classified as a rather specific activity,
more in-depth research was conducted into this aspect.

Further analysis of the WYT cost for the PMO elements was undertaken and a bottom-up
approach assumed to determine the required effort, and therefore the associated total cost for the
program management of the SpaceLiner case-study. Industrial hourly rates are usually highly
confidential. For example, within the context of actual ESA projects, the rates are audited directly
by ESA, and are therefore not disclosed externally. Nevertheless, a basic and representative cost
figure needed to be justifiably determined.

Looking into the commercial tools available, the European 4cost aces tool, for example,
uses an average hourly rate of €100 for calculation of the average development cost. Here it must
emphasised again that 4cost aces is a general industry model and the base rate is not specific to
the space industry, which, on average tends to be higher than the cross-sectional industry average.
However, for high-level management skills, as would be required for PMO of the SpaceLiner
case-study, this average should be higher to compensate for the specialised skills required to
perform the managerial function. Upon consultation with experts in the project management field
for large-scale programs [117], a current management hourly rate of €156 was therefore derived,
resulting in a monthly work effort cost per person of roughly €25,000 (€24,960) per annum. The
associated assumptions and breakdowns of constituent cost elements of this total annual PMO

cost figure are shown below in detail.
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Table 30: Qualitative break-down into constituents of the PMO function with an EJ estimate for
average number of personnel required per function [119, 147]

1100 PMO Cost Breakdown

Estimate of
PMO Functions Personnel

Program management (Deputy & Secretariat) Total: 3
Systems Engineering Total: 15
Engineering Management & Secretariat
Overall system & interfaces control

SLO supervision & monitoring

SLB supervision & monitoring

SPC supervision & monitoring

AIT supervision & monitoring

ground supervision & monitoring
Product Assurance (PA) Total: 8
PA management & Secretariat
reliability

quality

maintainability

safety

central parts procurement
Project Control - schedule & cost control Total: 7
PC management & Secretariat
schedule control

cost/finance control 3

Documentation & Configuration management Total: 5
documentation control 2

archiving 1
configuration/change control 2

Risk Management Total: 2
risk monitoring & analysis 1

risk mitigation 1

Logistics & Transportation management Total: 1
Communication & Reporting Total: 2
External support Total: 7
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4.9.6.1 PMO Cost Assumptions

o €120/hour base: average hourly industrial gross rate for PMO functions, catering for

management, highly qualified engineering personnel and necessary support staff.

e plus 20% other direct costs (€24/hour): allowance and provision for extra costs such as
for transportation, travel and lodging, communication, rental of special purpose

equipment, small value item purchases, social events etc. (updated total €144/hr)

e plus 8% profit (€12/hour): the standard industry ESA profit margin (updated total
€156/hr)

e 140 hours per month: hours required per management function based on the following

assumptions:

0 4 weeks per month
0 5 work days per week
O 7 hours per day

The German office of Statistics [68] stipulates that on average, in 2012, individuals in
Europe worked 37.5 hours per week, which is roughly 156 hours per month. In addition,
TransCost states that in Europe (ESA) an average of 1583 effective hours are worked per year,
translating to an equivalent of 132 hours per month and 33 hours per week. Therefore, the value
of 160 hours per month, as estimated for the SpaceLiner PMO function, is well in line with both
the general and the industry-specific averages. The slightly higher 160 hour per month estimate is
revised up from both averages to correspond with a schedule of respectively higher intensity in
line with the large scope and very complex nature of the SpaceLiner program, requiring increased
management efforts. Combining and summarising the analyses, the resulting figure for the

estimated PMO function is therefore €156 per hour, with 160 accountable hours per month.
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Here, by definition, the calculated monthly total WYr amount represents the effort
quantity required to adequately address the PMO function. Consequently, using the derived
figures, at a total of €156 per hour, with 160 hours of effort per month, per employee, we have a
monthly cost of €24,960 (rounding up to $25,000) and an annual cost of €300,000 per employee.
This is reflected in the Table 30 above. Furthermore, from a ROM perspective, the figure is very
well aligned with the TransCost 2013 e.c. cost of €285,000 in terms of order of magnitude, as
well as underlying logic.

A summary of the total PMO costs within the derived WBS is consequently calculated
and is shown in Table 31 below, where the calculated annual WY cost of €300,000 for the PMO
function is assumed. The optimal development phase period, as extracted from both the 4cost
aces (63 months) and the PRICE (80 months) software calculations for the optimal baseline
development case including the five-model prototype philosophy, was assumed to be ideal, with
no time delays incurred. Given these PRICE and 4cost development schedule averages, a 7 year
development timeframe (84 months) is assumed. This is also independently and consistently
reflected in the preliminary program schedule introduced in Chapter 4.1.2. WBS element 7100 is

obviously omitted since the operations are recurring, and as such, do not apply to development.

Table 31: Estimated PMO costs for 7 year development phase

Cost / Optimal

WBS Personnel Cost (M€) Per Development
Element Qty. Annum Time
1100 | Spaceliner System PMO 50 14.98 104,83

In reality, it is important to concede that for an international program as complex and
expansive as the SpaceLiner case-study would be, schedule delays would be highly likely.
Scheduling delays are always inherent due to various external factors, often beyond the control of

management. Risk analysis is therefore essential to address and potentially mitigate the latter.
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Any schedule delays would consequently incur time and therefore cost penalties. For the PMO
category, any penalty costs can be simply derived from the calculated figures presented in Table
31 above. For every month of delay to the development phase, global program PMO costs for all
WBS elements incurred would have to cover employment of the full program PMO staff, being
250 personnel, and costing 6.24 ME€.

Another factor to consider here is that due to the magnitude and scope of the program, the
size of the teams to be managed by one manager, might be comparatively large. Management
studies have shown that the span of control of a supervisor over a complex activity should not
exceed 12 workers. For simple activities, the ratio of supervisors to employees can go down. But
the 1:12 ratio (8.3%) will usually yield best results. Project Management for a complex project
can add an additional 10 to 14% [202]. This fact should also be considered within context of any
further and more in-depth studies of the PMO function and cost within such a large, complex,

international program as the SpaceLiner case-study.

4.9.7 Development Amalgamation Approach Results

With all cost element fields being complete, results amongst the three AAyac models
could be analysed. Before the final development costs can be presented, however, a cheeky sub-
chapter is absolutely essential to visually show and practically explain the intensively iterative
nature of the AAmac process. Such an example of just one iteration of many which happen prior
to the final cost-range figures being achieved, shows both the power and effectiveness of the
AAmac method, especially when applied in conjunction with the specifically designed and

developed AAInT.
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4.9.7.1 An AAwuac Iteration Example

Before AAmac final results are achieved, which will be presented shortly, the AAyac can
lend itself to many numerous iterations for each model if this is necessary before the final cost
range is reached. The aim of these iterations is to identify potential inaccuracies in results
whether due to model input, because of human error or incorrect logic, or perhaps translation of
technical data into model inputs. It can also be that sometimes a particular model is not capable to
effectively estimate the cost of a particular element, and may thus be inappropriate for the
application. Whatever the reason, the logical structure of the AAyac maximally ensures that any
inconsistencies can be identified.

Thus, upon completion of a cost-estimate run for each of the three respective models and
tools and entry of all into AAInT, a critical analysis must then made between the estimates. As
shown previously in Figure 7, if significant differences are identified in costs for a common
element between models, this is immediately an indication to the cost estimator that further
analyses should be performed to determine the reason and justify the significant delta. The
conclusion of these analyses could yield explanations such as the non-applicability of a particular
tool or model to the current element (or even project) being costed, an inaccurate translation of a
variable could be discovered, or even human error could be noted, amongst others. Identification
of any issues or problems allows for them to be corrected before the next cost iteration is made.
As such, every single iteration serves to eliminate error in the final result, thus also reducing the
uncertainty through a staunch and justifiable result. An example of one such iteration is outlined
briefly here.

Upon completion of an almost-final development cost run across all three models, the
following results were observed of the SLO component, per model, as shown in the simplified

table extracted from the AAInT tool below in Table 32.
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Table 32: Example of an essential iteration in the AAyac process

Element TransCost 4cost ‘ PRICE-H
SLO (B€, 2013 e.c.) 4.67 8.84 9.55

Firstly, and immediately, a significant deviation can be seen between the 4cost and
PRICE results, compared with the significantly lower TransCost figure. Furthermore, building on
previous experience established from extensive TransCost model testing (see Appendix E and ref.
[207]), the fact that the TransCost result is so much lower compared with the other two models is
a very surprising and unexpected one. TransCost is a dedicated launch vehicle model and as such,
is based on data for orbital vehicles, which, depending of course on the mission, may have
different characteristics. Generally, through the model testing regime, the TransCost model has
shown to result in either equal or higher results compared with at least literary figures, as the
model also is defined is presenting the “real project cost” inclusive of a margin.

In identifying a suspiciously high cost deviation, in line with AAmac principles, the cost
delta needed to be analysed further and justified. Going back to the TransCost interface inputs,
and upon further investigation of the mass data and complexity factors, the Technical Quality
Factor f, was noted to be particularly and illogically low.

Upon further investigation, a critical inconsistency was discovered. It was seen that a
calculation for the Net Mass Fraction (NMF) required by the TransCost manual to determine f,
was assumed from an incorrect TransCost model graph which was dedicated for ELVs rather
than the relevant RLV category of vehicles. After a quick consultation of NMF values for the
correct graph, the modified results, as shown in Table 33, were thus obtained and updated in
AAInT. It can be seen that all three AAmac cost estimation results lie within an excellent

common range.
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Table 33: Example of an essential iteration in the AAyac process

Element TransCost 4cost \ PRICE-H
SLO (B€, 2013 e.c.) 9.54 8.84 9.55

The AAmac technique supported the identification of an input inconsistency shows. Here,
the cost estimator’s experience with the AAmac models being applied, and in this particular
instance, specifically with the TransCost model dynamics, was essential to detect an unusual and
unexpected trend between multiple AAwmac results as an alert and indication of an underlying
error. As previously mentioned in Chapter 2.2.1, cost estimator experience and competency is
one of the three key elements required for obtaining a high-confidence estimate. And it is exactly
in this way, through numerous, consecutive iterations, and through repeated analyses at the
conclusion of each iteration for any inconsistencies, that the AAyac maximally and effectively
assists in the elimination of various factors which could otherwise contribute to a non-
representative end cost estimation result. With correct application of AAmac uncertainty is
reduced with each iteration and the most optimal early program phase cost result is honed in

upon.

4.9.7.2 AAuac Final Development Results

The finalised AAmac results are presented in Table 34 to Table 38 which are extracted
directly from the AAInT interface. Each of the three tables show the costs for the three
SpaceLiner elements being the passenger orbiter stage (SLO), the booster (SLB) and the
passenger cabin and rescue capsule (SPC). The original, pre-sensitivity TransCost calculated
development costs are assumed from Chapter 4.9.1.2. As can be seen, the TransCost model
presents costs at a higher L2wgs, while the PRICE and 4cost models also present costs at the
lower L3wgs. Additionally, Table 37 also contains extra rows for “Other costs”. The AAInT also

allows for any other additional costs generated by AA methods or tools to be incorporated. Here,
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one field is used to apply the TransCost top level engineering factor, fy, while top level I&T costs
are also listed for the commercial models. For both commercial models and TransCost, too, the
cost of money is not considered in any of the calculated results.

A comparative summary of the initial set of costs from all three models within context of
the AAmac, is then shown in Figure 35. While the qualitative nature of the ROM figures is
representative, it must be noted that the segmentation of costs between TransCost, 4cost and
PRICE varies. Namely, that the TransCost model imposes complexities for programmatic factors,
at a later stage, after the costs of all individual elements are already determined. Both PRICE and
4cost aces impose PFs internally to each element. In addition, TransCost considers SW costs as
being embedded in the development effort, although their specific proportion is undefined. The
4cost aces model does generate basic SW development costs based on physical electronics
hardware specifications. The PRICE-H model relies on its PRICE-S partition which is
specifically designed for SW cost calculations, which can then be incorporated into overall
hardware cost structure. However, as very little information is available pertaining SpaceLiner
case-study SW requirements, SW cost is treated outside the scope of this Thesis work. The
results of both commercial tools thus exclude SW, while TransCost includes it in the design
effort. A detailed discussion on SW costs and the philosophy adopted for this Thesis can be

found previously in Chapter 4.1.6, as well as below in Chapter 4.9.8.5.
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Table 34: AAInT spreadsheet for SpaceLiner PMO development costs

SpaceLiner OVERALL SYSTEM TransCost
1100 Overall Project Management Office (PMO)* 0.105

included in calcs.

1200 Total Project Travel inc. all sub-systems®

TOTAL B€ (2013 e.c.)

* EJ determined overall top PMO costs (4cost and PRICE models only, see Chapter 4.9.6.1), ** with EJ derived cost for travel.
° travel costs already addressed by PRICE tool in PMO calculations global to each element.

Table 35: AAInT spreadsheet for SLO case-study development costs

PRICE
B€ (2013 e.c.)

included in calcs

TransCost 4cost aces
B€ (2013 e.c.) B€ (2013 e.c.)

included in calcs.

Spaceliner ORBITER (SLO)

SLO PMO*

Propulsion (SLME)~ 3.815 1.050 2.152
2300 Structures & Mechanics 5.390 5.737
2400 TPS/TC 1.168 1.117
2500 Flight Control System® 0.000 0.000

2600 Avionics” incl. in 3600,z incl. in 3600ss
2700 Power & Housekeeping 0.490 0.273
2800 SLO AI&T 0.738 0.269

TOTAL B€ (2013 e.c.)

* Both 4cost aces and PRICE already factor in for all PMO costs relevant to SLO.

~ This amount is included in the 8.480 B€ total calculated below, and is therefore shown in italics

° SW costs not included

" Avionics costs were calculated for both SLO/SLB, and shown as a single amount in the SLB element 3600, as shown below in Table 36



Table 36: AAInT spreadsheet for SLB case-study development costs

0 dcost ace DR

3100 SLB PMO* included in calcs. Included in calcs.
3200 Propulsion 0.714 0.850
3300 Structures & Mechanics 6.612 7.267
3400 TPS/TC 1.496 1.212
3500 Flight Control System*® 0.000 0.000
3600  Avionics” 0.348 0.145
3700 Power & Housekeeping 0.903 0.576
3800 SLB AI&T 0.955 0.417
TOTAL (B€, 2013 e.c.) 0.008 029 0.46

*Both 4cost aces and PRICE already factor in for all PMO costs relevant to SLB.
° SW costs not included
~ Costs shown here represent avionics costs for both SLO/SLB.
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Table 37: AAInT spreadsheet for SPC case-study development costs

PRICE
B€ (2013 e.c.)

4cost aces
B€ (2013 e.c.)

TransCost
B€ (2013 e.c.)

SpaceLiner PASSENGER CABIN /
RESCUE CAPSULE (SPC)

SPC PMO* included in calc. included in calc.
Propulsion (CSM capsule solid motors) 0.051 0.086
Structures & Mechanics 0.351 0.364
TPS/TC 0.257 0.380
4500 Flight Control System® 0.000 0.000
4600 Avionics 0.186 0.072




(41!

4700 Power & Housekeeping

0.209

0.106

4800 Life / Passenger Support Systems

1.209

0.902

4900 SPCAI&T

TOTAL (B€, 2013 e.c.)

Other costs ‘ (fo)

Other costs ‘

*Both 4cost aces and PRICE already factor in for PMO costs relevant to SPC.

° SW costs not included

5.664 2.471

1.977

2.368 (overall I&T) 0.909‘ (overall I&T) .185

Table 38: Total SpacelLiner case-study development program costs, with margin

SpacelLiner CASE-STUDY
TOTAL PROGRAM DEVELOPMENT COST
MARGIN (20%)
GROSS PROGRAM DEVELOPMENT COST

TransCost
B€ (2013 e.c.)

4cost aces
B€ (2013 e.c.)

PRICE

B€ (2013 e.c.)

31.39 23.37 22.28
already included 4.67 4.46
31.39 28.05 26.74




4.9.8 Discussion of AApac Development Costs

A comparative summary of AApmac derived costs at a high level only (excluding for
example, the overall top-level PMO function) is shown below in Figure 35 and Table 39. While
TransCost already incorporates an inherent 20% margin in all calculated costs by its definition, a
20% margin also assigned for the PRICE and 4cost aces models to address risk in line with the
case-study philosophy established in Chapter 4.1.11. However, as shown in Table 38, this margin
is applied at a top L1wgs and only at the end of summation of individual results. Therefore to
ensure that a representative comparison is made, both Figure 35 and Table 39 compare the results
per element, with the 20% margin included for all figures. It is important to note that the end
results per model are the same, although an alternative order for the numerical margin and
programmatic factor application is simply adopted to facilitate for a meaningful visual
comparison to be made.

When considering the calculated and presented final program development costs at an
overall system level (L1wgs), an excellent congruence can be observed between the costs for all
three AA tools (TransCost, 31.4 B€; 4cost aces 28.0 BE; PRICE 26.7 B€). Respective deltas are
1.31 B€ between the lowest PRICE result and the 4cost aces estimate. Between the 4cost aces
and PRICE results, a cost delta of 3.34 B€ is observed, while the range of all three AApmac
estimates can be described by a humble 4.65 B€ delta. However, and as seen in Figure 35 and
Table 39, looking deeper at L2wgs values for the four key elements to be developed, slightly
more pronounced cost variations are evident. Figure 35 shows an outstanding development cost
estimation congruence for the SLO element (range of 8.8 - 9.5 B€) as calculated by all three
models. For the SLME component, however, the cost expands over a 1.2 — 3.9 B€ broad range.
The SLB element then again has a strong correlation of development costs calculated across all
three models, being consistently in the 10 - 13 B€ range. Here, it must be recalled that the
TransCost CER applied for the SLB was the modified and newly developed CER (see Chapter

4.7) developed as a direct outcome of the intensive TransCost model testing process conducted
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within this Thesis and, in part, presented in Appendix E as well as in ref. [207]. The firm
congruency of the new SLB TransCost CER with both results of the PRICE and 4cost aces
models presents a solid confirmation of its representativeness well in line with the AApac theory
and context. Finally, for the SPC element, a close correlation is observed between the PRICE
(2.37 B€) and 4cost aces (roughly 3 B€) models, with a much higher estimate of over 5.6 BE
calculated by TransCost.

Again honing in on development costs observed at an even lower L3wgs, as can be seen in
Table 35 to Table 37, more pronounced cost variations are evident. The cost deviations and
variations between the multiple models are, in fact, not at all surprising, and should be expected
when applying the Amalgamation Approach. In line with the AA principle, the greater cost
variations across the multiple models serve as an indication that those elements carry a higher
cost uncertainty. As such, and depending on the degree of deviations, further work for the cost
estimator may entail determining or justifying possible reasons for the differences. Thus, the last
and most crucial stage of the AA process is the associated analysis for any significant deviations
amongst the multiple results. It is through this process that potential mistakes can be located, or
any other inconsistencies, errors or merely model features, identified. In this way the AAmac
resulting cost estimate is maximally justified, which supports a reduction in uncertainty.

The following sub-chapters seek to explain key differences and development cost
deviations and deltas identified through application of the AAmac. Deviations at both the top
WBS level as well as lower levels for the SpaceLiner case-study are addressed and discussed in
detail through analytical reasoning and theoretical logic and justifications which are directly

linked with model mechanics.
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Figure 35: Visual comparative representation of AAyuc development costs per element only,
without programmatic factors, but including 20% margin

Table 39: Comparative summary of AAmac total program development costs per element with
20% margin, including all programmatic factors

4cost PRICE
Component TransCost  (incl. 20% margin)  (incl. 20% margin)
SLO 9.54 9.34 8.88
SLME 3.82 1.26 2.58
SLB 10.01 13.23 12.56
SPC 5.66 2.97 2.37
Other 2.37 1.25 0.35

2 AAnac PRODUCTION TOTAL
COST B€ (2013 e.c.)

AVE. AAyac PRODUCTION COST
B€ (2013 e.c.)
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4.9.8.1 SLME Development Cost Difference

A key distinction between the 4cost aces and PRICE models relevant to development
effort of engines was that both commercial tools do not take into account the number of test
firings, which is a key cost driver in the simple, top-level TransCost calculation. However, the
models deal with this aspect through other factors, like complexity and environmental
parameters. As such, a direct comparison of factors and their values is impossible. With the
chosen number of test firings entered into the TransCost model (being 1200, based on Space
Shuttle main engine firings of 800 times), the f, factor is increased to 1.31, resulting in a
respective linear increase to the engine development cost by 31%. For the commercial tools,
however, the increase in required test firings is reflected through complexity values (PLTFM,
MCPLXS and ECMPLX variables for PRICE and ENVIRD, ENGDIF HW and INDEXM for

4cost aces).

4.9.8.2 SPC Development Cost Difference

Once again a significant cost difference exists between TransCost and the highly
congruent PRICE and 4cost aces models for SPC development. This distinction has largely been
described in Chapter 4.1.9, in that TransCost CER data-points refer to capsules like Mercury and
Gemini, which significantly differ to the SpaceLiner SPC, both in purpose, PAX capacity and
lifetime. It is important to note that the TransCost model development cost-driving parameters
includes the number of crew, and the mission lifetime, which is given in days (as seen in Table
23). Needless to say cost variances and the dynamics of the development effort would be
significantly different for a capsule with a 4-6 PAX capacity over several days, to a 50 PAX
cabin over a 90-minute duration. Through extrapolation of a relationship based on description of

the latter, it is not surprising that the SpaceLiner case-study SPC is ultimately over-estimated.
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4.9.8.3 Variability of Model Mechanics

In addition to specific reasons for cot variation, each cost estimation tool and model has
an own unique structure of cost segmentation, as well as internal model mechanics and inputs and
outputs structure (also see Chapter 2.6.5.2). As such, variability of model mechanics, in part,
would contribute to differences between element costs, especially as observed at the lower WBS
levels. The TransCost model, for example, calculates costs using basic element CERs, after
which the sum of all individual CERs is calculated, and as a last step, programmatic factors
applied. These programmatic complexities address overall system integration, schedule delays,
hierarchy of participating companies within a program with respect to the structure of prime and
sub-prime contractors, as well as the commercial nature of a program. The other two AA
employed tools, PRICE and 4cost, do not necessarily segment their costs in this manner, but
incorporate them in other groupings, and with a different roll-up order and structure across cost
categories. As such, when comparing costs at a very low level of detail, particularly within an
early program phase, variations in costs between different models and tools must always be
expected. It is only when these variations are significant (namely a multiple order of magnitude
inconsistency) that further work and analyses should be conducted to determine why in line with

the AA philosophy introduced previously and outlined in Chapter 2.6.2.

4.9.8.4 Variability in Model Users & EJ Bias

All three 4cost aces, PRICE and TransCost models required utility of EJ at various stages
of the calculating process to arrive at a cost.

The commercial tools, 4cost aces and PRICE, required inputs of various factors and
complexities either generated internally by the software, or as deemed appropriate by the expert
users. For each decision, EJ is relied upon and employed by the model user. Multiple separate,
independent users entered and calibrated data for their respective cost estimation models

throughout the course of the calculations described within this Thesis. As such, it cannot be
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expected that all users consistently generated identical complexity factors, potentially resulting in
various degrees of EJ bias already described in Chapter 2.4.4. The subjective nature of the EJ
method constitutes a well-known and identified weakness of the EJ approach. In addition, minor
errors and/or fluctuations in EJ concerning determination and assignment of complexity factors,
coupled with case-study system inputs which are themselves estimates, and not fully crystallised,
would also contribute to discrepancies and fluctuations between the two commercial cost models

on a micro-, subsystem and component level.

4.9.8.5 Software Considerations

In the calculations for the SpaceLiner case-study, in line with the SpaceLiner philosophy,
it was decided to exclude software (SW) costs due to an immature specification status within the
program context (see Chapter 4.1.6). This decision, however, has ramifications on the
development and in part, later on production costs. In view of the SpaceLiner case-study being in
the early program phase and approaching maturity in terms of SW considerations in the future,
the SW WBS elements are still included in the WBS to facilitate for future incorporation of costs
once these can be calculated. As such, in the AA representation, the largely software element
2500, 3500 and 4500 fields are shown in italics, also with a zero cost.

Here, it must also be recalled that SW costs were addressed differently by the two
commercial 4cost aces and PRICE tools used for the AA framework. The PRICE-H module of
the PES software did not explicitly calculate SpaceLiner case-study SW costs. If software costs
are required with the PRICE Estimating Suite, the dedicated PRICE-S module is used. Still, this
module requires basic inputs, which, for the SpaceLiner case-study, are unavailable. The 4cost
aces model, however, does calculate basic, global SW development and production costs based
purely on electrical hardware component inputs for the WBS. The aces tool then derives a very

basic, top level, un-calibrated baseline SW estimate in line with the hardware components which
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require software. Yet although estimated loosely by the 4cost aces tool, the software costs were
excluded as they were seen as being extremely preliminary in nature, and therefore potentially
misrepresentative of true SW costs, and thus introducing uncertainty.

The top system-level TransCost model inherently does incorporate SW costs in its CERs
although at a global level. The segmentation of these SW costs amongst the respective elements,
as well as between development and production cost categories, is embedded within total CER
results, and could not be determined individually.

In recognising that all three models treat SW costs differently, it was necessary to decide
on a logical, defensible and consistent approach to ensure the models were most optimally
comparable. Since SW costs could not be generated accurately and justifiably enough due to
insufficient specification data, it was decided to eliminate the existing SW costs from the 4cost
aces calculation. In this way, both commercial models would then exclude any SW costs,
especially since the resulting numbers would have been speculative and unfounded in any case.
Nevertheless, in view of the SpaceLiner case-study coming to a maturity in terms of SW
considerations in the future, the software elements of the WBS were still factored in for to
facilitate future incorporation of these costs once they can be calculated. As such, in the AA
representation shown in Chapter 4.9.7, the software elements 2500, 3500 and 4500 fields are
shown 1n italics, and with a zero cost.

Since TransCost SW costs are globally addressed, their segmentation within overall
development and production costs, as already mentioned, could not be determined. Therefore,
although being impossible to quantify, this important distinction must be identified as a
contributing factor to why TransCost may yield higher development (and in fact partially

production costs) than the two commercial models, 4cots aces and PRICE.
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4.9.9 Development Cost Sensitivities

In extension to the AA utility, and in addition to the sensitivity study already presented
during the process to ascertain a TransCost range in Chapter 4.9.1.3, it was interesting to perform
some sensitivity studies to the baseline case-study configuration. Since the development costs
showed a strong congruence between the two commercial tools, the 4cost aces tool was chosen as
the backbone to initiate some first sensitivity analyses. It was interesting to see overall costs may
be affected through changes to select criteria known to influence development. Two such
variables are the number of prototypes as well as the level of the development team experience.
Both values were augmented to represent a worse-case scenario compared with the baseline, also
congruent with a more conservative approach which is prudent during early program cost

analyses to assist in factoring in for risk and uncertainty.

4.9.9.1 Prototype Quantity

The baseline 5 prototype-model philosophy (Chapter 4.1.3) was subjected to sensitivity
analyses. It is known that during development, one of the most cost-consuming activities is the
number of proto-models produced, which also includes the associated testing and validation of
technology processes. The proto-model quantity was increased to 8 and 10 models. Within a
large, complex aerospace program context, while increasing the number of test model units
would increase the development costs, in the long run, the full-scale and high-fidelity prototypes
could potentially be sold at a discount rate to interested parties after undergoing and passing
necessary certification. So, within a full program LCC context, some monies expended for more
prototype units could be recovered through their consequent sales. Results of the sensitivity are
shown below in Table 40. Quite clearly, an increase in prototype units results in a noticeable cost
increase for the development effort. A 34% increase was observed for a 3-unit increase to the
baseline, with a 56% increase on the baseline for a doubling of prototype units. The results firmly

prove that the prototype quantity is a strong cost driver for the development phase.
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Table 40: 4cost aces prototype quantity sensitivities for development costs

Sp Sensitivity Development Cost (B€) % of BL

Sp0 | Baseline (5 Models) 20.35 100%
Spl | 8 Models 27.24 134%
Sp2 | 10 Models 31.66 156%

4.9.9.2 Team Experience

The baseline team factor for the SpaceLiner case-study was assumed to represent an
experienced team (aces table value of 7), as already described in Chapter 4.9.3, and detailed in
Appendix G. The first sensitivity analysis was conducted altering this TEAM value to 6,
representing a team which knows the task and has done something similar before (-1 aces input).
A further decrement to a TEAM value of 5 (-2 aces input) was also done to represent a standard
team. As shown in the Table 41 results, a decrease in team experience results in an increase of

roughly 10% for every increment to the 4cost aces complexity factor.

Table 41: 4cost aces TEAM complexity sensitivities for development costs

Sp Sensitivity Development Cost (B€) % of BL

Sp0 | Baseline (TEAM 7) 20.35 100%
Sp3 | TEAM 6 22.15 109%
Sp4 | TEAM 5 24.28 119%

4.9.9.3 Development Sensitivity Discussion & Summary

Basic sensitivities were performed for the baseline development costs calculation,
augmenting the prototype quantity and team experience. It was most interesting to note that as
expected, and based on past program experience and practice, it has been shown that the

prototype quantity constitutes a significant cost driver for the development Phase C. Again quite
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logically, decreasing the team experience during the development process also increases cost

although not as pronouncedly as through a prototype quantity delta.

4.9.10 Development Cost Calculation Conclusions

Through applying AA, development costs at L1wgs calculated by all three tools, 4cost,
PRICE and TransCost, present a very strong congruency. A consistent final development cost
range was also identified, converging on a gross program development cost between 26 - 32 BE,
with the average range firmly centered on 28 B€. While greater cost fluctuations exist at a lower
component and WBS level, in line with AAmac, this is indicative of a greater margin of
uncertainty associated with those costs. As such, as the program matures, the cost estimates
should be continually monitored and revised to incorporate any new information and data.

The basic sensitivity analyses performed also showed that the prototype quantity during
production has a strong influence on cost, as does the experience and competence of the
development team, as was to be well expected.

Overall, it can be seen that through the AAmac, a highly congruent and comprehensive
development cost range is established for the case-study vehicle that is still in the pre-phase A.
With such strong congruence between results, the level of uncertainty associated with the cost
estimate is low. Cost estimation confidence is also significantly enhanced through solid,
documented analysis and justifications, as well as careful analytical explanations of any
significant deviations or inconsistencies. Finally, the key framework for the cost estimation
process of large, complex, international programs has been determined and logically presented.
Numerical data can later be updated, re-entered, and re-calculated at a later stage, and the cost
estimate consequently reworked as the SpaceLiner concept and its definition reaches a more

mature phase.
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4.10 PrRoODUCTION COST ANALYSIS

The process to ascertain the recurring production costs for the SpaceLiner case-study,
featured a similar conformity to the process for development costs. In line with the AA approach,
multiple models were used, being the same three models as for development. Here, the
SpaceLiner philosophy about the qualitative development schedule (see Chapter 4.1.2), the
prototype model logic (Chapter 4.1.3 ) and the element reusability philosophy (Chapter 4.1.8)
were drawn upon and integrated into the calculations in a practical, consistent, numeric and
logical manner.

For the program production Phase D, the cost figure of interest is the cost of the
theoretical first unit (TFU). Furthermore to the TFU cost, it is also interesting to know the total
cost of the overall production batch which, for the SpaceLiner concept was chosen to be a
baseline of 500 units (see Chapter 4.1.7). For such batch production, the learning factor (LC) is a
critical value to model and reflect cost reduction observed from learning in application of

processes during production, as described and quantified in Chapter 4.10.1 below.

4.10.1 Learning Curve Determination

The concept of LCs is applied for uninterrupted manufacturing and assembly tasks to
describe learning for highly repetitive and labour intensive processes [137]. LCs seek to describe
and quantify the typical phenomenon of human performance improvement when activities are
done on a repetitive basis. Here, the time required to perform a task is seen to decrease with
increasing repetitions [201, 202]. From an organisational perspective in particular, and
irrespective of industry, determining the predictability of the learning effect is essential to
underpin estimation of costs during the production phase. Some examples of various LCs in the

engineering industry are shown in Figure 36. If such a learning relationship is identified and
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plotted on a log-log scale, the result is a straight line reflective of a certain learning percentage,
thus forming the basis of LC estimates, as furthermore shown in Figure 37 [201].

As previously mentioned, in line with the SpaceLiner case-study philosophy established
in Chapter 4.1.2, the production scheme of the SpaceLiner has been assumed to bear a close
resemblance to the aviation sector. As such it is essential to study the production practices of this
particular industry and determine how this correlates with commonly accepted and frequently
assumed space sector LC values.

In literature, it has been proposed that the manufacturer production cost for each series of
aircraft depends on several key considerations including production quantities and the technology
risk [217], with the learning effect of production also being crucial to the recursive production
costs.

Aircraft production size of a fleet has been shown to be directly linked to market research
which determines the break-even point to ensure financial gain for the aircraft or vehicle from a
particular fleet [217]. Here, the assumption of a total production of 500 SpaceLiner units is a
baseline albeit preliminary one, and prone to change in the future as a clearer operational scenario
is established. However, the initial TFU cost range calculated at this stage through application of
AA can be considered to constitute a solid baseline for future incorporation of new information to
reflect program modifications.

The technology risk refers to a cost increase observed at higher Mach numbers [102]. As
such, more expensive materials are required, with the known result that more expensive systems
constitute a larger fraction of empty weight, and consequently increase the airframe cost per unit

weight [217].
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Figure 36: Some examples of learning curves across various industries [201]
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Figure 37: LC slopes of typical activities at a higher overall-industry level [201]

For the critical LC consideration, this refers to the learning effect which occurs with
multiple-item production of a vehicle. From polling literature about the aerospace and aviation
industries as a whole, the LC for particular aviation and space is defined by TransCost to lie
within a broad range of 1.0 to 0.70 [102]. The NASA Cost Estimating Handbooks [135-137] then
states a more specific average LC value of 85% for the aerospace domain, which is then
confirmed, accepted and consistently utilised in wider scientific and academic literature [78, 201,
224].

To nevertheless independently confirm the general industry figure for the aerospace

sector, the aviation industry was furthermore polled to identify production LCs of military fighter
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jets and large commercial aircraft. A summary of the sourced production programs and their
respective, reported and documented production LCs are shown below in Table 42. An average

LC figure is consequently deduced to be around 0.82.

Table 42: Summary of learning curves for high-speed and large aviation programs polled from
various literature sources

SOURCE REPORTED LC
PROGRAM (p)
[126] Boeing 787 0.84
[127] Boeing 777 0.84
[224] Concorde (target only) 0.75
[220] F-35 0.89
[24] Lockheed-1011 0.75
[129] Blackbird 0.86

A RA () &

With the calculated average of 82% lying perfectly within the TransCost stipulated LC
range of 1.0 — 0.70, and also being highly congruent with the NASA value of 0.85 across both
aviation and aerospace industries, the 0.85 learning factor was consequently and justifiably
adopted for all calculations of production costs within this Thesis using the three tools and
models for the SpaceLiner case-study AA. A crucial and simplified academic assumption here
was that the same and constant 85% learning curve would be applied across all SpaceLiner case-
study system elements, and this, throughout the entire production lifetime of the program. In
reality, this would not be the case. From practice, such a large-scale and extremely complex
program would commence gradually, with perhaps initially only a small amount of vehicles
gradually entering the market. As such, at the beginning, it should be anticipated that only a few
vehicles would be produced, with again more time before a full-fledged serial production process
could be achieved. This would of course consequently have time implications on the production

schedule which, in this Thesis, has been assumed to be optimal.
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Returning back to the LC value, this is indeed a dynamic figure and, as already seen from
Figure 36 and Figure 37, would vary not only depending on production quantity, but also on the
component or element being produced.

While at this early stage a common and consistent LC of 85% is a sufficient albeit
simplified, academic assumption for the respective level of detail, at a later stage, this would have

to be reassessed and honed in for different elements at lower levels.

4.10.2 TransCost Production Cost Calculation

For the TransCost model structure and for CER application, the top-level SpaceLiner
components, as already presented in Chapter 4.1.1, and as assumed also for production cost
calculation, were taken, being the SLO, SLME, SLB and SPC. Yet, a critical difference between
the development costs and the production costs lies in the fact that while the TransCost model
was an ideal tool suitable for calculating the development costs of the SpaceLiner, for the
production cost group of calculations, no TransCost CERs exist to ideally address all four
SpaceLiner system elements. While suitable CERs exist for the SLME (Liquid Propellant Rocket
Engines CERgpacc) and SPC (Crewed Space Systems CERspace), no dedicated CERs could be
identified for the SLO nor the SLB system elements. The two most relevant CERs were for these
elements were the 