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The primary purpose of this paper is to review currently existing cost estimation methods, models,

tools and resources applicable to the space sector. While key space sector methods are outlined, a

specific focus is placed on hardware cost estimation on a system level, particularly for early mission

phases during which specifications and requirements are not yet crystallised, and information is

limited. For the space industry, cost engineering within the systems engineering framework is an

integral discipline. The cost of any space program now constitutes a stringent design criterion, which

must be considered and carefully controlled during the entire program life cycle. A first step to any

program budget is a representative cost estimate which usually hinges on a particular estimation

approach, or methodology. Therefore appropriate selection of specific cost models, methods and tools is

paramount, a difficult task given the highly variable nature, scope as well as scientific and technical

requirements applicable to each program. Numerous methods, models and tools exist. However new

ways are needed to address very early, pre-Phase 0 cost estimation during the initial program research

and establishment phase when system specifications are limited, but the available research budget

needs to be established and defined. Due to their specificity, for vehicles such as reusable launchers

with a manned capability, a lack of historical data implies that using either the classic heuristic

approach such as parametric cost estimation based on underlying CERs, or the analogy approach, is

therefore, by definition, limited.

This review identifies prominent cost estimation models applied to the space sector, and their

underlying cost driving parameters and factors. Strengths, weaknesses, and suitability to specific

mission types and classes are also highlighted. Current approaches which strategically amalgamate

various cost estimation strategies both for formulation and validation of an estimate, and techniques
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and/or methods to attain representative and justifiable cost estimates are consequently discussed.

Ultimately, the aim of the paper is to establish a baseline for development of a non-commercial,

low cost, transparent cost estimation methodology to be applied during very early program research

phases at a complete vehicle system level, for largely unprecedented manned launch vehicles in the

future. This paper takes the first step to achieving this through the identification, analysis and

understanding of established, existing techniques, models, tools and resources relevant within the

space sector.

& 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

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 ren-
dered outdated with cost becoming the new design criteria
of dominance. In today’s competitive environment, limited
resources and stringent mission budgets constitute a real mone-
tary barrier for access to space, meaning that cost must be a major
consideration within the scope of mission planning and indeed for
all management decisions and processes. Therefore cost engineer-
ing, the new paradigm for space launch vehicle design [1] 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 and cost modelling are
the two elements focal to this paper, with the topics being of
l. Review of hardware cost e
space Sciences (2012), doi:
current, significant interest within industry as seen by the rapid
advancements and evolution of the processes [2]. The two
components have been classified as being key constituent func-
tions within the overall cost engineering and cost control frame-
works [3,4]. 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 [2,5]. Hence the need
for representative and adequate cost estimation during the very
stimation methods, models and tools applied to early phases of
10.1016/j.paerosci.2012.02.001
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Fig. 1. Artist’s interpretation of SpaceLiner 7 (Courtesy of Hochschule für

Angewandte Wissenschaften Hamburg, HAW, Hamburg University of Applied

Sciences and IDS Hamburg GmbH).
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early program research, establishment and development phase is
obvious. Here it is important to note that a cost estimate 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 and program details may be limited
and the resulting cost estimate would therefore have a higher
uncertainty than one made later on during the program life
cycle. However at this early stage, a representative cost estimate
reflective of all available information and data at the given time
can optimally support the project funding and underpin alloca-
tion of an adequate initial budget.

Most recently, global, social, economic and political circum-
stances 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 [6], governments
have been ousted and replaced by markets as the principal
engines of technological change. Such political variability and an
uncertain financial market have both heralded significant changes
and restructure within many international space agencies includ-
ing America’s National Aeronautics and Space Administration
(NASA), arguably the most prolific body in the world’s organisa-
tion and funding of space [7]. 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 access is becoming
an attainable reality while furthermore the promise of civilian
orbital flights is also progressing strongly from its embryonic
phases.

Diverse papers, articles and reports have addressed and
explored the topics of private commercial space flight and space
tourism, their advent, current progress and future industry
potential [7–13]. Additionally, well summarised by Crouch [14],
numerous surveys and studies to gauge interest and plausibility
of a space tourism market have been conducted predominantly in
the 1990s across Japan [15,16], the USA [17–19], Germany [20],
Canada [19], the United Kingdom [21] and even Australia [22].
More currently, several studies are also being undertaken by
various international institutions [23]. Generally speaking, find-
ings suggest that conceptually, a significant proportion of respon-
dents 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 businessesyin time, it should become a very
important part ofy[the] overall commercial and civil space
business-program structure’’ [18].

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 [12]. Prolific examples
include Sir Richard Branson’s Virgin Galactic [24,25], a highly
successful synergy of the Virgin Group and Paul Allen and Burt
Rutan’s Mojave Aerospace Adventures [26], renowned for its
prize-winning suborbital SpaceShipOne spaceplane. Undoubtedly,
Virgin Galactic has impacted significantly and positively not only
on the technological advancement of space technologies, but has
also reinvigorated media interest, exposure and consequently
Please cite this article as: Trivailo O, et al. Review of hardware cost e
space mission planning. Progress in Aerospace Sciences (2012), doi:
public awareness in human space access, crucial elements
to substantiate any future business case. Furthermore, other
companies actively proving and enhancing the existence of a
commercial space market include Space Adventures [27,28],
Armadillo Aerospace [29], and Elon Musk’s SpaceX, whose key
organisational goal is ‘‘enabling humanity to become a space-
faring civilization’’ [30]. 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, seek-
ing to cost-effectively and rapidly progress manned space travel
in the long term, while concurrently capitalising on these initia-
tives. Until now, much of the activities have focused on sub-
orbital flights, while more recently focus has also turned to orbital
civilian ventures [11]. In fact Eilingsfeld [31] suggests that growth
is limited for suborbital space tourism due to very short times to
experience space despite relatively high ticket prices. So in order
to enhance the business case, he identifies and proposes three
options to prolong 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 [31–33]. This hyperso-
nic, suborbital vehicle is currently under preliminary investiga-
tion within the Space Launcher Systems Analysis (SART)
department at the German Aerospace Center, DLR, within context
of the FAST20XX framework [34], and aims to revolutionise the
space market by marrying an ultra-fast means of point-to-point
transportation with the allure of thrill seeking and a strong space
tourism component. SpaceLiner has the capabilities to travel from
West Europe to Australia in 90 min, an unprecedented speed by
today’s transportation measures (Fig. 1).

Here, it is interesting and relevant to consider the aspect of
cost estimation from another perspective concerning the price
range that a typical ‘space access consumer’ is prepared to
potentially incur, and for what calibre and purpose of ‘product’.
This could include orbital or sub-orbital flights with a tourism or
high speed transportation oriented focus. Of course the price to
the consumer of each space access endeavour will be closely
associated with the total development, manufacture and opera-
tions costs for each respective space program itself, with, pre-
sumably, incorporation of a certain profit margin within a
commercial context. Therefore actual program costs will be
directly reflected in the ticket or flight costs borne by the
consumer. So within this context, and in part relevant to vehicles
such as SpaceLiner, in their paper on reusable hypersonic archi-
tectures, Kothari and Webber [11] derive a $500,000 figure for
potential orbital space tourism. More generally, however, initial
forecasts made by the Futron group [13] 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
stimation methods, models and tools applied to early phases of
10.1016/j.paerosci.2012.02.001
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likely to cost between $50,000 and $100,000 [35]. 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 [36].

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, obsoles-
cence [37]. In accordance with fundamental PLC principles,
Klepper [39] 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 develop-
ment and introduction, followed by an intermediate growth and
development stage, and finally by product maturity [37]. 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 [38], Peeters [39] suggests that the traditional
PLC curve, shown qualitatively in Fig. 2, can be applied directly to
the potential civilian space access and tourism industries [37].

Working further with the justifiable scenario that space tour-
ism is an attractive and successfully marketable ‘product’ [9] and
combining this with the trend of increasing volume most promi-
nently 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 spacelift systems
conducted by the Aerospace Corporation, Johnson and Smith [42]
conclude that in order to achieve a one or two order of magnitude
reduction in cost, flight rates must significantly increase com-
pared to the Shuttle [41]. For a 10� cost reduction, 48 flights per
year are proposed, and 700 flights per year for a cost reduction of
100� . Combining a foreseen increase in launch vehicle demand
with an increase in flights, should incite technological enhance-
ments in spacecraft hardware reusability, which at present is
fairly limited, in particular for launcher vehicles with manned
capabilities. Currently, the only projects comparable for this
category of space vehicles are the Space Shuttle fleet, which was
only semi-reusable [42], 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 [43]. Consequently, higher launch rates should drive
launch costs and overall space access costs down, requiring
Fig. 2. Qualitative traditional PLC curve potentially applicable to civilian space

access industry [37,40].
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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’’ [44]. So with the recently transpired and justifiably
foreseen advancements to space access through the advent of
commercial space travel spurred on by current 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, unprece-
dented technologies furthermore integrated within new company
structures.

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 ensure that estimated costs for new, unprece-
dented 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 cost
estimate 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 cost estimates
at regular interval throughout the program life cycle to incorporate
any changes and reflect new information, supports budgeting deci-
sions and maximally assists in avoiding significant, unexpected
budget blow-outs [2]. 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 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 which will be reviewed within this paper.

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 [45]. Consequently, another two in-
depth RAND studies into shortcomings of cost estimation meth-
ods were released in 2008 [46,47]. In the RAND document which
addresses cost estimation of space systems within the Air Force
Space and Missile Systems Centre (SMC), Younossi et al. [47]
incorporated past lessons learnt, while providing future recom-
mendations for improving the processes, methods, tools and
resources based on the study’s findings. The second, document
by Fox et al. [48] is a dedicated handbook reference describing
guidelines and metrics needed to review costs associated with
space acquisition programs. Both documents list and contain
descriptions of some key cost estimation models, such as the
Unmanned Space Vehicle Cost Model [49] (USCM), the NASA/
Airforce Cost Model (NAFCOM) [50,51] and Small Satellite Cost
Model [52]. More specifically, Meisl [53] described the cost
estimating techniques especially for early program phases, while
more recently, Curran et al. [54] provide an in-depth look on
aerospace engineering cost modelling. Other documents, such as
NASA’s Cost Estimating Handbook [55–57] and the online DoD
Parametric Cost Estimating Handbook [58] also offer their own
lists of various industry-relevant cost estimation tools and
methods. Depending on the source, the scope of these lists is
stimation methods, models and tools applied to early phases of
10.1016/j.paerosci.2012.02.001
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typically broad, covering many specific estimation methods for
mission hardware and software, development, operations, man-
agement 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.

This paper seeks to provide 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 cost estimate for the anticipated program is
nevertheless required to proceed further. For completeness sake,
these models are, however, included and briefly discussed within
the review due to their consistent application in the space
industry. Manuals, handbooks and reports directly applicable to
space sector cost estimation at 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 paper 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 paper.

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.
2. Cost engineering and cost estimation methods for the
space sector

2.1. Role of effective early cost estimation within a cost engineering

framework

From labour hours and materials being tediously tallied to
obtain crude cost estimates during WWII to advanced models and
tools which have been developed and applied today, cost estima-
tion is an integral element of program planning, management,
overall system design and the cost engineering framework [54].
While cost estimation and cost engineering are, in their own right,
distinct disciplines, the two are intimately related. Cost engineer-
ing 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 [54,59,60]. By applying this definition, cost estimation
is therefore a constituent component or subset of the larger cost
engineering framework [3,4], and is defined as the process of
prediction or forecasting of product or output costs, resulting in
an estimate [61]. As previously emphasised, a cost estimate 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. Never-
theless careful, realistic budgeting is a crucial first step to under-
pin future program success, the basis for which is derived from a
preliminary program cost estimate. Hence it is logical to state that
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a justifiable, competent, informed cost estimate reflective of all
the data which is available during the early program planning
forms a solid foundation for an adequate and supportable pro-
gram budget [62]. 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 over-
runs during project implementation [63]. So while there may be
preliminary, limited, or insufficient information available regard-
ing 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 [53]. And within the space sector even today, such
a heuristic approach still forms the fundamental backbone of
most cost estimation methods and models [2].

Here, during early mission phases, effective schedule manage-
ment 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 cost estimate,
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 [5]. The ultimate objective is
to meet project deadlines and achieve cost targets while successfully
attaining the required technical performance.

Overall, however, essentially three key elements can be iden-
tified to accommodate for effective cost estimation practice [53].
The most challenging includes access to reliable, detailed input
data, as well as the appropriate mix of effective tools, methods
and models to perform the estimate. The latter must be consistent
with program phase and system definition at the time of the
estimate [53]. 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
for amassing the right data, polling adequate information, asking
the right questions and ultimately translating the latter into
model inputs [53]. If any single part of this process chain is
omitted, then a cost estimate is unlikely to be indicative of
program cost, and therefore not useful.

This paper focuses specifically on one of the three elements,
being the cost models, methods and tools aspects. Identification,
selection, application and sometimes development of cost esti-
mating 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 resources and information and risk
analyses, and is the responsibility of the program manager, and
subsequently the estimator themselves.

2.2. Cost risk and uncertainty assessment

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 crucial during formulation of a
program’s initial cost estimate, when a detailed understanding
and assessment of potential cost risks is essential. Various facets
stimation methods, models and tools applied to early phases of
10.1016/j.paerosci.2012.02.001
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and definitions can be applied to the terms ‘risk’ and ‘uncertainty’
within the context of a program and the required or existing cost
estimate for that program.

2.2.1. Risk and uncertainty of unexpected events

The meaning of the term ‘risk’ differs subtly yet distinctly from
the meaning of ‘uncertainty’, and this definition is important to
establish. 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, unex-
pected event which becomes known only after it has occurred
[64]. 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 modelling of
uncertainty directly translating into risk [58]. 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. 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 paper. Interested readers may refer
to the following references for further details on cost risk and
uncertainty assessment and management [48,57,58,62,65].

2.2.2. Uncertainty of cost estimate

Another type of uncertainty not directly associated with
unexpected events arising during a program relates to a formu-
lated cost estimate 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 [58]. Additionally, this
uncertainty also encompasses an estimate’s accuracy based on
correlation with a program’s phases. Normally, early in a program
only few specific mission details are available based on which a
first cost estimate can be formulated. Therefore due to this often
insufficient or incomplete knowledge of parameters, uncertainty
around the initial estimate is high. As the program advances
through development and into implementation, specifications
and mission requirements begin to emerge and crystallise. Con-
currently, the initial cost estimate should be reassessed regularly,
and in this way the cost uncertainty associated with the first
preliminary estimate is reduced with every iteration. It has also
been shown that costs are more likely to overrun than under-run
[66], with the initial cost estimate baseline generally tending to
increase as the program develops. Here, the baseline cost refers to
the most likely cost estimate figure assuming no abnormal
problems occurring and normal working practice is adhered to.
The latter processes and principles are graphically illustrated in
Fig. 3 in what is referred to as the cone of uncertainty [66]. The
horizontal axis represents project milestones and phases, while
the vertical axis indicates estimation uncertainty and variability.
While the model is generally applied specifically to software
development, the cost concepts described therein can be effec-
tively extended and are relevant beyond the software
domain alone.

2.3. Diversity of cost estimation 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.
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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 [55]. To facilitate for all these cases,
proper selection of appropriate estimation methods and tools is
vital, since this positively impacts on overall project costs. Many
variables and considerations dictate this choice, including avail-
able technical definition detail and program phase, the scope of
the effort to be costed, allocated resources, availability of histor-
ical cost data and program maturity coupled with the cost
estimator competency and experience [55]. While it is important
to recognise these differences, the methods and processes them-
selves remain fairly consistent.

To address the diversity for cost estimation purposes, numer-
ous 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) [48,55,67], systems engineering processes
(COSYSMO) [68], operations and processing (SOCM, MESSOC)
[69,70,71], as well as ground development and risk assessments
(ACEIT, Crystal Ball, @Risk) [55]. Even a model for determining the
cost of performing a cost estimate has been addressed [45,72].
This paper, however, specifically focuses on COTS and GOTS cost
estimation approaches applicable on a more global system level
for an overall space flight project with a hardware focus. The
methods described within this paper are normally best suited and
particularly necessary and applicable during the initial phases of
program development and mission planning.

2.4. Cost engineering oriented organisations

The importance of effective, efficient and accurate cost engineer-
ing practices, as underpinned by effective cost estimation through-
out 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
stimation methods, models and tools applied to early phases of
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previous projects while simultaneously reacting to current circum-
stances efficiently and effectively [73]. Yet prevailing organisational
inconsistencies concerning the absence of formal structure, docu-
mentation and processes for cost estimation methods and practices
[59] combined with ineffective retention of past experience, knowl-
edge and ‘lessons learned’ continuously results in inefficient out-
comes. And with deadlines and competitive bidding for projects
adding time pressure to the compound mix, unstructured, hasty cost
estimations result in repeated significant budget overruns, particu-
larly within larger organisations and agencies like the US DoD [74],
ESA [75,76], and NASA [77].

These issues and inconsistencies have underpinned the emer-
gence of numerous professional, industry and government cost
estimation groups and organisations whose core fundamental
philosophies and aims are to promote the standardisation of cost
engineering 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)
[78], Society of Cost Estimating and Analysis (SCEA) [79], the Space
Systems Cost Analysis Group (SSCAG) [80], the Association for the
Advancement of Cost Engineering through Total Cost Management
(AACE) International [81], American Society of Professional Estima-
tors (ASPE) [82], Association of Cost Engineers (ACostE) [83] and the
International Cost Engineering Council (ICEC) [84]. While having a
slightly different focus, fundamentally all of these organisations
share the common core goal of cooperating and promoting better,
more consistent cost engineering principles and cost estimation
practices and standards within industry.

2.5. Cost estimation methods

Predominantly, three main, staple cost estimation methods
(CEMs) form the backbone of tools applied for cost estimation
within the space sector: engineering bottom-up, analogy and
parametric approaches. The detailed bottom-up estimation
approach encompasses the synonymous techniques of engineer-
ing build-up, grassroots or detailed cost estimations. Analogy and
parametric cost estimations are part of the top-down methods or
statistical approaches and can be classed as gross estimation
methods. Expert judgment (EJ), arguably, is another cost estima-
tion approach, although there does not appear to be a clear
consensus in literature on whether or not it constitutes an official
method [85] despite its widespread application.

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 cali-
bration. Given recent dynamic progresses and 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 prospects for commercial launches [37],
ultrafast space transportation [32–34] as well as the potential
for space tourism [8,9], this applies particularly to launch vehicles
with manned capabilities. Yet very limited precedent and conse-
quently 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 currently recognised and utilised within the
space sector are concisely summarised below, and their respec-
tive attributes provided. Potentially, however, new methods need
to be investigated, a process which must begin from recognising
and analysing those estimation methods in use today.
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2.5.1. Parametric cost estimation

Parametric cost estimation is used prolifically within both
industry and government applications, offering a means to
economically approach proposals, negotiations or basic program
cost assessments which rely on cost or price data and estimation.
More specifically, the parametric approach is commonly used
within planning and budgeting during acquisition processes [58]
with the CEM having official acceptance by the Federal Acquisi-
tion Regulation (FAR) for proposal preparation [86]. 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 [87], the USCM [49], and NAFCOM [50,51].

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. 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 [88]. Significant amounts of time and resources
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 perhaps from
various sources. The challenge lies in obtaining sufficient, represen-
tative quantities of cost data, yet alone in finding accurate, relevant
and sufficiently detailed numbers and figures. The DoD Parametric
Cost Estimating Handbook [58] 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 and environment. This is exactly what often renders the
data collection process as the most time-consuming, strenuous and
costly aspect for accurate CER formulation and indeed for cost
estimation [57]. Even extracting data retrospectively from projects
poses challenges relating to contractual and administrative com-
plexity [87]. Furthermore, all developed CER credibility must be
verified through comparison and sufficient correlation to existing
projects. The interested reader is directed to consult references
[58,62,89] for more detailed information about quality data collec-
tion, 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 require-
ments beyond normal boundaries of the underlying CERs are
introduced [90], as is exactly the case for manned RLVs. In this
respect, assumptions must be made that historical data is repre-
sentative 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
each be addressed by various approaches.
2.5.2. Engineering build-up estimation

Known synonymously as engineering build-up, bottom-up,
grassroots or detailed cost estimation, this very specific analytical
stimation methods, models and tools applied to early phases of
10.1016/j.paerosci.2012.02.001
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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 either a Cost Breakdown Structure
(CBS) or a Work Breakdown Structure (WBS). The low level cost
estimates usually come directly from the engineers and experts
performing the designated work, the sum of which then consti-
tutes 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 [55].

Therefore engineering build-up is inherently an extremely
resource-intensive approach with significant associated costs, as
well as time and effort involved. Very careful attention must be
paid to the organisation of the WBS and CBS to avoid duplications
and omissions of tasks, which would then reflect directly and
misleadingly on costs [64].

Inability to quickly adapt to scenario changes or specifications,
requirement and design alterations, which frequently arise during
early planning phases, is a weakness of this CEM. Given any
modifications, new estimates must then be built up anew. So
ideally, detailed, advanced and confirmed low level specifications
are necessary for application of the engineering build-up method.
These are usually not 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 when sufficient
details are available (i.e. Phases A–D), the resulting cost estimate
can be extremely accurate since it is unique to the specific
industry and application [62]. 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 rendering the cost estimate defensible [55]. Insight
is also gained into major drivers and contributors to overall cost,
which can be useful for program review and analysis, as well as
incorporated in future projects as lessons learned.
2.5.3. Analogy estimation

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 [55]. 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 [62]. Application of the method is
also limited since identifying a suitable analogue or adequately
detailed technical, program and cost data is often an extremely
difficult task. If successfully identified, reliance for the compar-
ison is then based on a single data point only. Therefore suffi-
ciently 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 the various program phases at
a minimum cost, since analogy can be applied even before specific
program specifications are known. And if a close suitable analo-
gue 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
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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 [90], and is therefore more resource intensive.

2.5.4. Expert judgment estimation

Expert judgment (EJ), or expert opinion, is a commonly applied
methodology despite being subjective in nature of the assumptions
and assessments which are formulated by the estimator based on
their own experience and knowledge. It is also a key element within
the previously discussed analogy CEM. According to ESA’s Engineer-
ing Costing Techniques specifications, EJ is deemed to be the fourth
cost estimation method [2], then contradictorily as both the backbone
and limitation of the analogy approach [88], as knowledge based
cognition [91] and simply guessing [92] in other literature. A wide-
spread feeling exists that the EJ approach is particularly intuitive and
as such, consequently liable to personal knowledge bias and sensitive
to political pressures [85]. Yet while being frequently criticised and
often misunderstood by those outside the cost estimating community
[59], EJ is nevertheless consistently and extensively used in the
generation of cost estimates [2,93]. This approach can be applied
throughout all project phases, and can be beneficial when historical
data is scarce or unavailable. While gathering a group of experts may
require some resources initially, once achieved, EJ requires compara-
tively minimal effort, time and cost and is often used as a sanity check
for CER results where implemented data is significantly beyond the
CER data ranges [62]. In fact , other than analogy, various more
advanced techniques have been designed with EJ at their core. One
example, the Delphi method, relies solely on group expert engineer-
ing judgment obtained from several professionals, to provide the cost
estimator with latitude in their cost prediction [55]. Another useful
approach is the Analytic Hierarchy Process (AHP) which was devel-
oped by Dr. Thomas Saaty [94]. 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 [95,96], and
after some normalisation of the rankings, an overall relative score can
be deduced for each option. An advantage of the method 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 [94].
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 [97]. A
recognised weakness of the approach pertains, however, directly to
the same weakness as that of the EJ element itself, namely the fact
that the expert judgments involved can be inconsistent or prone to
knowledge or experience bias. Furthermore, ways to gauge any
inconsistency and improve the EJ element of AHP are challenging
[97]. Despite this, AHP constitutes a powerful tool for comparisons of
alternative design concepts based on both qualitative and quantita-
tive criteria.

2.5.5. Rough order of magnitude estimation

The NASA 2002 Cost Estimating Handbook defines the rough
order of magnitude (ROM) estimation as one of ‘‘four generally
accepted estimating methodological approaches’’ [55]. Also
referred to as a vendor quote (VQ), this ‘first order’ methodology
is useful early in mission planning phases to estimate costs either
already known from past experience, or readily available based on
polling of current industry wide data [90]. Applications of the
ROM method for cost estimation include hardware, facilities and
stimation methods, models and tools applied to early phases of
10.1016/j.paerosci.2012.02.001
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categories considered in this paper.

Fig. 4. Qualitative application of CEMs according to project phase [90].
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services, usually when a project has not been started and when
requirements are not explicitly specified.

2.6. Cost estimation 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 and relevance of the estimate [55].

Throughout the program life cycle, information, the levels of
details and sometimes key requirements and specifications relat-
ing 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 as it becomes available. The
various CEMs discussed are to varying degrees appropriate for use
during the different program phases. This suitability and adapt-
ability of the different CEMs with respect to time and therefore
phase is qualitatively shown in Fig. 4.
Fig. 6. Scope of reviewed COTS cost estimation models.
3. Cost estimating tools and models

Once a suitable methodology has been defensibly identified,
usually, and in accordance with project phase, a tool or model
implementing this methodology must then be found. No single model
or tool is applicable for all purposes, so numerous options have been
developed around the CEM principles previously discussed to address
the complex issue of cost estimation within a diverse space sector.

Furthermore, a mission can be broken down into the three
clear stages for its life cycle costs concerning all aspects, elements
and components. These phases are development, production and
operations, and encompass both software, hardware as well as
various processes like storage, maintenance, disposal, and sup-
port. Therefore to address the different phases, the CEMs dis-
cussed in this paper are often adapted and incorporated into
numerous, often mission-type specific handbooks, manuals and
models, like the TransCost Model [87], and software packages like
PRICE System’s Solutions Suite [57,98].

A visual representation of respective cost components for each
mission phase and associated software and hardware elements is
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presented in Fig. 5. Various sets of tools, methods and models
exist to address the different links, represented by the arrows. The
solid arrows pointing to the space hardware element, represent
the cost estimation methods and tools specifically considered
within the scope of this paper.

Several key COTS and GOTS software packages are available on
the market in addition to detailed manuals, handbooks, and other
various models, and cost estimators must select the most suitable
cost assessment means for a given project. Such choice is, of
course, subject to constraints including laws and regulations
(such as ITAR [99]) and 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, phase
and level of design details available [55].
3.1. COTS cost estimation models

While many other excellent tools exist, this section describes
six key COTS models commonly used to formulate space sector
appropriate cost estimates, as shown in Fig. 6.

Within this context, the NASA COTS definitions will be applied
[57], which refers to those commercial models requiring no
modifications or maintenance over the product life cycle to meet
the needs of the procuring agency.

The TransCost Model, the Unmanned Space Vehicle Cost Model
(USCM) and the Aerospace Corporation Small Satellite Cost Model
stimation methods, models and tools applied to early phases of
10.1016/j.paerosci.2012.02.001

dx.doi.org/10.1016/j.paerosci.2012.02.001


O. Trivailo et al. / Progress in Aerospace Sciences ] (]]]]) ]]]–]]]10
(SSCM) are all available freely, subject to some basic conditions.
The remaining listed COTS models and tools, including PRICE
Systems Solutions, SEER by Galorath Incorporated and aces by
4cost, all require varying annual license fees.
3.1.1. TransCost Model

The TansCost Model for Space Transportation Systems Cost
Estimation and Economic Optimization is a dedicated launch
vehicle system model encompassing the development, operations
and manufacture stages of expendable and reusable 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. Designed specifi-
cally to be applied in the initial conceptual mission design phases,
TransCost was an extension of the 1971 dissertation work of
Dietrich E. Koelle and is now a very commonly used space
transportation cost model within industry [87], perhaps due to
its low cost and ready availability, simple handling, and trans-
parent CERs and data which underlie the model.

Conceived initially as a cost engineering tool, TransCost uses
the parametric CEM with rudimentary CERs derived from a
vehicle and engine database of cost data for European and US
space vehicle and engine projects within the 1960–2009 time-
frame. 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.

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 expendable and reusable vehicles 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 include vehicle mass, number of launcher stages, number of
units produced and expected launch rate. A range of ten complex-
ity factors are then further assigned, which address the impacts of
varying technological advancements and quality level, team
experience, regional productivity, series production, effects from
increased number of participating contractor organisations, sub-
contractor-ship or government involvement, optimum schedule
Fig. 7. TransCost Model category
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deviations, and past technical experience. A visual representation
of the TransCost Model structure breakdown is presented in Fig. 7.

A particular feature of the model is the use of the ‘Work-Year’
costing unit, which provides firm cost data transcendent of
inconsistencies due to 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, with accuracy for
historic cost data regression stated as being within 720% of cost
data range [87]. The open nature of TransCost also means that it
can be easily implemented within various programming environ-
ments, such as Excel&.

3.1.2. Unmanned Space Vehicle Cost Model (USCM)

The USCM is a parametric handbook and cost model from the
Air Force, with the latest Version 8 released in 2002 providing
CERs to facilitate estimation of unmanned, earth-orbiting space
vehicles [49] as well as flight hardware, aerospace ground seg-
ment, design, development, testing and evaluation and launch and
orbital operations support [55]. The freely available USCM8 docu-
ment features transparent, visible CER equations. Furthermore the
rigorous CER development process, which identifies cost driver
parameters, relates them to costs and is followed up by validation
through comparison with engineering expectations, is described.
Based on a NASA, military and commercial satellite database, a
particular feature of the model is that CERs at subsystem and
component levels are based on the Minimum Unbiased Percentage
Error (MUPE) regression technique [49]. Sensitivity analysis (i.e.
for inflation and requirement changes), as well as error assess-
ment, are discussed in dedicated chapters. Finally a hypothetical
case is presented to demonstrate applicability of the USCM using
specific relevant CERs provided within the USCM. Table 1 shows a
record of the data point count for each version of the USCM
through its development and modification iterations.

3.1.3. Small Satellite Cost Model (SSCM)

The SSCM was developed in 1989 by the Aerospace Corpora-
tion [100], and is a parametric model which estimates subsystem
and system-level program costs for the development and produc-
tion of small, newer class C and D Earth-orbiting and planetary
spacecraft weighing less than 1000 kg, minus payload. Based on a
structure for CERs and costs.

stimation methods, models and tools applied to early phases of
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Table 1
USCM versions data point count [49].

Program type 1st edition 2nd edition 3rd edition 4th edition 5th edition 6th edition 7th edition 8th edition

Military 5 7 11 11 16 9 19 23

NASA 6 11 12 13 13 4 4 12

Commercial 1 1 2 3 3 3 2 9

Total 12 19 25 27 32 16 25 44
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transparent database of missions, the SSCM is available at no cost to
organisations within the US and abroad subject to Export Control
Office review [52]. Operating in Microsoft Excel& the spreadsheet-
based graphical interface offers ease of use. Inputs include user
defined inflation factors, and notification of inputs which lie outside
expected input ranges. The output includes a range cost estimate,
which is further segmented into both system and subsystem cost
breakdowns.

The SSCM is suitable for application during early development
and mission planning stages of a program to allow for easy trades
between cost and performance to be made efficiently. The resulting
cost estimates are interval rather than point cost estimates, with a
cost-risk distribution giving a range of cost estimates and percen-
tiles. CERs underpinning the SSCM are derived from actual costs and
technical parameters of small satellite missions, while the database
itself incorporates a continually expanding number of small satel-
lites. This ensures that the SSCM properly reflects latest trends in
cost-efficiency and technology development. The latest SSCM10
version released in October 2010 is based on 76 as-flown missions
with all cost and technical data as provided by the spacecraft bus
manufacturers [52].

SSCM estimates project cost based on inputs for subsystems
and elements including power, structure, Attitude Determination
and Control Subsystem (ADCS), Command and Data Handling
(C&DH), thermal, Assembly, Test and Launch Operations (ATLO),
Program Management (PM), and System Engineering (SE).

Dedicated CERs also estimate costs for ATLO Integration,
Assembly and Test (IA&T) and Launch and Orbital Operations
Support (LOOS). The resulting overall cost estimate is therefore
segmented into the latter categories.
3.1.4. PRICE-H and TruePlanner by PRICEs Systems Solutions

The PRICE-H cost estimation model was founded by Frank
Freiman with its origins in military space applications. Based on
his studies of statistical quality control, in 1969 he invented
parametric cost modelling for hardware systems development
and acquisition [98,101]. The PRICE-H Model was then estab-
lished commercially by Mark H. Burmeister at the former RCA-
Astro organisation, now Lockheed Martin, in Moorestown, New
Jersey in 1975 [98]. 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 soft-
ware distributed by Parametric Review of Information for Costing
and Evaluation (PRICE) Systems internationally. A subscription for
the software is required.

The PRICE Systems Solutions package 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) [57]. 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 and the database confidential.
The PRICE Estimating Suite is not a dedicated space systems or
launcher model, so applications extend across multi-disciplinary
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estimates. The model is however frequently applied to the space
sector for hardware, software and scheduling estimations and
project planning, particularly at the product concept stages [58].
Clients of the PRICE products include organisations like the DLR and
NASA, which hold agency wide licenses on the software [55].

Since this paper 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 relatively detailed key inputs such as weight, manu-
facturing complexity, quantities, schedule information, develop-
ment costs, and production costs [88]. The model must first be
calibrated for each individual project by the user, which conse-
quently allows for extraction of benchmark data for future imple-
mentation and reuse. This calibration is achieved through
application of multiplication factors including the main Platform
and Complexity parameters, the latter deemed to be the core of the
PRICE hardware cost model being the universal metric for normal-
ised cost density in a hardware item. A basic Platform Value allows
for conversion of historical data to more modern applications by
transcending different disciplines, and effectively considers differ-
ent 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 a hardware life cycle.
Additionally, the PRICE-M estimates electronic module and appli-
cation specific integrated circuits (ASICs) development and
production costs.

Most recently the new generation TruePlanner has replaced
the functionalities of the modular PRICE-models. The new True-
Planner Suite, originally released in 2004, features advanced
capabilities such as a Systems of Systems (SoS) framework [64],
where all cost elements including hardware, software, IT, infra-
structure and services, are combined within one single product
breakdown structure (PBS). An optional capability for users to
access and edit all underlying CERs means they can be modified
readily. Alternatively data can be gathered, normalised and used
as input for compiling user-specific CERs.

TruePlanner cost sensitivity can be quickly determined with
inputs easily iterated and results varying to factor in changing
assumptions. Consequently a cost value reflective of an accepta-
ble level of risk can be determined and the range of cost
uncertainty can be quantified and minimised [58].
3.1.5. 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
stimation methods, models and tools applied to early phases of
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innovative parametric model available’ [102] was developed by a
group of software, hardware and cost engineers and has been on
the market since 1992. An annual license fee depending on the
license type is relevant.

The 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 [103],
although calibration of the tool is necessary in line with respec-
tive historical company data. A built-in model for life cycle costs
(LCC) 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,
MT Aerospace, DLR, and EADS Astrium.

The model is differentiated by the fact that it does not have an
underlying database of past missions. Instead mathematical func-
tions and algorithms (CERs) based on multi-disciplinary data col-
lected 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 [102], based on which only relevant inputs
associated with an appropriate mode are highlighted for the user.
Programmed using Visual Studio and Cþþ, aces facilitates for
common import and export interfaces in various formats including,
amongst others, Excel& as well as text files [104].

The resulting output estimate provides an initial ‘feasibility
check’ for a preliminary design, and cost information for hard-
ware development, production and LCC trends. The output also
reflects costs including those associated with design engineering,
drafting, project management, documentation, system engineer-
ing, special tooling and test equipment, material, labour and any
overheads. The model also provides estimates for subsystem
integration and assembly costs and system testing [102].
Fig. 8. Scope of reviewed GOTS cost estimation models and sources.
3.1.6. SEERs-H by Galorath incorporated

Part of a family of products from Galorath Incorporated, the
Systems Evaluation and Estimation of Resources (SEER) for Hard-
ware, Electronics, & Systems (SEER-H) is a hybrid decision-support
tool based on parametric and analogous CEMs. Used to formulate
estimates for the total cost of newly developed projects, the
software supports accurate project estimation and planning by
determining scheduling and costs of development, production,
operations, support and maintenance of new mechanical, electro-
nic, structural, and hydraulic systems.

Particularly useful and relevant during initial project phases,
SEER-H provides an early estimate of effort and cost, staffing, time
to market, reliability and risk associated with production and
maintenance of a new project [105]. Key inputs include weight,
volume, material composition [88] information on project scope,
including processes and location, as well as project complexity,
technologies, and performance expectations.

The simulation and modelling engine is ‘‘based on sophisti-
cated sector-specific mathematical models derived from
extensive project histories, behavioral models, and metrics’’
[105]. A two-stage method is employed, the first step being an
analogous comparison between the project of interest and a
detailed, continually updated and current database of cost, pro-
grammatic and technical information. The second stage uses CERs
to compare results of the analogy phase, with application of
specially derived industry and company specific factors and
multipliers.

The SEER-H interface provides the user with existing project
templates which can be tailored and honed, or calibrated, for each
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specific project. Default industry-specific complexity and multi-
plication factors are also built-in through a dedicated ‘Knowledge
Bases’ function for comparable projects. This facilitates initial
estimates to be achieved quickly with very limited information
then gradually updated and refined as more information becomes
available.

The resulting estimate is then selected to be at component,
sub-system or SoS level. While estimates are based on each
component’s unique design characteristics [58], added costs
associated with the integration of single components into a
complex, comprehensive system are also addressed by the soft-
ware. The SEER-H output includes a range of detailed charts,
graphs and reports for quick summarising and presenting of
results.

3.2. GOTS cost estimation models and sources

This section outlines three sources of GOTS cost estimation
models and tools frequently used for space sector cost estimation,
as shown in Fig. 8.

Here, the NASA GOTS definitions is applied [57], referring to
GOTS products as those specifically developed for a government
agency by the agency itself, or sometimes by an external entity,
although from funding, specification and strict controls enforced
by the agency. Two sources reviewed here, NAFCOM and NASA’s
Cost Estimation Website are available to industry, while for
completeness sake, although classified and restricted to govern-
mental use only, the DoD LVCM is also outlined.

3.2.1. NASA/Air Force Cost Model (NAFCOM)

The NASA managed, automated cost estimation model was
established in 1989 [51] and developed by Science Applications
International Corporation (SAIC) [106] for the Marshall Space
Flight Centre and the Air Force Cost Analysis Agency through
currently eight versions with increasing capabilities [50], the
most recent being NAFCOM11. Previously NASCOM, NAFCOM is
a dedicated software parametric tool used for the cost estimation
of space hardware. Based on comprehensive historical data from
completed Air Force and NASA space programs, the Excel&-based
NAFCOM uses weight relations to predict development and
production costs of new space programs [50], and is optimally
applied during early development phases of a project at sub-
system or component level. Two versions of the software are
available, a restricted government version and a Contractor
Releasable version.

The NAFCOM database consists of technical and programmatic
data across component, subsystem and space system levels with
approximately 122 reference projects sourced from the Resource
Data Storage and Retrieval Library (REDSTAR). Specifically,
these include 76 unmanned earth orbiting and 24 unmanned
planetary and 8 manned spacecraft including 366 scientific
instruments, as well as 11 launch vehicles and 3 rocket engines
stimation methods, models and tools applied to early phases of
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[107]. Furthermore, the database of constituent missions is
transparent, with resumes available for all projects used to derive
CERs, with mission description, description of subsystem work
breakdown structures (WBS), and any anomalies in the process
outlined. NAFCOM has been widely used within the aerospace
industry by not only civil contractors and organisations, but also
by NASA HQ and Marshall Spaceflight Centre (MSFC) amongst
others [107].

NAFCOM is predominantly a parametric model, and uses under-
lying multivariable CERs to obtain cost estimates across a broad
scope of space hardware, including earth orbiting, manned and
unmanned spacecraft, launch vehicles and upper stages, liquid
rocket engines, and instruments. Of course within the scope of this
review, NAFCOM applications for RLVs are of a niche focus.

To estimate costs, NAFCOM uses a WBS basis or alternatively a
functional basis being work hours and dollars estimated for
skillsets, materials and subcontracts [43]. Inputs allow the user
to select historical data-points from the database to implement
either a multivariable regression CER or a specific analogy
approach to achieve their estimate. A tailored and specific user-
defined approach is also possible [108]. Multiple cost driver
inputs at subsystem level as well as complexity generators
factoring in technical and programmatic complexities minimise
input subjectivity and ensure that a data driven, statistically
based estimate is achieved. Inputs for the NFACOM project
include discrete technical parameters like weight, materials,
power requirements and design life which can be extracted from
program technical documentation. Inputs for other subjective
cost drivers include contractor experience, management levels,
technology level and any changes in requirements which are
usually well documented in management reports and program
reviews [43]. Process based schedule estimation also allows for
three levels of schedules to be generated, while cost time phases
show the cost spread at a subsystem level. In addition, cost trades
facilitate for fast sensitivity analysis addressing weight, new
design engineering or manufacturing management, and enhanced
engine estimating functionality incorporating algorithms from
the U.S. Airforce jet engine cost model [51]. Productivity gains
are also incorporated through embedded time variables in most
NAFCOM CERs, and through modelling of other engineering and
manufacture technology improvements which reduce cost [107].
The output is then provided in two categories being Design,
Development, Test and Evaluation (DDT&E) and production costs.
Other calculated costs include IA&T, ground support equipment,
system test operations, SE, launch and support operations,
PM [108].
3.2.2. Aerospace Launch Vehicle Cost Model (LVCM) for DoD

The Department of Defense Aerospace Launch Vehicle Cost
Model is a parametric model only available to the Aerospace
Corporation project managers and cost analysts on an internal use
basis [58]. Being governed by strict ITAR regulations, and with the
incorporation of proprietary data from previous DoD launch
vehicle programs, renders the LVCM as a classified tool for the
commercial industry.

The fundamental purpose of the LVCM is to produce cost
estimates of existing, modified and new launch vehicles by
determining subsystem components of overall research, develop-
ment, operations, testing and evaluation costs. Total vehicle LCC
are also determined, and annual fiscal year funding for the overall
vehicle program, established. In accordance with the parametric
CEM, underlying CER equations relate cost as explicit functions of
input variables [58].

Input variables must be entered by an experienced user who
possesses a detailed knowledge of the input parameters, which
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include data about the foreseen launch site, propellant type,
weight, and precedent production quantities of subsystems,
amongst others including structure, thermal control, electrical
power and wiring, reentry protection, landing system, C&DH,
instrumentation, propulsion, payload fairing and more.
3.2.3. NASA Cost Estimation Website

This publicly available NASA/JPL website [69] features numer-
ous educational examples through simple, on-line cost estimation
models and tools encompassing a wide scope of purposes and
frequently used for ‘sanity checks’. All tools are written in Java-
Script, and consequently require a browser with this capability.

Tools include inflation, learning curve and cost spreading
calculators, with some launch vehicle data also provided. Specific
cost estimation models then address aircraft and engines, soft-
ware and mission operations, which include, amongst others, the
DSN Cost Estimating Cost Model (CECM), the Mission and Space
Operations Cost Models (MOCM and SOCM) and the Constructive
Cost Model (COCOMO) Software Model. Only those models
relevant to the space hardware of launch systems will be
discussed further here. These are the Spacecraft/Vehicle Level
Cost Model (SVLCM) and the Advanced Missions Cost Model
(AMCM).

The SVLCM is a top level model which provides ROM cost
estimates for spacecraft development and production, specifically
including launch vehicle stages, engines and scientific instru-
ments. SVLCM uses a common database with NAFCOM and is a
simplified derivation thereof. User inputs include the type of
spacecraft, dry weight, quantity and a learning curve factor if
more than a single unit will be produced.

The AMCM offers another means to achieve fast ROM esti-
mates for development and production costs of a wide scope of
space, military and navy applications, including spacecraft and
space transportation systems, aircraft, missiles, land vehicles, and
ships. The AMCM is most suitable for use during early conceptual
stages of a mission where few details are known at subsystem
and system level and where multiple elements per scenario are
foreseen. Input data includes unit production quantity (including
spares, test and prototype units), mission type and dry weight,
Initial Operating Capability (IOC) year (for spacecraft, this is the
year of first launch), block number representative of the level of
system design inheritance, and a complexity factor which encom-
passes the level of programmatic and technical difficulty analo-
gously anticipated for the new system.

In addition to the cost estimation models and tools, the NASA
Cost Estimation Website also offers a comprehensive scope of
links to associations, organisations and agencies, as well as books,
government and technical reports, periodicals, software and other
references pertaining to cost estimation within the aerospace
industry, making it in itself a valuable resource [69].

3.3. Cost estimation handbooks, reports and guides

This section outlines five prominent cost estimation hand-
books, reports and guides specifically relevant and frequently
applied within the space sector. These are the NASA Cost
Estimating Handbook [55–57], the ISPA Parametric Estimating
Handbook [89], the DoD Parametric Cost Estimation Handbook
[58], the RAND Project AIR FORCE Reports [46–48], and the GAO
Cost Estimating Assessment Guides [62,66,77] (Fig. 9).

Indeed numerous other resources and excellent handbooks
and reports addressing cost estimation exist, such as the SSCAG
Space Systems Cost Risk Handbook [57], or the FAA Life Cycle Cost
Estimating Handbook [88] amongst others. These handbooks are
numerous and generally tend to focus one particular elements of
stimation methods, models and tools applied to early phases of
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cost, such as cost risk or life cycle. Furthermore it is unreasonable
to include every single handbook which, to varying degrees, may
thematically pertain to cost estimation, and therefore the latter
members are deemed beyond the scope of this paper.
3.3.1. NASA Cost Estimating Handbook

The NASA Cost Estimating Handbook (CEH) provides a very
informative, concise overview on internal cost estimation within
the National Aeronautics and Space Administration. NASA cost
requirements as well as roles and responsibilities within the NASA
framework are outlined, and cost estimation processes listed and
explained. Four CEMs are stated, namely parametric, engineering
build-up, analogy and ROM, with respective strengths and weak-
nesses stipulated. COTS and GOTS tools implemented within
the NASA framework are also listed and functionally outlined,
conveniently but not comprehensively. Dedicated chapters
then address various aspects including financial analysis techni-
ques, benefits assessment and analysis, cost risk, and career
development.

The handbook itself is a living document and has undergone
several iterations and modifications. The latest versions available
include the NASA CEH 2002 [55], 2004 [56] and the most recent
NASA CEH 2008 [57]. The handbook in itself is not an actual cost
model, but rather a very informative and thorough piece of
literature detailing cost estimation practice and processes
employed and applied within NASA.
3.3.2. ISPA Parametric Estimating Handbook

The ISPA handbook is a joint compilation and publication from
the International Society of Parametric Analysts, ISPA [78] and the
Society of Cost Estimating and Analysis, SCEA [79]. The focus of
the latest 4th edition of the living document is to provide a
comprehensive guide to parametric practices and implementation
for stakeholders, organisations and professionals in both industry
and government [89]. Again, in itself, it is not a model, but rather
a guide to consistent parametric practice.

The handbook explains the origins, validation and acceptabil-
ity of parametric cost estimation, outlines the underlying theory
and basis for CER development and implementation, describes the
importance and means of data collection and analyses, and offers
techniques and tools to improve cost estimation practice. In
particular, applications of parametrics for proposal preparation,
evaluation and negotiation are discussed. Various case studies are
integrated within the document and general uniform guidance
and best practices for cost estimation detailed and promoted.
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3.3.3. RANDs Corporation Reports for Project AIR FORCE

Several documents addressing cost estimation practices have
been produced by the nonprofit Research and Development
Corporation RAND within the scope of Project AIR FORCE (PAF),
a specially formed division of the RAND Corporation created by
and for the United States Air Force. This federally funded research
and development centre performs studies and analyses to address
specific identified challenges and issues within industry.

In 1977 a RAND report critically assessed the validity of the
parametric CEM for spacecraft current at the time, with a focus of
improving estimates of future programs [46]. More recently in
2009, RAND released a stringently peer-reviewed technical report
and handbook entitled ‘‘Guidelines and Metrics for Assessing
Space System Cost Estimates’’ [48], based on a preliminary 2007
draft document [47]. The aim of this final handbook was to assist
analysts with assessing cost estimates for space systems acquisi-
tions, in particular for use by the DoD in response to an increased
priority of space systems for US defense and security. Ultimately
the handbook provides a comprehensive background on the
challenges of cost assessment for space systems and offers
information to facilitate for the evaluation of completeness,
reasonableness, and consistency of space system cost estimates
[48]. Chapters cover the basics of space systems within a DoD
context, provide examples of average costs for past components,
subsystems and systems from various space programs, and list
some applicable cost models and their features, namely USCM,
NAFCOM, and SSCM.

Another report from RAND Project AIR FORCE entitled ‘‘Improv-
ing the Cost Estimation of Space Systems. Past Lessons and Future
Recommendations’’ [47], offers an instructive compilation of data,
methods and information applicable to cost estimation, and through
drawing upon past experience, makes suggestions for improving the
processes, methods, tools and resources based on the study’s
findings.

3.3.4. DoD Parametric Cost Estimating Handbook

This Parametric CEH [19] from the Department of Defense was
established in 1994 as an initiative to study ways to expand the
use of parametrics. Sponsored by a joint industry and Govern-
ment Parametric Estimating Initiative (PEI) Executive Steering
Committee and Working Group, the key goals were identified as
providing training and background information in the areas of
parametric use, evaluation and tools. The aim was to produce
better cost estimates and ultimately reduce cycle times and lower
costs [109].

The DoD Parametric Cost Estimating Handbook (PCEH) hand-
book defines the parametric CEM and addresses the topics of CER
development, associated data collection approaches and data
processing techniques. Examples of some specific existing para-
metric cost models for both hardware and software applied
within industry are also provided and discussed. The DoD PCEH
is freely accessible on the Internet [58], but has been assigned an
‘inactive model status’ by NASA signifying that although based on
actual historical information, the data has not been recently
updated [57].

3.3.5. GAO Cost Estimating and Assessment Guide

The United States Government Accountability Office (GAO) is
entrusted with assisting the Congress in overseeing the federal
government. In 2004 GAO released a document discussing the
lack of disciplined cost estimating processes hindering the effec-
tive program management of NASA [77], highlighting the need for
more formalised and standardised processes. Consequently in
2009, GAO released a document addressing cost estimation
best practices and methods. While being a general, industry
stimation methods, models and tools applied to early phases of
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non-specific document, it provides a strict set of guidelines
applicable within the space sector.

The ‘‘GAO Cost Estimating and Assessment Guide’’ [62] describes
best practices and methodologies used by federal cost estimating
organisations and industry to develop and manage capital program
costs. The essential nature of generating credible, reliable cost
estimates is emphasised in order to prevent occurrences of cost
overruns, missed deadlines and performance shortfalls, whilst
ensuring that reliable cost estimates are applied throughout the life
of government acquisition programs. Through its 20 chapters and
supporting appendices, the guide discusses other program LCC
issues including cost estimate scope, scheduling, methods, valida-
tion, documentation, presentation and team, data acquisition, effec-
tive risk and uncertainty management, sensitivity analysis and
respective best practices. Relevant and diverse case studies from
previous GAO program reviews covering a wide scope of industries
are integrated throughout the document to illustrate potential,
typical pitfalls encountered in cost estimation.

3.4. An amalgamation approach to 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. The CEMs and range
of available models, tools and resources reviewed within this
paper are more suitable, in varying degrees, for use in particular
circumstances and for specific applications during different pro-
ject phases. It is therefore common for estimators to combine
multiple different CEMs and also tools to obtain a hybrid cost
estimate for an overall system. This approach can maximally
support the various associated engineering tasks involved for
large projects, while allowing for the comparison of cost mod-
els [4]. 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 [110] list the various CEMs, being
parametric CERs, PRICE-H, SEER-H, historical analogies and ven-
dor quotes as the chosen methodologies to arrive at a preliminary
estimate.

Here, two important points must 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 [98]
or aces [102,104], or the various available models like NAFCOM
[49–51] and TransCost [87], refer to commercial, government or
other products which are based around a specific underlying CEM.
It is important to again stress that while a suitable method, model
or tool is key for an estimation, the science of cost estimation also
incorporates the essential elements of reliable data, as well as an
experienced, knowledgeable estimator. Together, the three ele-
ments combine to produce a robust, justifiable estimate to
support a realistic project budget.

Many of the significant cost estimations, in particular for large
scale, complex, international projects like those undertaken
within the space sector, rely on strategic combinations and
amalgamations of numerous methods [88], and sometimes also
numerous models and tools. Such a CEM and model amalgama-
tion approach (AA) is utilised for two different yet complemen-
tary purposes. The first is to formulate an entirely new cost
estimate which deals with the unique requirements and specifi-
cation for a particular project, and where different CEMs better
address the various project elements, components or processes to
be costed. An example of this is where a system model, such as
the SSCM, is applied, but where the resulting cost estimate is
expressed as a sum of constituent sub-system cost estimates. The
Please cite this article as: Trivailo O, et al. Review of hardware cost e
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SSCM is a parametric-based tool. Here, the estimator may opt to
take out particular sub-system estimate components and replace
them with, for example an analogy or bottom-up estimate
if more in-depth details are available for that sub-system, or if
past experience can offer a more representative cost for that
segment.

Alternatively AA can be implemented as a sanity check to an
already existing estimate. This is often the case when a previously
applied method has specific limitations known by the estimator,
which undermines credibility of the resulting cost estimate. In such
a case, AA may act as a staunch sanity check for the order of
magnitude of the original estimate, to either support it, or put it into
question. If the difference is significant, this may potentially indicate
that an alternative CEM or tool should be applied, or that the
original estimate should be reconsidered if the two are drastically
divergent. True, it is important to be aware that the divergence
could lie in the sanity check method itself, in which case the
responsibility to make this critical distinction remains to be made
by the estimator based on their expertise and experience.

Since numerous CEMs exist, many combinations of different
methodologies are possible. Decision of which particular methods to
combine and apply, is delegated predominantly by the project
manager in close coordination with the cost estimator themselves.
Open and consistent communication between the two parties at this
stage is crucial, as is, of course, the experience and knowledge of the
estimator. [53]. Such a decision integrates a number of determining
factors which include the available information with respect to
program definition and scope, specifications 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 margins. 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 automatically translate into a more accurate estimate if the
methods are wielded by an inexperienced operator.
4. Discussion and conclusion

This paper aims to present a thorough and comprehensive
review of key existing cost estimation methods as well as models,
resources and tools relevant, and prominently applied within the
space sector. Focusing in particular on hardware cost estimation, the
time frame of interest for cost estimation is specified as being
in the very early program phase, during the ongoing research,
development and establishment of program requirements and
specifications. Here, an indicative cost figure for successful program
advancement is required, while only limited program information at
system and subsystem level is available. The parametric approach is
highlighted as being the most frequently utilised CEM within
current tools for essential early phase mission costing. Parametric
cost estimation also appears to underpin those readily accessible
models identified to facilitate formulation of cost estimates for RLVs,
including the TransCost and NAFCOM models, and the USCM8.
While existing COTS tools, like those offered by PRICE, 4cost and
SEER, are capable of producing interdisciplinary cost estimates based
on user-defined complexity factors, these tools are characteristically
too complex for application at a very early pre-Phase 0 since they
fundamentally rely on a fairly detailed multitude of inputs and data.
This data may still be in the analysis or design stage, and would
therefore be either inconclusive and prone to change, or simply
unavailable. Many of the commercial tools also feature confidential
and closed databases at their core, and incur associated licence fees.
stimation methods, models and tools applied to early phases of
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Nevertheless they are included and described within this review due
to their frequency of use, and for completeness.

Incomplete system requirements and mission specifications,
coupled with limited project resources during very early pre-Phase
0 of a program due to a restricted research budget, mean that it is
necessary to establish an alternative approach for such cases. This
approach needs to be accessible, transparent yet justifiable and
representative of program cost given the limited level of detail and
information available at an early program stage. A simple, purely
parametric-based approach is unlikely to yield an accurate estimate
due to a distinct lack of precedence for launch vehicles, whether
manned or reusable, therefore having an insufficient amount of
historical data for effective CER formulation. Consequently new
methods and approaches need to be further investigated, developed
tested and validated, since parametrics and the analogy cost
estimation approaches are effectively limited by their definition
and input requirements of historical data. It is therefore foreseen
that the analogy and EJ CEMs will be required in part, while AA may
be adopted to facilitate for this future work. In this respect,
approaches such as AHP which provide a structured estimation
framework with EJ at its core, would play an increasingly vital and
prominent role in cost estimation processes of the future. However
considerably more research is needed into this area to establish
defined approaches and guidelines to integrate and compile these
processes into formal estimation methodologies. Either way, with
the rapid development and metamorphosis of cost estimating
processes and practices, deviations in estimation approaches within
different organisations are likely to become more pronounced. This
trend is underpinned by increased program complexities and
structuring, as well as a significant advancement in technologies
and thus knowledge capitalisation, processing and analysis concur-
rent with more stringent budgets and an overall program cost
minimising focus [2]. As such, the roles of the cost estimation and
cost engineering organisations and societies listed in this paper, will
become significantly more important for moderating and encoura-
ging common practices and standards within an increasingly
deviating, classified and progressively competitive environment.

A broad scope of key models, tools, handbooks and resources
addressing cost estimation with a COTS and GOTS hardware, system
level focus are identified and discussed. Their features and applica-
tions, as well as strengths and weaknesses are highlighted. Most cost
estimation tools and models described within this paper are also
applicable within a broader sense. Beyond simply the scope of
spacecraft projects, in some instances they can be applied within
various terrestrial industries, including architectural, mechanical,
aviation, and automotive applications. Complementary key hand-
books and references mentioned also reiterate and support many
central principles, concepts and best practices for cost estimation.
Ultimately, the aim of this research and review is to establish key
methodologies, factors and cost driving parameters which would
then constitute the building blocks for a new approach or strategy
capable of addressing simple, indicative cost estimation for very
early phases of manned, reusable launch vehicles of the future. This
paper consequently aims at providing a launch-pad for pursuing the
next research objective and task of developing such an approach or
strategy. This is done through identification and concise review of
established, existing techniques, models, tools and resources with a
focus of their associated parameters, features and factors, in view of
consequent progression and development of such an approach.
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