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Decision-makers are increasingly required to assess the value created by complex physical systems over
their entire life cycle. The commonly applied Life Cycle Costing approach fails to fully capture value, as it
is primarily aimed at costs, takes a reductionist approach, and does not account for continuously

changing industrial environments. To address these shortcomings, the Life Cycle Valuation methodology
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is proposed, designed as a hybrid of LCC and Life Cycle Assessment. LCV facilitates the assessment of costs
and benefits from multiple complementary perspectives and can be tailored to specific decision contexts,
as demonstrated by applying LCV during Asset Management decision-making.
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Introduction
Generating value from enduring physical assets

Enduring physical assets form the backbone of many
manufacturing systems. Machinery, production lines, buildings,
and infrastructure need to perform in safe, cost-effective, and
reliable ways in order to produce a steady supply of high-quality
products [1]. The lifespans of these assets are commonly expressed
in decades, rather than years, as is common for describing the
lifespans of products that these assets produce. Furthermore, these
capital assets are very expensive to acquire or replace. For physical
assets, the majority of the Life Cycle Costs (LCC) are attributed to
the in-service phase of these systems, with maintenance costs
often exceeding the initial capital investment over the lifetime of
the asset [2]. This means that a consideration of the entire lifecycle
is indispensable when committing to costly decisions that affect, or
are affected by, these long-lived assets. To comprehend the full
potential of physical assets, a deep and thorough understanding of
their complete lifetimes is needed [3].
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Therefore, a significant challenge in managing these long-lived
assets lies in the fact that, despite a sound understanding of the
lifecycle of the asset itself, the context in which it operates is
subject to continuous change. Developments in governance, (geo)
politics, the economy, society, demography, and technology all
need to be taken into account when managing assets [4]. In
automotive industries, for example, strategic and tactical decision-
making and flexibility are essential for adapting manufacturing
systems to ever-changing environments and for warranting
optimal performance [5]. “Because of increasing market dynamics
and competition, companies in the manufacturing industry have to
consider the flexibility of their manufacturing system in early planning
phases and especially in investment decisions” [6]. Among these
investment decisions are those concerning mid-life upgrades of
capital equipment, which can be used to extend the useful life and
functionality of the asset, adding value during this period [7].
Furthermore, many capital goods consist of, or are part of,
interconnected and/or complex systems that are often being used
for purposes beyond their original mission [8]. As such, there is an
increasing emphasis on making decisions that not only take the
costs, potential benefits, and long lifespan into account but also
need to include the systems perspective alongside long-term
strategic objectives. Therefore, rational and lifecycle-oriented
decision-making surrounding these physical systems is crucial,
especially given the lasting and considerable consequences of
committing to these types of decisions. Comprehensive and
rigorous LCC applications are rare, even in literature [9]. Because
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LCC is often considered to be too laborious [10]. In practice, many
firms, therefore, seem to rely on relatively simple payback
calculations to make asset replacement decisions.

Asset Management (AM) is a commonly used systematic
approach aimed at the realization of value from physical systems
over their entire lifecycle. It involves the balancing of costs,
opportunities, and risks against the desired performance of assets,
to achieve the organizational objectives of the managing
organization (ISO 55000, [11]). A striking example of the challenge
of managing long-lived physical assets in a rapidly changing future
context is found in the Energy Transition. The main characteristics
of this transition in Europe are the liberalization of the energy
sector, the shift towards renewable energy sources, decentraliza-
tion of energy production, and changes in energy consumption
patterns [12]. In energy production, the share of wind energy has
grown exponentially over the last two decades and is likely to
continue to do so [2]. The emergence of distributed energy
resources, such as distributed generation, local storage, electric
vehicles, and demand response, is driving changes in power
systems [13]. These changes mean that the requirements and
needs of future energy systems are different from those of the past.
Decisions at the individual asset lifecycle level therefore have a
larger consequence on the possibilities and limitations of the
surrounding architecture than ever. Furthermore, a large part of
the infrastructure and industrial assets in Western Europe is
currently approaching its expected end-of-life [14,15]. Despite
their age, assets designed and built decades ago still fulfill vital
functions in manufacturing, as well as in society at large [1]. The
combination of constant investment needs and long-term socio-
technical developments of the energy transition requires rational
decision-making and a long-term strategic perspective.

Problem identification

Life Cycle Costing (LCC) is a commonly used instrument for
supporting investment decisions concerning physical systems
with long lifespans. LCC allows for the assessment and reduction of
costs in the short, medium, and long-term, making it an essential
instrument for long-term planning [16,17]. LCC can therefore be
regarded as a major contributor to successful Asset Life Cycle
Management [18]. From its early beginnings in the 1950s, the
understanding of LCC has progressed from a relatively straightfor-
ward cost calculation concept to a management system in its own
right. White and Ostwald [19], for example, define LCC as “the sum
of all funds expended in support of the item from its conception and
fabrication through its operation to the end of its useful life”. [20], on
the other hand, regard LCC as “a managerial system that is focused on
the modeling, quantification, and control of all the costs that are
present during the design and operation stages which ends with [the]
disposal of a physical asset.”

From the perspective of AM decision-making, however, the
application of LCC is not without limitations. LCC is already
criticized because it has difficulties assessing complex systems,
challenges in data collection, lack of transparency and trust, and
long-term uncertainties, and thus poses both practical and
methodological challenges for the development of Product Service
Systems [21-23]. Similar challenges also form limitations when
using LCC to support AM centered decisions. The first of these
limitations is that AM is focused on realizing value from physical
assets [24], whereas the principles of LCC are mainly focused on
the costs borne by asset owners. Therefore, LCC does not include
the consideration of various stakeholders associated with the asset
[25]. AM supports the realization of value while balancing
financial, environmental, and social costs, risk, quality of service,
and performance related to assets (ISO 55000, [11]). This value-
oriented perspective shifts the focus of life cycle cost analysis from
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the minimization of the cost of ownership of a product to the
perception of service and maintenance cost as ‘design variables’ in
order to form a trade-off with product features and performances
[22]. Realizing value by means of trade-offs can be achieved in
multiple ways, such as value-driven maintenance planning [26],
future-proofing assets by applying changeable system design [27],
functional product (re)design [28] or the development of sustain-
able business models [29]. Despite the existence of these
approaches, however, the concept of value remains largely
subjective, making it difficult for individuals to articulate exactly
what makes a complex system valuable [30]. For applications in
AM, the financial perspective, therefore, must be supplemented by
a non-financial perspective to form a satisfactory basis for the
evaluation of asset value.

The second limitation is that LCC assessments tend to take a
reductionist approach, focusing on one cost object at a time, such
as single processes or stand-alone instances of products, services,
or time [31]. Focusing on a single cost object at a time does not
provide an appropriate cost estimation because many manufactur-
ing systems consist of interconnected and interacting cost objects
[22,23]. Furthermore, AM organizations may choose to manage
their assets in three distinct ways: (1) at the individual asset level,
(2) in portfolios of multiple assets of similar types or classes, and
(3) in groupings of assets that comprise an asset system (ISO
55000, [11]). The latter two of these management perspectives also
seem incompatible with the reductionist nature of LCC. Roda and
Garetti [18] argue that “in order to support managerial decisions, LCC
models also need to assume a similarly integrated and systemic focus
as AM”.

The third and last limitation is that despite the long and rich
history of LCC, a general application framework for LCC appears to
be missing. In both theory and practice, there is a shortage of
guiding principles and standards for LCC [9]. Unlike the Life Cycle
Assessment (LCA) methodology, LCC is not structured in accor-
dance with an international standard, with the exception of the ISO
15686-5:2008 standard which only applies to the building sector
[32]. Additionally, the IEC 60300-3-3 standard on dependability
management [33] standard provides a general introduction to the
concept of LCC but is predominantly aimed at assessing the cost
associated with the dependability of an item. Kambanou and
Lindahl [23] indicate that LCC is always tailored to fulfill the
requirements of its intended use, and that this tailoring will be
reflected in the cost object, scope, and boundaries of the
assessment. Likewise, it appears that the guidelines on how to
apply LCC are also mostly tailored to specific application contexts,
and that a more generally applicable guideline for LCC is still
missing. A potential avenue to explore is to look at the
aforementioned framework for LCA. Rebitzer and Hunkeler [34]
indicate that “a general LCC guidance [framework], similar to the ISO
14040 series for LCA, seems to be desirable”. Swarr et al. [35] also
state that there needs to be a consensus on an international
standard for applying LCC, which parallels the ISO 14040 standard
for LCA. Hunkeler and Rebitzer [36] called for the prioritization and
development of an accepted and standardized methodology for
LCC, a code of practice, an international standard for the
framework, and indicated the need for methodological compati-
bility of LCC with LCA.

Research motivation

Decisions that shape the lifecycle of capital goods, such as the
physical systems in use in energy grids, have an enormous impact
on AM organizations and for society as a whole. LCC, though widely
adopted, is methodologically limited in supporting the types of
decisions that, for example, AM organizations are now required to
make in the ever-changing context of the energy transition. Given
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the lack of a generic guiding framework for LCC and the existence
of conceptual overlap between LCC and LCA, various researchers
see the application of the principles and framework of LCA as a
promising starting point for the development of guiding principles
for LCC, which can be used to improve the methodology. Rebitzer
et al. [37] argue that the Life Cycle Inventory (LCI) of LCA is an
“excellent basis for allocating LCC to the entire lifecycle of a
product. Huppes et al. [38] indicate that “the procedural standards
for LCA as specified in ISO14040 may, with slight adaptations, be used
for LCC as well”. 1SO 14040 states that the principles and framework
described in the standard can be beneficially applied to LCC and
asset (life cycle) management (ISO 14040, [39]). Sakao and Lindahl
[40] took inspiration from LCA for the development of their
method for evaluating and improving LCC-based industrial
Product-Service Systems (PSS). Similarly, [41] combined LCA and
LCC for the development of a PSS for high-energy consuming
equipment. In this regard, the framework and principles of LCA
seem to be at least partially compatible with LCC, providing a
promising basis for research on how they can be combined.

This article, therefore, aims to explore the concept of combining
the guiding principles of LCA with those of LCC, to form a hybrid
evaluation methodology that is aimed at providing a multi-
dimensional and adaptable perspective on the asset life cycle.
Considering the relevance and widespread acceptance of LCC in the
assessment of asset cost and performance, LCC is used as the
conceptual starting point for the development of the proposed Life
Cycle Valuation (LCV) methodology. In addition, the LCV method-
ology borrows from the guidelines and framework of LCA but is
tailored to the requirements of AM and aimed at assisting decision-
makers in evaluating and articulating what makes a complex
system valuable during its lifecycle.

Literature on LCC and LCA

Existing research on the application of life cycle-oriented
assessment methods reveals that despite the lack of a unified
framework for LCC, the methodology is often combined with other
lifecycle-oriented methodologies to gain a broader understanding
of the lifecycle impact beyond mere costs. A common strategy to
account for the limitations in LCC is combining it with the
environmental perspective of LCA. Pegas et al. [42] argue that LCC
and LCA should be applied in an integrated manner to serve as core
elements of Life Cycle Engineering (LCE). Swarr et al. [35] have
developed a code of conduct that aims to apply LCC in parallel with
LCA, by integrating the former into the latter. Heijungs et al. [43]
propose that the matrix-based computational structure of LCA can
be applied to LCC in order to enable the simultaneous assessment
of LCC and LCA in a single study. Miah et al. [44] developed a new
framework for merging LCC and LCA by combining six existing
frameworks. Atia et al. [45] propose a framework that integrates
LCC and LCA by looking at the sequence of activities in a particular

Table 1
Conceptual overlap of and differences between LCC and LCA.
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value chain. Hoogmartens et al. [46] investigated the connections
between various sustainability assessment tools and how they
relate to arriving at a triple bottom line Life Cycle Sustainability
Assessment (LCSA). Neugebauer et al. [47] have developed a
macroeconomic impact pathway that combines assessment
perspectives from LCA, LCC, and Social LCA in order to support
an LCSA. Additionally, economic input-output models are used to
link macroeconomic activities with a broad spectrum of environ-
mental burdens, allowing the two to be assessed simultaneously
[48,49].

Besides the parallel application of LCC and LCA, another
research focus can be found in the investigation of the
methodological differences and similarities between the two.
Norris [50] investigated the differences between LCA and LCC to
better understand how they can be applied in parallel to assist in
combined economic- and environmentally-focused decision-
making in the private sector. Huppes et al. [38] investigated the
fundamental differences between LCA, Cost-Benefit Analysis (CBA)
and Budget-focused LCC approaches in order to develop a meta-
framework. They cite dimensions of cost categories, cost bearers,
cost models, and cost aggregation methods as the main differ-
entiators between life cycle methodologies. Bierer et al. [51]
investigated mutual points of contact and methodological relation-
ships between LCC and LCA with the aim of integrating the two
methods. Overall, there appears to be a significant conceptual
overlap between the LCC and LCA methodologies, with differences
manifesting in the adopted evaluation concepts (see Table 1).

Existing research streams appear to primarily focus on
combining LCC and LCA. As such, they retain their respective
advantages and disadvantages when combined into a single
application. Even though this combined application provides a
broader value perspective than financial or environmental impact
alone, the outcomes of such assessments are inherently limited to
the quantitative aspects of economic and environmental impacts.
Furthermore, the combined application of these methodologies
remains primarily reductionist and object-focused in nature and is
therefore ill-suited to deal with external uncertainties such as
long-term systemic changes or continuously shifting organiza-
tional goals, as discussed in Section “Problem identification”.

In the literature on production environments, an increasing
focus on value creation can be observed as the conventional
producer-consumer model has begun to be replaced by the
concept of value creation in society, which can be viewed from
multiple viewpoints and disciplines [52]. Kumar et al. [53] present
value as an ever-changing flow of value creation during
manufacturing, value consumption in the use phase, and post-
use reclamation of value during recovery in order to establish the
most valuable strategy at different life cycle stages. Ross et al. [27]
describe how flexibility, adaptability, scalability, modifiability, and
robustness can be used as design strategies to create and maintain
a system’s life cycle value, as well as providing perspectives from

Conceptual overlap Conceptual difference

purpose inventory flows units time treatment aggregation
LCC Lifecycle-oriented Assessing cost- Activity-based Cashflows Monetary Timing is critical due to  Cumulative
Need for system effectiveness Cost engineering Mainly OPEX & (€, $, etc.) the time value of money NPV
boundaries Annual timeline CAPEX Annuity

Need for defining

Rate-of-return

LCA scenarios Assessing Process-based, Mass, energy, and Primarily mass, Timing of emissions are ~ Multiple impact areas
Reliance on forecasting, environmental supply chain pollutant flows energy and irrelevant Weighted indication
estimation & assumptions performance oriented volume Broad temporal scopes of the overall impact
Reliance on sensitivity an Adoption of a apply

improvement analysis functional unit
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which to perceive value. Bosch-Mauchand et al. [54] use a
combined product lifecycle management and knowledge manage-
ment approach to model value for different stakeholders in the
value chain. as providing perspectives from which to perceive
value. Bosch-Mauchand et al. [54] use a combined product lifecycle
management and knowledge management approach to model
value for different stakeholders in the value chain. Value is also
discussed in the context of the development of Product Service
Systems (PSS). A potential explanation for this trend could be that
the costs of providing a service via PSS are considered by many to
be equivalent to the cost of an in-service stage of a durable product,
requiring increased attention to how the outcome of the PSS
relates to its costs [55]. Matschewsky et al. [56] therefore provide
an approach to analyze and improve PSS value capture over the
entire lifecycle. In these examples from literature, as well as
colloquially, value is generally understood as something desirable,
positive, important, or useful. Renkema and Berghout [57],
however, use a multidimensional view on positive and negative
aspects of financial and non-financial consequences to clarify the
concepts used in the evaluation of IT investment evaluation.
Martinsuo et al. [58] also frame the value of infrastructure projects
as being multi-dimensional and having both positive and negative
dimensions. In LCC, the convention is to quantify costs using
positive numbers, resulting in cost savings having a negative cost
impact. Likewise, in LCA, environmental impact is conventionally
quantified using positive numbers (and avoided impacts using
negative numbers). Because the LCV methodology is intended to
evaluate both positive and negative values in the life cycle and is
rooted in both LCC and LCA, it is positioned as a methodology that
is aimed at the assessment of both positive and negative value
factors. In this research, ‘bad’ factors such as costs and
environmental impacts are represented using positive numbers.
As such, the LCV methodology is positioned as a valuation
approach, aimed at evaluating and assigning value factors in the
life cycle using monetary units.

Design science research

The methodology used to structure the development of the
proposed LCV methodology is Design Science Research (DSR)
which is defined as “an explicitly organized, rational, and wholly
systematic approach to design; not just the utilization of scientific
knowledge of artefacts, but design in some sense as a scientific activity
itself” [59]. DSR is an advantageous approach given the professional
engineering settings where the aforementioned problems arise,
indicating the need for a new guiding framework for lifecycle-

Problem identification

& motivation Inference

Define problem and
Show importance

R
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oriented assessment. Denyer et al. [60] characterize the design
sciences paradigm by (1) research questions being driven by an
interest in field problems, (2) an emphasis on the production of
prescriptive knowledge, and (3) a justification of research products
largely based on pragmatic validity. Holmstrom et al. [61], indicate
that DSR is different from many other applied research areas
because it aims to bridge practice with theory, rather than theory
with practice. DSR, therefore, starts with the identification and
motivation of a relevant research problem (see Sections “Problem
identification”-“Research motivation”), the development of a
design that fulfills certain objectives and criteria, and results in
the application and evaluation of a design in a real-world context
[62,63].

The type of DSR applied in this article is called ‘exaptation’, a
process by which features acquire functions for which they were
not originally adapted or selected, extending existing solutions to
new problems [64,65]. An example of technological exaptation can
be found in the re-adherable strip that is used in sticky notes,
which was discovered in an experiment that was originally aimed
at finding a more permanent adhesive. In this research, the
proposed solution is established by adapting the guiding
framework and principles of LCA to the application of LCC,
creating a new, hybrid methodology. This new methodology is then
applied to the new problem of assessing the life cycle value of
physical assets in Asset Management.

Testing the application of designed artefacts in the real world
comprises an essential step in DSR [63]. The application of the Life
Cycle Valuation methodology is demonstrated, tested, and
evaluated in multiple decision-making instances at the Asset
Management department of Distribution System Operator (DSO)
Liander, which operates in the Netherlands. As the largest DSO in
the country, Liander is responsible for distributing natural gas and
electricity to homes, businesses, and industrial customers.
Liander’s 3.1 million electrical grid customers are supplied by
complex distribution grids consisting of physical systems with
long lifespans such as transformers, overhead and underground
cables, switchgear, constructions that house installations, and
other capital goods. An important challenge in the management of
these physical systems is that while some systems have a long
lifespan (e.g. transformers) and others have a short lifespan (e.g.
digitization components), they often need to be considered
simultaneously as part of a larger system or asset portfolio. The
LCV methodology was used in these types of decision contexts that
previously relied on LCC as the main assessment instrument. It has
been used to guide and support the assessment of multiple asset
life cycle-related decisions within the electrical side of the AM

Design objectives & - Design principles
criteria S
£
What should the ) What concepts are used to
methodology accomplish? p| construct the framework?
Iteration
A .
Creativity
Evaluation . Demonstration in ‘ Design of the LCV
‘_rg context ‘O = methodology
2 T
Observe and iterate = Test methodology % ° Development
the methodology g in suitable context T %
g
~

Fig. 1. Design Science Research methodology (adapted from [62]).
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organization of Liander (excluding the distribution of natural gas).
Given the variances in lifespan and asset objects (i.e. individual
assets, asset portfolios, and complex systems) this set of
application contexts was selected to mirror the broad range of
AM decision-making contexts, as discussed in the introduction.

Hevner [66] indicates that in DSR the artefact not only needs to
provide utility in practice (relevance) but that it must also
contribute to the knowledge base (rigor). The outcome of DSR
therefore not only leads to pragmatic designs (often referred to as
artefacts) but also results in a better understanding of the problem
and the solution, thus providing theoretical knowledge as well.
Sein et al. [67] stress the need for reconceptualizing the highly
organization-specific solutions into generalizable design princi-
ples for classes of problems, capturing the knowledge gained
throughout the design process. As such, the efficacy of the design is
not just evaluated according to its design objectives and criteria,
but also includes a reflection on the most important design
principles that form the core of the design of the LCV method.
Lastly, unstructured interviews with the AM staff that were
involved in the practical application of the LCV methodology were
used to evaluate whether the methodology is practicable. The
overall structure of the used DSR methodology is summarized in
Fig. 1, based on the outline provided by Peffers et al. [62].

Design objectives and criteria

As discussed in the introduction, the practice of applying LCC
and LCA does not necessarily provide a complete picture of the
value generated in the asset lifecycle when regarded from an AM
perspective. In order for the design of the LCV methodology to
sufficiently support AM decision-making, several design criteria
are used that are tailored to the specific characteristics and
requirements of AM decision-making (see Table 2).

The first criterium is that a successful design should be able to
consider the entire lifecycle of an asset and should apply to all
stages within an asset lifecycle [11,68,69]. The second criterium is
that the design should be able to consolidate information, data,
and expertise from multiple disciplines and management
perspectives [3]. Furthermore, the design should be able to
account for and differentiate between, multiple financial and
non-financial value factors such as economic, environmental,
social, and technical impacts as well as the needs of relevant
stakeholders [25,70]. It also must be able to apply to different
system definitions, such as at the level of individual assets,
portfolios of similar assets, or (complex) systems of assets [11,18].
And lastly, the designed methodology should be able to link
decisions at the level of the asset life cycle to the level of the
organizational strategy [71,72].

Design principles

The design of the LCV methodology borrows from various
design principles from different methodologies. To clarify the role
of these principles in the design of the LCV methodology, their
origins and implementations are briefly discussed.

CIRP Journal of Manufacturing Science and Technology 32 (2021) 382-395
Life Cycle Costing and the time value of money

AM is concerned with continuous improvement and alignment
of financial and non-financial functions (ISO 55010, [70]),
therefore, life cycle cost control forms an important activity
[71]. As such, the conceptual starting point for the design of the
LCV methodology is rooted in Life Cycle Costing. For the purposes
of this article, LCC can be understood as: “An analysis technique
which encompasses all costs associated with a product” [73], “from its
conception and fabrication through its operation to the end of its
useful life” [ 19], “with the goal of estimating the costs associated with
the existence of a product” [34].

Unlike in the case of LCA, where no explicit differentiation is
made between emissions as well as impacts at different moments
in time, the financial perspective does have a time preference due
to (1) changes in price levels, (2) pure time preference, (3)
productivity of capital and diminishing marginal utility of
consumption and (4) uncertainties [74]. An important character-
istic of LCC is that it accounts for the ‘time value of money’. In LCC,
cash flows that occur at different moments in time are discounted
back to a base period by using the Net Present Value (NPV)
technique [17]. The ‘time value of money’ concept is used in the
design of the LCV framework in two ways: the first is the use of
discounting using the NPV technique (see Eq. 1), the second is the
application of Equivalent Annual Annuity (EAA) (see Eq. 2). The
latter allows for a comparison based on a discounted yearly average
[75], enabling a fair comparison of mutually exclusive options with
unequal lifespans. A common practice for AM organizations is to
base the discount rate on the firm’s Weighted Average Cost of
Capital (WACC), as was the case at case company Liander

R

NPV = —
(1+1)

(1)

NPV =Net Present Value; R.=net cash flow; i=discount rate;
t=year of the impact.

i(NPV)

EAA:*.,n
1—(1+1)

(2)
EEA =Equivalent Annual Annuity; i=discount rate; n=elapsed
number of years.

Four stage Life Cycle Assessment framework

Even though LCC is the conceptual starting point for the design of
the LCV methodology, another prominent design principle is the
adoption of the four stages of LCA (see Fig. 2). The basic outline of the
four iterative steps of defining the goal and scope, performing an
inventory analysis, assessing the resulting impact, and interpreting
the whole can be adapted to provide general guidance and structure
other types of life cycle assessments than just LCA [39,76].

Defining the system of interest

Complex system environments are characterized by ill-defined
and potentially tacit, divergent, or pluralistic goals that are value-

Table 2
Summary of the AM-based design criteria for the LCV methodology.
Criterion
1 Ability to consider the entire lifecycle of an asset and apply to all stages within an asset lifecycle
2 Ability to consolidate information, data, and expertise from multiple disciplines and management perspectives
3 Ability to account for, and differentiate between, multiple financial and non-financial value factors such as economic, environmental, social, and
technical impacts as well as the needs of relevant stakeholders
4 Ability to apply to different system definitions, such as at the level of individual assets, portfolios of similar assets, or (complex) systems of assets.

5 Ability to link decisions at the level of the asset life cycle to the level of the organizational strategy
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Goal and scope -
definition
-
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Inventory <+
analysis ->
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Impact
assessment

Interpretation
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-

Fig. 2. Four stages of Life Cycle Assessment (ISO 14040, [76]).

laden, shifting, and challenging to make entirely explicit [77].
Therefore, another LCA-inspired design principle consists of
defining the ‘system of interest’, which is similar to the concept
of the system boundary in LCA. This can be used to distinguish
between what is exogenous and endogenous to the system, it
clarifies the level of granularity in examining what happens within
the system’s boundaries, which can be viewed as the actions
performed on or outcomes related to the system of interest [31].

Combined breakdown structures

Another design principle that has been applied to the LCV
framework is the application of a breakdown of individual lifecycle
elements, a concept that is similar to the breakdown into cost
elements in LCC [78]. This concept borrows from Cost Breakdown
Structures (CBS) but allows for the breaking down into more
aspects of value creation than just costs. These breakdown
structures constitute a logical subdivision by functional activity,
area, a major element of a system, and/or more discrete classes of
common items that can be used to link objectives to activities and
available resources [79]. A common CBS is that of Activity-Based
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lifecycle element

e
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Costing (ABC), which links life cycle costs to activities that occur
throughout the lifecycle [80,81]. This allows resource consumption
to be traced to distinct activities. The breakdown structure applied
in the LCV methodology functions similarly but adopts a three-
dimensional breakdown structure, similar to the structures of
Kawauchi and Rausand [78] and Gotze et al. [82]. The breakdown
structure that we propose is briefly explained below and illustrated
in Fig. 3.

In the breakdown structure of LCV, all activities in the lifespan
of an asset are made up of individual ‘lifecycle elements’. Multiple
lifecycle elements can be placed on a timeline that represents the
(remaining useful) lifespan of the asset, creating an Activity
Breakdown Structure (ABS). Each lifecycle element can have an
impact that can affect one or more types of value, as structured by
the Value Breakdown Structure (VBS). Combinations of multiple
lifecycle elements are then used to build a modular, three-
dimensional representation of the lifecycle which allows for either
a value-based perspective (using aggregated activities from the
ABS) or an activity-based perspective (using aggregated values
from the VBS) of value creation over time during the asset lifespan
in segments of individual years.

Monetary valuation

Conventional LCC does not require an impact assessment phase,
because all inventory data comprises a single unit of measure,
namely currency [35]. As indicated in design criterion 3, the LCV
framework needs to simultaneously consider multiple financial
and non-financial value factors, which the aforementioned VBS
required. Various value-related impacts are therefore aggregated
and expressed in financial terms.

Monetary valuation is the practice of converting measures of
social and biophysical impacts into monetary units and is used to
determine the economic value of non-market goods, i.e. goods for
which no market exists [83]. In AM, monetary valuation is typically
already implicitly applied as part of risk management, where
resources are allocated to mitigate different kinds of risk. Risk
matrices are commonly used to identify, analyze, and evaluate
risks, based on likelihood, consequence, and risk tolerance criteria
[84]. As such, the realization of value through managing risk and
opportunity already depend on balancing of cost, risk, and
performances (ISO 55000, [11]). The performance indicators for

1-year slice of
the lifespan

Fig. 3. Three-dimensional breakdown structure of an LCV model adapted from Kawauchi and Rausand [78] and Gotze et al. [82].



W. Haanstra, A.J.J. Braaksma and L.A.M. van Dongen

checking the desired objectives or targets during the operation and
maintenance phase of a product or system can be arrived at by
taking reliability, availability, maintainability, and safety (RAMS)
into consideration [85]. Risks can be modeled as a single life cycle
element by multiplying the expected likelihood and consequence
for each risk [84]. While risk and opportunity are usually managed
from an internal company perspective, taking the consequences for
other stakeholders into account is also increasingly expected.
Simplified indicators of environmental and social impact can be
translated into external social and environmental costs, allowing
the integration with conventional cost assessment such as LCC
[86]. These ‘shadow costs’ are expressions of environmental
impact in monetary terms, using financial units (e.g. € or $) and are
usually based on abatement or damage costs.

Design and demonstration of the life cycle valuation (LCV)
methodology

The Life Cycle Valuation (LCV) methodology consists of two
main elements: (1) a four-phased framework (see Fig. 4) that
guides the process of performing an LCV assessment, and (2) a
combination of calculations and the aforementioned modeling
principles that have been programmed into an LCV tool using
commonly available spreadsheet software.

Step 1: formulation of the goal and scope

Determining the goal

The first step in performing an LCV assessment is to determine
the goal. This makes it explicit what the main reason for
performing the assessment is and what the requirements of a
successful assessment are. For example, in AM, the goal can be
operational (such as optimization as a part of a continuous
improvement cycle) or strategic in nature (such as: linking to a
specific organizational long-term goal).

It also provides the opportunity to state whether the assess-
ment is of an attributional or a consequential type. An attributional
assessment is aimed at identifying which value is created over the
lifecycle of the asset, thus requiring the LCI to include all relevant
impacts associated with the lifecycle. A consequential assessment
may leave out certain elements that are the same for all
alternatives within the scope, for example in comparative studies.

Defining the system of interest
The system of interest is used to determine which system or
systems is or are considered to be the main subject of study and
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provides or provide the opportunity to clarify which parts of the
system or systems is or are included in the assessment and which
parts are considered out-of-scope. The system definition is also
used to indicate whether the system of interest consists of a single
asset, a portfolio of similar assets, or a complex system of multiple
interdependent assets. If necessary, allocation and attribution
procedures can be explained in this step as well.

Determining the temporal scope

The time frame is used to specify the scope of the LCV
assessment concerning its temporal dimension. It is used to
determine the section of time that the LCV assessment covers, by
indicating the starting year of the assessment and the duration up
to and including the last year. For AM, the lifespan or remaining
useful life of the asset can be used to guide the determination of the
time frame.

Another aspect of the temporal scope is the discount rate that is
used to calculate the NPV of impacts that occur at different
moments in time.

Determining the value breakdown structure (VBS)

The Value Breakdown Structure (VBS) is used to indicate which
value factors are included in the assessment and how they are
quantified. These value factors can depend on the goal of the
assessment, or be coordinated within an AM organization. This is
similar to, for example, a component of risk management, in that it
allows for differentiation between multiple value factors such as:

e Financial impacts such as capital expenses (CAPEX) and
operational expenses (OPEX)

e Technical impacts such as reliability & availability of the system
(e.g. failure rate)

e Externalities such as environmental impacts (e.g. CO, emissions)
or safety (accident rate)

e Other relevant value factors

In order to allow for calculation, these ‘impacts’ need to be
expressed in units (e.g. €, kg, m3, min) and have a value equivalent
per unit of impact (e.g. €/kg, €/ m3 €/min.). By differentiating
between different impacts in the VBS, their relative contributions
can later be traced back to the aggregated impact results. Table 3
shows a selection of the most frequently used impacts in the VBS
which were used during the application of the LCV methodology at
the AM organization of DSO Liander. The value equivalences (€/
unit) for Liander are considered sensitive information and are
therefore not shown. Note that impacts in the VBS can have a
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Fig. 4. Life Cycle Valuation (LCV) assessment framework (adapted from ISO 14040).
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Table 3
Examples illustrating a selection of commonly used impacts in the VBS at Liander.

CIRP Journal of Manufacturing Science and Technology 32 (2021) 382-395

Impact Unit Financial impact for the AM Non-organizational and/or non-financial
organization (€) impact (€ eq.)

Capital Expenses (CAPEX) € OPEX 1€

Operational Expenses (OPEX) € CAPEX 1€

System Average Interruption minutes . €/ min . €/ min

Duration Index (SAIDI)

Global Warming Potential (GWP) kg CO,-equivalent

(actual costs to re-establish

(inconvenience of outage for customers)

power distribution)

. € [ kg COz-equivalent
(environmental damages)

financial impact for the AM organization, a non-financial and/or
non-organizational impact, or a combination of both.

Step 2: life cycle inventory

The Life Cycle Inventory (LCI) is constructed using discrete
‘lifecycle elements’ that can have one or multiple impacts
associated with them. For example, a lifecycle element of one
day of operation can result in the cumulative impact of €100 of
OPEX and the emission of 24kg of CO,-equivalents (see the
example in Table 4). These elements can be constructed using data,
expertise and, if necessary, assumptions.

Multiple lifecycle elements can be placed on a timeline to
construct a complete LCI of all relevant aspects and activities
within the lifecycle of the asset, forming an Activity Breakdown
Structure (see example in Fig. 5). Multiple units can be entered for
each lifecycle element on the timeline. The ABS enables the user to
trace the overall LCV impact resulting from individual lifecycle
elements and that occur at specific moments in time.

The creation of the lifecycle elements and the timeline is likely
to require the integration of multiple disciplines, as it should
describe all relevant activities in the asset lifecycle. Lifecycle
elements can be updated individually, with the changes propagat-
ing into an overall impact score.

Step 3: impact assessment

After modeling and placing each lifecycle element on the
timeline, the total impact can be calculated. For example, if the
user enters ‘2 days of Operation’ on the timeline as input in a
specific year, this would result in a total LCV impact of €24,320 (2 x
€100 x 1€ OPEX +2 x 24 x €090 CO, equivalents), as indicated in
Table 5. Note that the LCV impact is expressed in EUR (<€), but that
this does not necessarily represent financial value alone, as it may
also include non-financial impacts.

As LCV deals with different impacts at different moments in
time, a discount rate should be provided to support the calculation
of the Net Present Value of all impacts throughout the lifecycle.
When dealing with comparative assessments with different
timeframes, the Equivalent Annual Cost technique can be used
to compare impacts based on yearly averages.

The combined implementation of the Activity Breakdown
Structure and the Value Breakdown Structure, using discrete
lifecycle elements, allows for a multi-perspective insight into the
results of the assessment. In order to support interpretation, the

Table 4
Examples illustrating two lifecycle elements and their associated impacts.
Lifecycle element Unit Amount Unit
Acquisition apiece 10.000 € CAPEX
Operation day(s) 100 € OPEX
24 kg CO,-equivalent
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dashboard of the LCV tool offers multiple options and cross-
sections (also referred to as impact profiles), such as:

e Adjustment of parameters (e.g. discount factors) and related
assessment perspectives (see Fig. 6)

e Overview of impact over time (see Figs. 7-9)

e Activity-based breakdowns of the LCV impact (see Fig. 8)

e Value-based breakdown of the total LCV impact (see Fig. 9)

Step 4: interpretation

The profiles in the dashboard support the interpretation of the
results in several ways. It allows for a quantitative overview of the
financial and non-financial value of everything within the
assessment scope. It can be used to trace the origin of these
impacts back to individual lifecycle elements. This can be used to
support additional investigation and development of the assess-
ment outcome by means of sensitivity analysis, completeness &
consistency checks, and improvement analysis.

The total LCV impact (expressed in monetary units such as €)
can be used to indicate the lifecycle option that has the best overall
impact score. In straightforward situations, it may be possible to
shorten the sensemaking process to a simple ‘information’ phase,
but in complex, ambiguous, multi-level situations it is necessary to
allow for, and foster, sensemaking interactions [87]. For example,
elements for which quantification is not (yet) possible should not
be neglected [36] and considered in the decision of which lifecycle
option is preferred. Furthermore, due to the strategic nature of
many AM goals, the option with the best LCV impact is not
necessarily the most valuable one. More than in LCC and similar to
LCA, the interpretation phase of LCV and its reflection on the
limitations in the goal and scope of the assessment is a critical final
step in making sense of the assessment outcome.

Evaluation of the LCV methodology

The application of the LCV methodology at the AM organization
of Liander revealed both anticipated and unanticipated outcomes.
Using observation, unstructured interviews during the application
of the LCV method, and evaluation sessions after each application,
these outcomes were linked to the design principles, summarized
in Table 6, providing a condensed overview of how the LCV
functions in practice.

Overall, the general outline of the four stages of the LCA
framework (as illustrated in Fig. 2) seemed to be well suited for
structuring LCV assessments of different types of assets in different
lifecycle stages. The four iterative phases were seen by Liander’s
AM staff as both rational and reasonable, but also as something
clearly different from the way LCC has been assessed within the
organization in the past. The explicit discussion of the goal, scope,
and system of interest stimulated a long-term and lifecycle-
oriented perspective that is broader in scope than conventional
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Lifecycle element (dropdown)
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1 2 3 4 5 6 7 8 9
Unit 2021 2023 2025 2027
| 2020 | 202 | 2022 | 2023 | 2024 | 2025 | 2026 | 2077 | 2028

ABS item 1 (e.g. acquisition) apiece 1
ABS item 2 (e.g. operation) day(s) 366 365 365 365 366 365 365 365 366
ABS item 3 (e.g. planned maintenance) occurence 1 3 3 3 4 4 4 5 5
ABS item 4 (e.g. inspection) occurence 4 4 4
ABS item 5 (e.g. outage risk) SAIDI (min) 12 1 5 4 3 3 3 7 1
ABS item 6 (e.g. energy losses) MWh 120 120 125 125 130 130 135 135 140
ABS item 7 (e.g. end-of-life) occurence 1
Fig. 5. Activity breakdown showing discrete lifecycle elements placed on a timeline.
Table 5
Breakdown of the total LCV for 2 days of the lifecycle element ‘Operation’.
Lifecycle element Value Breakdown LCV impact
Name Amount Unit Amount Unit Value eq. Value eq. Sum
Operation 2 day(s) 100 € OPEX €1 € 200 € 24,320
24 kg CO, equivalent € 090 € 4320
Parameters: Input
First year 2020
WACC Cashflow 3,7%
WACC Value 3,7%
Options: On/Offs Current Selection:
Net Present Value (NPV) on incl. 3,7% WACC
Cumulative (required for EAA) on yearly
Cashflow on cashflows & values
Value on
Scenario selection: LCV: € 1.259.788
Scenario calcO
. Example
Error detection OK

Fig. 6. Parameters of the LCV assessment.

LCC applications. As such, the LCV methodology was effective in
stimulating the consideration of the entire lifecycle and proved to
apply to multiple lifecycle stages (design criterion 1). A grid
architect reflected on this new way of supporting decisions: “the
decisions of a grid architect used to be focused on short-term financial
impact instead of long-term value”. The goal and scope definition
also initiated discussions about what to include in the assessment,
how to include it, and how to ensure a fair assessment. Despite the
benefits of discussing the goal and scope, however, this activity did
not come ‘naturally’ to the AM staff, who tended to skip this step
and start the assessment with data collection. Early design
iterations, therefore, included the introduction of a brief kick-off
session where the goal, scope, and system of interest are
specifically discussed and defined.

The application of the LCV methodology proved to be
appropriate for different types of objects that were included in
the decision-making contexts described in Table 7. This evaluation
included individual assets, portfolios of assets, and (complex)
systems of assets (design criterion 4) and allowed for investigating
multiple value perspectives for each case. For example, the Energy
Flexibility case studies included not only the financial impact for
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Liander but also accounted for the costs incurred by Liander's
customers, as well as the environmental impact associated with
potentially having to restrict the production of renewable energy. A
junior grid architect reflected that without these considerations,
“the grid architects would likely make a decision based solely on
[Liander’s] immediate costs and not consider a broader value
perspective at all*.

In many cases, the data, information, and results of previous
LCV assessments could be re-used in other assessments. The
information required in the LCI phase rarely came from a single
source but tended to be spread throughout the organization,
corresponding with the different disciplines that are required in
different life cycle stages. In creating the LCI and the ABS, the
decision-makers not only gathered data expertise and information,
but they also needed to develop a plan for the (remaining) lifecycle
of the asset, usually consisting of competing alternatives or
divergent future scenarios. Within an LCV assessment, the activity
of Life Cycle Planning (LCP) and the information found in existing
life cycle plans therefore played key roles. Integrating these
multidisciplinary perspectives required an iterative process of
modeling and verification, which increases the time required for
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Fig. 7. An example of total LCV over time (annual and cumulative views combined).

performing LCI and can be considered a disadvantage. However,
the main advantage of this approach lies in the fact that involving
multiple disciplines reduces the potential for omitting relevant
factors, which builds support for, and trust in, the outcome of the
assessment. A senior AM policy advisor reflected: “The LCI is all
about collecting perspectives which are formed by different ‘realities’
that emerge from divergent understandings and needs. It is these
perspectives that you try to capture in the model, in such a way that it
is recognizable for everyone involved”. As such, the design of the LCV
fulfills design criterion 2 by consolidating information, data, and
expertise from multiple disciplines and management perspectives.

€250.000
other
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The three-dimensional breakdown structure of an LCV model
allows for an assessment of three complementary perspectives of
the impact. One breakdown of the impact is possible in the time
dimension, which is a necessity in LCC but typically ignored in LCA.
The time dimension is necessary for LCV because of the time value
of money involved in asset investments as well as the role of timing
in LCP. Another breakdown of the impact can be made using the
VBS, enabling the assessment of multiple financial and non-
financial value factors such as economic, environmental, social,
and technical impacts as well as the costs and benefits of relevant
stakeholders, fulfilling design criterion 3. The last breakdown of
the impact can be made using the ABS, making it possible to assess
impacts at the level of activities in the asset life cycle. This allows
these activities to be linked to either operational performance or
organizational strategy, depending on the goal and scope of the
assessment (design criterion 5). In this regard, the impact
assessment phase of the LCV methodology resembles that of
LCA, as multiple impact categories can be assessed simultaneously
or individually. This profiling step differs from LCC, where it is
commonplace to aggregate all costs into a single LCC figure or an
aggregated sum of the Total Cost of Ownership (TCO). Even though
it was technically possible to perform a financially focused (LCC
style) assessment by including only financial impacts, every LCV
assessment at Liander included relevant quantitative value factors
that were either a non-financial impact or affected the finances of
other stakeholders, such as those of the customers who rely on the
energy grid in order to generate their revenues. To conceptually
distinguish the financial perspective from the non-financial one
during the impact assessment stage, different terminology was
used by various decision-makers (see Table 8). This not only
indicates the desire to be able to conceptually separate the two but
also a need to combine both perspectives during decision-making.
A decision-maker responsible for future-proof grid design phrased
this as follows: “You shouldn’t blindly aggregate all costs and benefits

ABSitem1

ABSitem 3 (e.g.
(e.g. :
o planned maintenance)
acquisition)
other
ABSitem5
(e.g. outage
risk)
(e.g. ABS item2
(e.g.
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ABS item 6

(e.g. energy
losses)

Fig. 8. Example of activity-based breakdown over time (left) and overall impact contribution (right).
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Fig. 9. Example of value-based breakdown over time (left) and overall impact contribution (right).
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Table 6
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Design principles of the LCV methodology and their consequences.

Design principles

Outcomes

Formulation of the goal & scope, and the
definition of the system of interest

Value Breakdown Structure (VBS) &
Monetary Valuation

Life Cycle Inventory (LCI) and Activity
Breakdown Structure (ABS)

Impact Assessment

Interpretation phase

e Focused the attention of the AM staff to the entire asset lifecycle (instead of only the initial phases) and stimulated a
long-term timeframe and future-oriented mindset.

 Initiated discussions about the consequences of asset lifecycle decisions at the systems (energy grid) and/or asset
portfolio levels (and how these effects should be included in the assessment).

e The goal, scope, and system of interest were often initially perceived by the AM staff as self-evident (thus sometimes
even skipped entirely), but regularly needed further investigation, adjustment, and explanation in the later stages of the
assessment.

« Enabling the assessment of quantitative factors with a broad value scope beyond only LCC (e.g. including factors such as
environmental impact or stakeholder value)

o Clarified which quantitative elements are included in the assessment, how they are quantified and what (monetary
equivalent) value they are given.

e Required the coordination of the quantification procedures and monetary valuation factors within the AM organization
(e.g. how to measure and value CO, emissions).

o Initiated the formulation of a life cycle plan for the activities and consequences in the remaining useful life of the asset.
e Required the creation of LCI's for multiple alternative solutions and/or future scenarios.

o Required the collection of expertise, data, and assumptions from multiple disciplines (related to all relevant elements
in the asset lifecycle).

e Tended mainly to include dominant cost & value drivers (thus cutting-off less significant impacts) to speed up and
simplify assessment.

o Allowed for a simultaneous quantitative assessment of financial and non-financial impacts (as determined in the VBS).
e Enables the comparison between a conventional LCC impact (sum of all OPEX and CAPEX) and ‘LCV impact’ (LCC + other
quantitative value factors).

o Allows the tracking of specific impacts that result from individual life cycle elements facilitating sensitivity and
improvement analyses.

o Provides the opportunity to acknowledge and discuss relevant decision-related factors that are not (easily) quantified.
e Provides the opportunity to acknowledge and discuss the sensitivity of the assessment to long-term changes.

Table 7

Decision-making cases that were used to test and demonstrate the LCV methodology and their key value perspectives.

Decision context Description Asset objects Lifespan Key value factors
1 Fault Detection Finding optimal placement of fault Local energy grids 15 years o Life Cycle Costs
detection & localization components in (complex system) e Outage risk
electrical grids o Alternative configurations
2 Ageing Transformers Considering revision or replacement Individual asset(s) 40 years o Life Cycle Costs
options for aging transformers in a e Outage risk
substation e Climate change
e Replacement moment
3 Substation Solving a capacity issue for a substation Individual asset(s) 60 years o Life Cycle Costs
and its components by means of o Alternative configurations
replacement or revision o Energy losses
o Climate change
4 Grid Architecture Studying significant revision of the Major energy grid Continuous o Life Cycle Costs
network architecture of the grid in a (complex system) e Network architecture
dense urban area o Availability of labor
e Timing and planning concerns
5 Demand Flexibility Using demand flexibility as a viable Local energy grids 3-5 years o Life Cycle Costs (DSO)
option for solving (temporary) (complex system) o Customer costs
congestion issues o Climate change (when dealing with
congestion of renewable energy sources)
6 Switchgear Procurement Performing a pilot study on the Portfolio of assets 40 years o Costs
inclusion of a streamlined form of LCA e Technical performance
in the procurement of Medium voltage e Photochemical Ozone
switchgear e Formation
e Climate Change
o Fossil Depletion
o Fine Particulate Matter formation
Table 8

Terminology used by decision-makers to differentiate between financial and non-financial impacts.

Terminology used to describe financial impact for the organization

Terminology to describe non-financial or non-organizational impact

Hard value, cash-out, cashflow, financial impact, costs, expenses,

cost optimization (and reduction)

Soft value, social impact, societal money, environmental impact/costs,
externalities, multiple benefits
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in a single figure. We want distinct insights into all direct, indirect and
societal impacts before making a decision”.

Conventional LCC does not require an impact assessment phase,
because all inventory data comprises a single unit of measure,
namely currency [35]. LCV however, is designed to assess multiple
value factors simultaneously and takes into account that a
reductionist perspective on a single asset lifecycle may be too
limited for AM purposes. The LCV supported decisions at Liander
were usually sensitive to only a limited number of lifecycle
elements or impact categories. This meant that for some assess-
ments at Liander, the results were not sensitive to rough
assumptions and limited data quality when they applied to non-
dominant impacts, greatly reducing the time required to arrive at
an informed LCV-supported decision. The interpretation phase is
also useful in considering qualitative factors for which quantifica-
tion is not (yet) possible. Such factors are often neglected in both
LCC as well as social assessments [36]. The interpretation phase
provides the opportunity for the decision-maker to judge the most
important quantitative, qualitative, and normative factors related
to the decision. Senior AM policy advisor 2 commented on the role
of structuring the LCV assessment in this way: “LCV is not about the
act of calculation, but about the process of arriving at an appropriate
calculation”. LCV interpretation is therefore not aimed at arriving at
a definitive answer to how valuable a life cycle option is, but rather,
it invites the decision-maker to view the assessment (which has an
inherently limited) scope, from a much broader and holistic (AM)
perspective.

Discussion and conclusion

LCV is designed based on the premise that the decisions of AM
organizations need to consider changing environments, shifts in
organizational goals, and continuously changing notions of what
makes an asset valuable beyond its costs. While LCC can be an
extremely useful instrument for organizations that manage and
invest in capital goods, it is also inherently limited in assessing to
what extent these assets create and maintain value over the course
of their entire lifespan. Firstly, LCC is primarily focused on costs,
whereas AM is fundamentally value-focused and aims to balance
and align various financial and non-financial value factors, such as
asset performance, risk, environmental and social impacts, and
stakeholder needs, alongside life cycle costs and profits. Secondly,
LCC is traditionally a reductionist and single object-focused
approach, making it less suitable for assessing complex systems,
assets with interconnected or interacting objects, or portfolios of
multiple similar types of assets. Lastly, the unguided application of
LCC takes long-term changes and uncertainty beyond the technical
scope of the asset lifecycle itself into account inadequately. This
leaves conventional LCC essentially ‘blind’ to long-term organiza-
tional goals, technological developments, (geo)political shifts, and
societal changes that may render an asset obsolete before its
technical end-of-life. LCA on the other hand already provides a
mature systems-oriented framework for the comprehensive
assessment of various types of non-financial impacts and explicit
guidance on how to manage the goal and scopes of such
assessments. LCA, however, is usually focused on environmental,
and to a lesser extent, social impacts, forming a perspective that
may be valuable and rich in information but fails to fully align with
the objectives of AM, which also requires the consideration of the
aforementioned factors such as technical performance, cost, and
risk.

Given these limitations of LCC and LCA with respect to AM
decision-making, a combined application of LCC and LCA would be
insufficient as it would inherit the downsides of both methodolo-
gies. Instead, a hybrid approach is proposed that selectively
combines the most effective design principles from LCC and LCA,
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and aims to avoid their respective limitations for AM decision-
making. The resulting Life Cycle Valuation methodology can be
considered a novel hybrid approach that is methodologically
distinct from applications that merely combine applications of LCC
and LCA. The LCV methodology combines five main design
principles that are borrowed from both LCC and LCA, including
(1) using the four-stage framework for LCA, (2) defining the system
of interest, (3) accounting for the time value of money, (4)
combining activity-based and value-based breakdown structures,
and (5) using monetary valuation as a means to aggregate financial
with non-financial results.

LCV models make it possible to quickly and easily view the
value created over the lifecycle from multiple, complementary
perspectives. LCV goes beyond simply adding non-financial
impacts to LCC, as it allows for viewing the same life cycle model
from different perspectives, including a financial one. These
perspectives can be tailored to the specific goals and preferences
of the organization or even other stakeholders and can include
value factors alongside costs, such as environmental impact,
technical performance, risk, or any other relevant metric. By
viewing the assessment outcome from these different perspec-
tives, it is possible to gain a better understanding of how different
costs and benefits in the life cycle contribute to value creation (or
destruction) and which parameters and life cycle activities present
themselves as being the most critical or important concerning the
decision context. Because of the existence of multiple value
perspectives and the subjective nature of valuation, the LCV
methodology does not necessarily aim to seek the most optimal
allocation of resources, as what is considered optimal by one
stakeholder, may be sub-optimal to another. Instead, LCV utilizes
the 4 phase framework of LCA to focus on making the assessment
and valuation process itself as transparent and objective as
possible, thereby helping professionals better understand and
articulate what makes a complex system valuable in a specific
decision context. The LCV methodology, therefore, consists not just
of a flexible and adaptable calculation method for value that can be
tailored to specific organizational contexts, but also emphasizes
the process that facilitates the assessment itself. As suggested by
other researchers, the guidelines and principles that were
originally developed to guide LCA applications, proved to be
highly effective in practice, as demonstrated by the case study at
Liander.

Limitations and future research

Even though the LCV methodology calls for an explicit
formulation and reflection on the goal and scope of the assessment,
the process of arriving at a suitable formulation for this remains a
challenge in practice that requires attention in future research.
Similarly, the Value Breakdown Structures that quantitatively
capture value factors for an AM organization, proved to be
challenging to develop and agree upon in practice, not only
because some of these value factors can be subjective, but also
because they were in continuous flux during the research period.
An interesting avenue for future research could be to help structure
VBS for particular organizations or industrial sectors using similar
principles as those employed in impact assessment methods for
LCA.

Additionally, the application of the LCV methodology at DSO
Liander mainly resulted in modeling and avoiding ‘bad’ impacts,
such as costs, outage risk, and environmental damages. ‘Good’
impacts such as revenue were possible but were also much less
common, and sometimes only described qualitatively, instead of
being included in the model quantitatively. Whether this is due to
the challenging nature of articulating value, or because this is a
remnant of the tendency of both LCC and LCA, which LCV is based
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on, to focus on ‘bad’ impacts, remains a question that requires
further investigation.
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