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Executive summary 

The methodological framework for Life Cycle Sustainability Assessment (LCSA), initially proposed by Klöpffer and Renner 

(2008) and further developed through the UNEP/SETAC (2011) guidelines for LCSA, is based on three separate life cycle 

studies with consistent system boundaries: Environmental Life Cycle Assessment (LCA), Life Cycle Costing (LCC) and Social 

Life Cycle Assessment (S-LCA). Whilst an increasing number of methodological papers and case studies have been 

published over the last years, the development of an integrated methodology for LCSA is lagging behind. While LCSA can 

be applied to different subjects (e.g. goods, services, organisations, events), the focus of ORIENTING is on products.  

LCC concept encourages taking a long-term perspective in decision making processes, including all the costs in the life 

cycle of a product that accrue to one or more participants in the product system. Over the years, due to its versatility, 

LCC has been frequently used as a cost assessment and comparison tool from a company perspective (i.e. only addressing 

relevant costs to the company business model), rather than from a life cycle viewpoint. This translated into a multiplicity 

of company-specific LCC applications, relying on partly different methods and principles (Kambanou, 2020). 

Within the life cycle management (LCM) framework, three variants of LCC are generally distinguished (Hunkeler et al., 

2008; SETAC, 2011). Conventional LCC, also termed financial LCC, is the original approach, and it is closely related to the 

total cost of ownership (TCO) approach, albeit with a different scope. Environmental LCC is aligned with LCA in terms of 

system boundaries, functional unit, and methodological steps. It can be seen as an economic extension of environmental 

LCA and it provides the possibility to cater for different stakeholder perspectives and to integrate, to some extent, 

environmental externalities. Societal LCC, finally, takes an even broader perspective and aims to comprehensively include 

environmental and social externalities. Apart from these LCC variants, there are other economic approaches of interest 

in the life cycle context, such as TCO, techno-economic assessments or material flow cost accounting. 

This plurality of LCC approaches, as well as their implementation, implies significant challenges regarding the objectives 

of the ORIENTING project, i.e. establishing operational guidance for an overarching and comprehensive multi-stakeholder 

LCC methodology to be integrated into a wider LCSA framework. To pursue this key objective, this deliverable provides a 

description and review of relevant LCC approaches and discusses aspects related to their integration into a LCSA 

framework. In addition, the reviewed approaches are critically evaluated by means of a criteria scheme developed in 

ORIENTING Task 1.1, addressing aspects such as stakeholder acceptance, credibility, applicability, complexity, 

transparency, scientific robustness, completeness and compatibility with life cycle approach.  

Given a lower complexity and higher confidence in the data used, conventional LCC generally scores highest across all 

analysed approaches. Yet, it falls short in terms of some of the requirements laid out in the ORIENTING project, e.g. 

applicability to stakeholders beyond producers and consumers, accounting for “soon-to-be-internalised” externalities, 

and the possibility to be aligned1 with environmental and social LCA (i.e. covering all life cycle stages and actors). Whilst 

environmental and societal LCC would allow partly overcoming these barriers, the main challenges for these 

methodologies are related to the monetisation of externalities, stakeholder acceptance, and avoidance of double 

counting when used within a LCSA framework. On this basis, we conclude that several efforts are still needed to make an 

economic approach operational within an LCSA framework. Indeed, while the eLCC provides a good theoretical 

framework for consistent integration into the LCSA, it still appears to lack some degree of operationality. In this sense, 

this report provides several insights considered worthy of being addressed in WP2.  

 
 

1 Note that a central distinguishing element between conventional and environmental LCC is that the latter is – by 
definition – aligned with an environmental LCA. 
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1. Introduction 

The ORIENTING project aims at developing an operational Life Cycle Sustainability Assessment of products, integrating 

Life Cycle Assessment, Life Cycle Costing and Social LCA. This report (as a result of Task 1.4) focuses on the economic 

domain assessment and, therefore, it reviews and presents the most established economic approaches related to the 

LCC concept, along with their underlying methodological frameworks. These include LCC approaches developed within 

the LCM framework commonly referred to as conventional LCC, Environmental LCC and Societal LCC (Hunkeler et al. 

2008) and other economic approaches not directly linked with LCM but which still rely on the LCC concept, such as the 

total cost of ownership (TCO) (L. Ellram, 1993; L. M. Ellram, 1994) and the techno-economic assessment (TEA) (Thomassen 

et al., 2019). 

These concepts suggest methods for calculating the costs over different steps of the life cycle of a product and/or a 

service2. Despite the fact that these economic approaches have been developed and evolved within different domains 

and fields of application, they share some underlying ideas. First, costs are examined from a long-term perspective and 

should therefore account for the “time value of money”. Second, cost elements beyond the initial purchase price should 

be also considered. Even though these similarities have often helped practitioners in developing hybrid methods 

combining two or more concepts (Rusich & Danielis, 2015; Zimmermann et al., 2020), they also resulted in inconsistencies 

and ambiguous terminology (Kambanou & Lindahl, 2016; Giacomella L. 2021). 

Despite the many LCC applications, the progress towards a standardized and replicable LCC methodology has so far lagged 

behind (Gluch et al., 2018). As Kambanou (2020) argues, empirical applications are generally developed by researchers 

based on desktop research and/or a single case study. In other words, they tend to be tailored, case-specific applications. 

This tailoring is also encouraged by various LCC frameworks in order to meet the objective and goal of the LCC. For 

example, IEC (2004) recommends excluding costs that are expected to be identical between compared alternatives. One 

of the outcomes of the lack of a common methodological framework is that terms can be ascribed different meanings 

depending on contexts. For example, “life cycle” could either refer to the several life cycle stages of a product (e.g. “cradle 

to grave”), or the time that a specific organization is owning a product, or the multiple life cycles  that a circular product 

might have (Bradley et al., 2018; Wouterszoon Jansen et al., 2020). Similarly, van Den Boomen et al. (2017) denote a lack 

of a thorough understanding of both input parameters and LCC calculation methods, casting further concerns over the 

correct application -and interpretation- of these tools for decision-making. 

 

 

 Objective of the report 

The overall aim of this Task 1.4 in the ORIENTING project is to identify the most suitable approaches and/or combinations 

of methods for assessing and communicating economic implications to a wide range of stakeholders within a life cycle 

sustainability assessment (LCSA) framework. The identified approaches will represent the starting point in WP2 towards 

the definition of economic indicators and related quantification methods for the provision of a comprehensive Life Cycle 

Sustainability Assessment methodology (Task 2.4). 

 

 

 

 

 
 

2 For the purpose of this report, we limit the discussion to goods and services, both summarised under the term 
“product”. 
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 Approach followed: literature review and critical evaluation 

A literature review was conducted in Phase (1) to identify and describe economic assessment approaches for potential 

use within a LCSA framework. In a Phase (2), selected approaches were critically evaluated by means of a criteria scheme 

developed in ORIENTING Task 1.1. 

Phase (1) covers the main economic approaches developed within the life-cycle community, i.e. conventional LCC (cLCC), 

environmental LCC (eLCC) and societal LCC (sLCC), plus more recent LCC models including circularity aspects. In addition, 

other established economic approaches are considered, not necessarily adopting a full life cycle assessment perspective, 

such as total cost of ownership (TCO), techno-economic assessment (TEA) and material flow cost accounting (MFCA). The 

literature review was carried out in March 2021 by searching for scientific articles in Scopus database and Google Scholar 

search-engine, using the keyword combinations as described in Table 1. Standards and grey literature were also included 

when relevant (e.g. ISO 14051:2011 for material flow cost accounting or the UNEP initiative “Towards a Life Cycle 

Sustainability Assessment” (UNEP/SETAC, 2009)). Since different economic approaches have been developed more than 

a decade ago, no time constraints were used for the literature research.  

The aim of the literature review was to provide an overview and a critical analysis of the main approaches for different 

use cases and identify possible weaknesses and opportunities for improvement for future LCC applications within a LCSA 

framework. Priority was given to the review of (1) methodological or theory building papers and (2) literature review 

papers, rather than LCC applications. 

 

Table 1: Keywords combinations employed to conduct the literature research 

Source: own elaboration 

 

After the literature review, the approaches were critically evaluated in phase (2) (Chapter 6) by means of a criteria scheme 

defined in ORIENTING Task 1.1. On this basis, best available approaches (or specific aspects of them) will be further 

analysed in WP2. 

 

Economic Approach Keywords combination 

Conventional LCC (cLCC) 
(("life cycle cost*"  OR  "LCC" OR “conventional life cycle cost*” OR “cLCC”)  AND  ( 
"method"  OR  "review")) 

Environmental LCC (eLCC) 
((“eLCC”) AND (“Life Cycle Cost*” OR “Environmental Life Cycle Cost*”) AND 
(“Method” OR “Review” OR “LCSA” OR “Life Cycle Management”)) 

Societal LCC (sLCC) 
((“sLCC”) AND (“Life Cycle Cost*” OR “Societal Life Cycle Cost*”) AND (“Method” OR 
“Review” OR “LCSA” OR “Life Cycle Management”)) 

Circular Economy (CE) -LCC 
(("life cycle cost*"  OR  "LCC" )  AND  ("circular economy" )) 

Techno-Economic 
Assessment (TEA) 

 (("Techno Economic Assessment"  OR  "Techno Economic analysis" OR “TEA”)  AND  
("life cycle")  AND  ("method*"  OR  "review")) 

Total Cost of Ownership 
(TCO) 

(("total cost of ownership"  OR  "TCO")  AND  ( "life cycle" )  AND  ( "method"  OR  
"review")) 

Material Flow Cost 
Accounting (MFCA) 

(("material flow cost accounting"  OR  "MFCA" )  AND  ("method"  OR  "review")) 
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 Structure of the report 

The remainder of this report is structured as follows. Chapter 2 provides a first overview of economic approaches that 

are deemed relevant in the context of the ORIENTING project. Chapter 3 describes more in-depth the most relevant life 

cycle management-related LCC approaches, including their common fundamental principles. Chapter 4 extends this 

methodological description to other economic approaches having a less direct or comprehensive life cycle management 

focus, but which can nevertheless be seen as relevant in the project context. Building upon the outcomes of previous 

chapters and paving the way towards the overall objective of the ORIENTING project, chapter 5 discusses the status quo 

and challenges concerning the integration of the economic domain within a wider LCSA framework. In chapter 6, the 

development of the criteria scheme including adjustments used to assess relevant LCC and related approaches is 

described, followed by a presentation of the ”big picture” resulting from the application of this scheme. Chapter 7 

discusses main findings and chapter 8 concludes with a summary of key messages on potential future research activities 

to carry out in WP2. 

2. Defining economic approaches relevant for ORIENTING: an overview 

This chapter provides an overview of typical LCC approaches, including definitions and their interrelationships. The 

subsequent chapters focus on the key differentiating aspects of such approaches and provide a critical discussion on the 

main challenges to adapt and/or combine any of these methods towards the economic pillar assessment of a LCSA 

methodology. 

In general, life cycle costing (LCC) is employed as a concept or methodology encompassing different types of economic 

assessment. The notion of LCC in the pure economic sense – long before the emergence and develoment of sustainable 

development and (environmental) life cycle thinking – can be traced back to the 1930s when the United States of America 

General Accounting Office requested, for procurement purposes, an assessment of the costs of tractors that considered 

a life cycle perspective. Few decades later, LCC was an established practice in the US military sector as well as the 

construction industry (Rebitzer, 2005). Similarly, in Europe, LCC has attracted attention in the public sector since the mid-

1970s, especially in building and procurement activities (Hunkeler et al., 2008). The great versatility of LCC translated into 

multifaceted applications spanning a variety of purposes (e.g. by also integrating environmental and social aspects) and 

different stages of the project or asset life cycle to support decision making (Rödger et al., 2017). Today, LCC has gained 

an increasing relevance, constituting the economic pillar in a full life cycle sustainability assessment (LCSA) (Costa et al., 

2019).  

On the downside, despite the availability of some specific industry standards (e.g. ISO 156633 and ISO 15686-54) and the 

efforts to provide sounding methodological guidelines (Hunkeler et al., 2008; Swarr et al., 2011), LCC developed primarily 

as a result of specific applications rather than based on previous LCC research experience. In fact, many tailored, case-

specific (often industry-specific) LCC methods have been applied over the last years. LCC interpretations are not an 

exception to this. As an example, Table 2 shows a sample of LCC definitions found during the literature review. 

 

 
 

3 ISO 15663:2021 Petroleum, petrochemical and natural gas industries — Life cycle costing 
4 ISO 15686-5:2017 Buildings and constructed assets — Service life planning — Part 5: Life-cycle costing 
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Table 2: LCC definitions 

Source: own elaboration 

 

Even though the selected LCC definitions might appear quite similar to each other, two main theoretical domains can be 

identified in the existent LCC epistemology. The first refers to the use of LCC as a theoretical concept for considering all 

the costs related with and occurring during the ownership of a product. This is the older scientific domain in which the 

LCC concept is used, and generally, it is operationalised through the Total Cost of Ownership (TCO) methodology. In this 

context, the life-cycle concept is mainly linked to the time of owning a product, rather than the technical stages 

characterising the product’s life. The second domain, which developed in response to the evolution of life cycle 

assessment (LCA) and the need for an economic counterpart, mainly sees LCC as a method to assess all costs related with 

the life-cycle stages of a product or service, independently if different owners exist. These two domains, even if different 

in goal and scope, might also overlap in some cases (Hunkeler et al., 2008). Furthermore, within the Life Cycle 

Management (LCM) domain, Swarr et al. (2011) distinguish two types of LCC studies: (i) LCC planning, comparable to a 

consequential LCA featuring a dynamic, change-oriented approach; and (ii) LCC analysis, comparable to an attributional 

LCA approach featuring a static and more retrospective approach. Since the scope of the ORIENTING project focuses on 

the life cycle analysis of products, and not on planning decisions, a LCC analysis approach is seen as more appropriate to 

consider for further methodological developments in this context. 

Figure 1 provides a schematic overview of the principal economic approaches identified within the broader LCC concept, 

highlighting their scope in terms of stakeholder perspectives and life cycle stages. Figure 1 only depicts the borders 

between approaches in a simplified way. Indeed, sub-methods can contain much more nuances and can be less easy to 

delineate due to the existence of hybrid or partially interrelated approaches. 

 

Reference Definition 

Woodward (1997) LCC is a concept which aims to optimise the total costs of asset ownership, by 
identifying and quantifying all the significant net expenditures arising during the 
ownership of an asset. 

Asiedu & Gu (1998) LCC analysis provides the framework for specifying the estimated total 
incremental costs of developing, producing, using, and retiring a particular item. 

Rebitzer & Hunkeler 
(2003) 

(…) define LCC as an assessment of all costs associated with the life cycle of a 
product that are directly covered by any one or more of the actors in the product 
life cycle (supplier, producer, user/consumer, EOL-actor), with complimentary 
inclusion of externalities that are anticipated to be internalized in the decision-
relevant future. 

Rödger et al. (2017) Technique that assesses costs over the life cycle of a product or a system (…). It 

may be used as a planning tool, an optimisation tool, a tool for hotspot 
identification, as part of a life cycle sustainability assessment of a specific 
product, or to evaluate investment decisions. 
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Figure 1: ORIENTING conceptual framework illustrating the system boundaries of different LCC approaches 

 
Source: own elaboration 

 

Within the LCM community, three types of LCC analyses are generally acknowledged: conventional LCC (cLCC), 

environmental-LCC (eLCC) and societal-LCC (sLCC) (Hunkeler et al., 2008). cLCC refers to the assessment of all costs 

associated with the life cycle of a product that are directly covered by one or more actors in the product life cycle (Rebitzer 

& Hunkeler, 2003). Differently from eLCC and sLCC, cLCC only considers internal costs, i.e. real cash-flows. Further details 

on cLCC are provided in section 3.1 and 3.2. 

eLCC builds upon cLCC and extends it by including (i) environmental externalities and (ii) a comprehensive multi-

stakeholder perspective. Moreover, an eLCC is built upon the same product system as an environmental LCA (following 

ISO 14040/44 standards), thus making it relatively easy to align the two types of assessment. Whereas cLCC typically looks 

at cost implications from a manufacturer or consumer perspective, eLCC broadens the perspective by looking at one or 

several actors along the whole life cycle of a product. Concerning the inclusion of externalities, some authors argue that 

only those projected to be internalised in the decision-relevant future should be considered (Hunkeler et al., 2008), while 

others extend the monetization of externalities to all environmental impacts resulting from a LCA, then using the term 

full environmental LCC (feLCC) (Corona et al., 2016; Hoogmartens et al., 2014). The latter can also be interpreted as 

monetization of environmental impacts as a kind of weighting in the frame of Life Cycle Impact Assessment (LCIA)(cf. also 

section 3.1.6). 
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Concerning sLCC, it further extends eLCC by including additional externalities, associated with the life cycle of a product 

(but, as opposed to feLCC, not necessarily linked to an environmental LCA). Therefore, it not only extends beyond the 

decision-relevant future, but also includes (societal) externalities that are not borne by any of the lifecycle actors during 

the relevant time period. For both eLCC and sLCC environmental and societal impacts thus need to be converted into 

monetary units using some kind of valuation approach, posing certain methodological challenges. Section 3.3 and 3.4 will 

address eLCC and sLCC, respectively. 

Beyond the classification into conventional, environmental and societal LCC, some authors propose a more granular 

classification of life cycle-related sustainability assessment methodologies (Hoogmartens et al., 2014; Schaubroeck et al., 

2019). In Schaubroeck et al. (2019), for example, the following criteria are considered: the subject of analysis (“impact 

of?”), the sustainability dimension (“what effects will be considered?”), the impacted areas of protection (“impact on?”) 

and, referring to cost-benefit analysis (CBA), whether costs and/or benefits are regarded.  

Figure 2 below shows the resulting sub-classification that is helpful in clearly communicating on the type of analysis 

carried out. Yet, for the current stage of the ORIENTING project, the more general classification based on three types of 

LCC will be used, as more detailed methodological developments will be dealt with in WP2. 
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Figure 2: Overview on life cycle-related sustainability analysis tools 

 
Source: Schaubroeck et al., 2019 
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More recent applications of cLCC also adopt a circular economy perspective by including multiple life cycles. Indeed, 

since the circular economy was established as one of the leading strategies towards a sustainable built environment 

(European Commission, 2015, 2020), an increasing number of LCC studies started to apply more holistic approaches that 

consider products as a composite of components and parts with different and multiple use cycles (Bradley et al., 2018; 

Jansen et al., 2020; Low et al., 2014). These novel approaches are especially relevant when comparing products designed 

for a circular built environment to “business-as-usual” products and are here referred to as Circular Economy LCC (CE-

LCC). These will be presented in section 3.5. 

Economic approaches developed within the LCM community are not the only ones addressing a life-cycle thinking 

concept. Other established methodologies such as (i) total cost of ownership (TCO) and (ii) techno-economic assessment 

(TEA) also refer to LCC, in some cases as an interchangeable name (Kambanou & Lindahl, 2016). However, even if they 

share some similarities with cLCC, they generally differ in terms of goal and scope (Saccani et al., 2017). 

In this sense, the main difference between LCC and TCO is that the LCC adopts a product perspective, computing costs 

(independent from the subjects incurring them) connected with the conception, design, manufacture, distribution, 

operation, disposal of the good, while the TCO adopts the purchaser's standpoint, computing the costs related to the 

search, acquisition, installation, operation and disposal for a customer, and has thus a reduced scope compared to the 

whole product life cycle (Saccani et al., 2017). TCO will be presented in section 4.1. 

On the other hand, TEA uses the LCC concept as a framework to consider all relevant costs from a financial point of view. 

In this sense, TEA does not address the user perspective and/or End of Life (EoL) if these are outside the company business 

model. In general, TEA demands for higher modelling skills compared with cLCC as it combines process modelling and 

engineering design with the economic dimension. TEA will be further detailed in section 4.2. 

Finally, the revision also included the Material Flow Cost Analysis (MFCA), a management tool that, thanks to a recent 

international environmental management accounting standard, ISO 14051, is increasingly used by the industry to support 

decisions and improve the efficiency of materials and energy use within the organization. 
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3. Life cycle management (LCM) related LCC 

As mentioned above, after the establishment of the life cycle assessment methodology and the sustainability framework 

in the early 1990s, the concept of LCC was (re)discovered as part of the sustainability debate (Rebitzer, 2005). The need 

to align existing LCC approaches, or cost management practices, with the LCM framework resulted in upgraded LCC 

approaches. These integrated all costs of a product or system incurred throughout its entire life cycle into the decision-

making process to make transparent decisions and to avoid environmental damage and social disadvantages from an 

early design/planning stage. This led to the definition, alongside the conventional LCC approach, of environmental LCC 

and societal LCC. The following sections will describe each of them in detail, starting with a presentation of the 

fundamental principles shared by the three approaches. 

 

 Fundamental principles (cLCC, eLCC, sLCC) 

3.1.1. Goal and scope 

LCCs can be conducted for different purposes. The type of LCC approach selected (i.e. cLCC, eLCC or sLCC), along with the 

specific methodological choices, depends on the goal and scope of the study. In general, LCC studies can aim at (Hunkeler 

et al., 2008; Rebitzer, 2005): 

• comparing life cycle costs of alternatives, 

• detecting direct and indirect (hidden) cost drivers, 

• recording the improvements made by a firm in regard to a given product (sustainability reporting), 

• estimating improvements of planned product changes, including process changes within a life cycle, or 

innovations, 

• identifying win-win situations and trade-offs in the life cycle of a product, once it is combined with LCA. 

 

For all these goals, the definition of the stakeholder perspective is critical as it has implications on the type of costs that 

should be considered.  

 

The dominant position in LCC literature is that cLCC only considers life cycle costs directly covered by actors in a product’s 

life cycle (Swarr et al., 2011). In this sense, the target group might be a single actor in a value chain, such as a producer 

or a user, or it might take the whole value chain into perspective, i.e. manufacturer, user and EoL actors (Asiedu & Gu, 

1998). The term “environmental” in eLCC instead refers to the extension of the economic analysis to include: (i) a multi-

stakeholder perspective, which is different from the –typically– single-stakeholder perspective in cLCC, and (ii) 

environmental costs (Hunkeler et al., 2008; Moreau & Weidema, 2015). As described in the classification of LCC 

methodologies provided in chapter 2, some authors also distinguish between eLCC and “full environmental LCC” (feLCC). 

eLCC only includes externalities that are projected to be internalised in the decision-relevant future (based on future 

expected cash flows). feLCC monetises all environmental impacts deriving from the results of an environmental LCA, 

regardless of whether these will be internalized or not (Hoogmartens et al., 2014). Finally, sLCC assesses all (internal + 

external) costs associated with the life cycle of a product that are covered by anyone in society, whether today or in the 

long-term future. It therefore extends the eLCC to also include external costs (social and environmental). 

 

Figure 3 provides an overview of the stakeholder groups, along the life cycle of a product, targeted by different LCC 

approaches. Depending on the target group and the goal of the analysis, a particular LCC approach will be more 

appropriate than another. As an example, sLCC might be especially relevant for public authorities interested in knowing 

the overall societal burden (cost) of a product or a system. In this sense, the monetization of societal and environmental 

impacts, as well as the computation of indirect costs held by actors not directly involved within the product life cycle, will 

be important aspects to be addressed. If the main goal is to analyse the economic viability of a product under a “classical 

financial system lens”, cLCC might be the most rational option, as it considers only cash-flows relevant for the company. 
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A comprehensive alignment of an LCC with an LCA, might require instead the use of an eLCC where a multi-stakeholder 

perspective can be addressed. In this case, the goal and scope definition in eLCC is similar to what is needed in LCA and 

hence ISO 14040/44 should be used as a basis. However, it should also be pointed out that hybrid forms can be easily 

implemented. That is to say that an eLCC should not necessarily cover all life cycle actors. Similarly, a cLCC can also extend 

its scope by including more than one target group. 

 

Figure 3: The relationship between target groups and scope of LCC analyses 

  
Source: own elaboration 

 

An important issue discussed in LCC literature is the definition of cost, revenue and value added and which to use in the 

calculation of life cycle cost. The importance of this differentiation lies in the risk of double counting of costs occurring in 

the life cycle. Typically, the price of a product entails its upstream cost and the cost of the product accruing to one actor 

is the revenue of another (Hunkeler et al., 2008). According to Rödger et al. (2017), “value added” refers to the difference 

between sales of products and purchase of products or materials by a firm (covering labour and capital cost and profit).  

In the framework of eLCC (or also in cLCC when targeting more actors), value added should be used to reflect the inclusion 

of multiple perspectives in eLCC and to avoid double-counting (Hunkeler et al., 2008; Rödger et al., 2017; Swarr et al., 

2011). However, it should be noted that, eventually, the consideration of added value does not avoid potential risks of 

double counting when calculating aggregated indicators (e.g. the added value of a manufacturer is already included in 

the purchasing price paid by a consumer), nor it is very clear how these should be treated towards final aggregated eLCC 

indicators. Attention should thus be given to these aspects when developing operational guidance in future work streams.  

 

 

3.1.2. System boundaries 

In LCC, the term “life cycle” has to be seen analogously to the physical life cycle considered in LCA to describe the system 

delivering a certain functional unit. However, while the latter commonly includes the phases of production (from raw 

materials extraction to manufacturing), use/consumption and end-of-life (from ‘cradle to grave’), the life cycle in LCC 

starts even earlier since it also should include the phase of research and development (R&D) and the phase of capital 

investments. While the first is often neglected in LCC because it is very marginal compared with costs occurring at later 

stages, the capital costs represent a critical component for the economic assessment. In addition, while in LCA the 
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material flows and impacts are collapsed in time and valued equally regardless of when they occur, timing is generally 

considered a critical aspect in LCC and it will be discussed in greater detail in Section 3.1.4.  

 

Another important difference from the LCA concerns cut-off criteria or the level of costs’ detail required in LCC. In LCA, 

processes that are assumed to have a negligible contribution are excluded from the analysis. In general, LCC does not 

suffer from these truncation errors, as costs that occur upstream in the supply chain are assumed to be represented in 

the price of a product5. The decision whether to consider a granular detail of component costs making-up a product or 

to directly take the price of the product depends to a great extent on the goal and scope of the analysis. As an example, 

if the perspective of the assessment is that of the user/consumer (see item “c” in Figure 4), the costs of interest will be 

associated with the use of the product (e.g., energy costs, maintenance, re-selling of product), while the costs within the 

boundaries of the other organizations/actors can be viewed as a black box, without requiring any differentiation. 

Contrarily, if a manufacturer seeks to optimize its production process, the detailed process costs that can be allocated to 

a product within the company are the major focus of the analysis. In this case, the other cost elements in the life cycle 

require less detail (see item “a” in Figure 4). Item “b” in Figure 4 represents a case where a detailed flow of information 

within different actors/organizations is relevant. For example, this is the case if a company is considering a merger and, 

thus, it is interested in a deeper analysis and cost optimisation of the internal costs and revenue of the merger candidate. 

 

Figure 4: Perspectives in LCC 

 

Source: Rebitzer (2005) 

 

 
 

5 Note that this only applies to internal costs. 
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3.1.3. Data inventory 

The availability of reliable cost data is crucial in order to perform any kind of LCC analysis and the creation of an inventory 

represents a substantial part – often sub-estimated – of the overall work required. In an ideal situation, economic data 

should be provided by the involved companies and institutions. However, such condition is far from reality, mainly for 

two reasons. First, economic data often reflect confidential information that a company might not be willing to share. As 

Hunkeler et al. (2008) argue, considering that the price is often publicly known and that the profit is calculated by price 

minus costs, cost data often represents sensitive information. Especially in life cycle studies, cost data need to be 

gathered among competitors. Depending on the aggregation of the study, cost data may be visible in the report. 

Therefore, LCC approaches seem especially vulnerable to confidentiality issues (Ciroth, 2009). Second, but still of 

importance especially in bigger companies, accessing company-based data sources implies the collaboration and 

involvement of various departments within the company, a task which may be challenging due to unclear responsibilities 

and lack of resources in the departments (Rödger et al., 2017). As a result, LCC data is often gathered relying on mixed 

approaches, including independent data source (e.g. economic databases) and indirectly derived data. In general, 

(historical) market prices serve as the main indication for the valuation of products (incl. services) in conventional LCC.  

 

All in all, it should be remembered that a life cycle inventory (LCI)-related cost data for an LCC is meant to be used for 

cost estimations in, for example, product development or marketing studies. These are relatively rough compared to cost 

accounting systems that companies might have deployed internally at the organisational level to meet the needs of 

management. Therefore, due to its comparative and systemic nature, LCC does not resemble a method to replace 

traditional detailed financial cost accounting or cost management practices. It is rather a method to estimate decision 

relevant differences between alternatives or improvement potentials within one life cycle (Rebitzer, 2005). 

 

3.1.3.1. Sources of data 

Table 3 lists some public sources for the collection of statistical and industrial cost data. Commonly, information from a 

variety of sources has to be combined in order to get the desired data point. 

 

Table 3: Examples of public database/sources for life cycle cost data 

Type Scope Source Access  

Volumes of 

manufactured goods 

Product List (products), EU member 

states, yearly  

Eurostat Prodcom database Open 

Customs/trade data Worldwide and country-specific UN Comtrade Database Open 

Wages, working time Sector, world-wide countries, yearly International Labour 

Organization (ILOSTAT) 

Open 

 NACE activities, EU member states, 

yearly  

Eurostat Open 

Power, gas, coal, oil Daily European Stock 

Exchange (EEX) 

Open 

Crude oil Sectors, monthly, country International Energy 

Agency (IEA) 

Open 

Marine fuel oils Sector, daily, global Ship and Bunker´s Open 

Electricity  EU Prices for household and 
industrial consumption 

EUROSTAT Open 

Water EU prices for household and 
industrial waster use 

EEA Open 

Plastics Global, weekly The Plastic Exchange Open 

https://ec.europa.eu/eurostat/web/prodcom/data
https://comtrade.un.org/
https://ilostat.ilo.org/
https://ec.europa.eu/eurostat/web/main/data/database
http://www.eex.com/en
http://www.iea.org/statistics/topics/
http://www.shipandbunker.com/
http://www.theplasticsexchange./
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Chemicals Sector, daily, global ICIS, Part of RELX 

Group 

Open 

Metals Sector, daily, global London Metal 

Exchanges (LME) 

Open 

Industry price data China -Worldwide Alibaba Open 

Inflation Sector, country, monthly World Bank Open 

Currency, exchange 

rates 

Yearly, monthly World Bank Open 

Source: own elaboration 

 

Besides the specific source of data, cost data uncertainties and inconsistencies also relate to the accounting system 

employed to report costs, the geographical and time differences, as well as multifunctionality and allocation criteria 

(Ciroth, 2009; Hunkeler et al., 2008; Rödger et al., 2017). It has been observed that consistency and reproducibility are 

challenging for LCC (Kambanou, 2020; Neugebauer et al., 2016). To a great extent, this is due to the lack of a systematic 

approach and data quality assessment in LCC applications. Therefore, similarly to the guidelines developed to conduct 

LCA & TEA in parallel (see Section 4.2), LCC could also benefit from a more rigorous reference to the life cycle inventory 

data guidance provided in the ILCD Handbook guidelines (ILCD, 2010). 

 

3.1.3.2. Multifunctionality and allocation criteria 

Product systems can deliver multiple functions. In LCA, this is referred to as “multifunctionality”, which typically implies 

allocating impacts to different co-products or co-functions. This is especially critical when comparing different product 

systems. Multifunctionality and allocation criteria should follow the principles of LCA. At first instance, allocation should 

be based on a more detailed analysis of the product system. However, this is not always possible. Due to the economic 

context, economic allocation rules based on market price or revenue are generally preferred to physical criteria in LCC 

(Hunkeler et al., 2008; Rödger et al., 2017). Similarly to the (environmental) LCA approach, allocation of one-time capital 

expenses such as initial plant investment and/or decommissioning cost need to be calculated considering the time 

dimension. When allocating capital cost, it is necessary to consider the useful lifetime of the production system and, 

therefore, the amount of reference units produced during this time. Only the estimation of the total production over the 

useful lifetime permits to allocate capital expenses to one unit. An option might also be using depreciation cost methods 

to distribute capital cost along the useful lifetime of the system product. Annual capital expenses are then allocated to 

the reference unit according to economic criteria (if multifunctionality applies), considering annual production. However, 

applying depreciation methods in LCC is often criticised as it is considered an accounting practice that follows the 

application of national tax laws and it does not reflect real expenditures (van Den Boomen et al., 2017). 

 

3.1.3.3. Time and geographical differences 

During the inventory phase, costs should be quantified in one currency and be based on a common year. As some 

particular environmental impacts, “costs” are very time and space sensitive. In a different location, identical products 

may be of completely different value, and costs may need to be paid in a different currency, with floating exchange rates. 

Similarly, in a different time, prices and costs may have been changed, thus requiring the use of proper inflation rates to 

adjust them. Even if these issues might appear obvious, deriving an input price is not so straightforward as, depending 

on the accuracy level of the study, the amount of data and calculus required might easily increase, especially in the case 

of mixed data sources (e.g. data from past LCC studies integrated with current prices considering different geographies). 

However, even if these issues have been recognized in the existing LCC literature, a step-by-step approach is lacking so 

far to guide users in deriving input prices. 

 

http://www.icis.com/chemicals
http://www.lme.com/
http://www.data.worldbank.org/
http://www.data.worldbank.org/
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3.1.3.4. Data quality assessment 

Directly related with the challenges of deriving a proper input cost is a “data quality assessment”. However, although 

cost data are a central aspect of LCC, cost data quality has received little attention in LCC literature6. In general, scholars 

often present costs as “facts”, where quality is not considered explicitly, and cost data sources are not transparent. In 

general, the uncertainty of results related with the input cost data is indirectly addressed at a final stage within a 

sensitivity analysis, where sensitive costs are analysed together with other parameters (e.g. discount rate) (Hunkeler et 

al., 2008). As some authors (Ciroth, 2009; Gluch et al., 2018) pointed out, there seems to be, overall, a lack of awareness 

of cost data quality, and, thereby, a lack of tools and approaches that may be used for dealing with it. 

 

In ISO 14040, data quality is defined as: “characteristics of data that bear on their ability to satisfy stated requirements“. 

This standard and its embedded definition can also fit for the task of cost quality assessment in LCC approaches. By closer 

inspection, the ISO definition states that there is no fixed “quality criterion” that a datum “possesses”. To the contrary, 

quality must always be seen in relation to requirements that are posed upon the data. And these requirements, in turn, 

depend on a specific application. However, some authors (Ciroth, 2009; Weidema, 1998) made some efforts to provide 

a systematic tool for managing data quality. In this sense, the pedigree matrix proposed by Ciroth (2009) represents a 

noteworthy example of such efforts. The pedigree matrix (Figure 5), which elaborates on the widely acknowledged 

matrixes employed in LCA (Weidema, 1998; Weidema & Wesnæs, 1996), connects cost data quality indicators 

(definitions, time, space, confidentiality) to the criteria foreseen by Weidema for LCA (reliability, completeness, temporal, 

geographical and technologcial differences). This might represent a solid starting point towards a systematic inclusion of 

data quality assessment in LCC, which would not only improve overall transparency in practical applications, but would 

also provide some insights into more uncertain costs for further consideration in sensitivity analyzes. 

 

 
 

6 Somehow surprisingly considering that data quality is a common aspect in LCA 
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Figure 5: Pedigree matrix for managing data quality issues in LCC 

 

Source: Ciroth (2009) 

 

3.1.4. Discounting 

As mentioned above, the inclusion of time is critical in LCC applications for at least two reasons: (1) inflation and (2) time 

preference (Rödger et al., 2017). Concerning (1), prices change due to the market dynamics. In the long run, there is a 

sustained increase in the general price of goods, which effectively alters the purchasing power of consumers. In LCC, it 

would be desirable to compare costs based on a chosen reference year and therefore all costs need to be adjusted to 

that year when doing the comparison. This should be done by using inflation rates. On the other hand, item (2) refers to 

discounting, that is the fact that people are likely to have a time preference and attribute more value to money in the 

present than to the same amount of money in the future. Inflation and time preference are often integrated into a single 

real discount rate. 

In order to take into account the “time value of money”, cash flows (CF) expected to occur at different future time periods 

are discounted to a common base year to obtain their present value (PV) (Eq. 1).  

𝑃𝑉 =  
𝐶𝐹

(1+𝑟)𝑡        Eq. 1 

Where r is the discount rate and t is the number of periods between the base year and the moment for which CFs are 

incurred. The net present value (NPV) of a project is the difference between the present value of cash inflows (revenues, 
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R) and the present value of cash outflows (costs, C) over a period of time (Figure 6)7. NPV is used in capital budgeting 

and investment planning to analyse the profitability of a future investment or project. A positive NPV thereby indicates 

that the project8 in question can be seen as profitable or advantageous. Discounting and NPV are very closely related to 

cost-benefit assessment, either in private or public decision-making (Boardman, 2011; OECD, 2018; van der Kamp, 2017). 

Since the discount rate strongly influences the present value of future cash flows, its choice has a strong influence on the 

evaluation of the profitability of the project. The selection of an appropriate discount rate is one of the principal points 

of debate encompassing all types of economic appraisals. Depending on the perspective of the evaluation, either a 

financial, also termed private, or a social discount rate can be used. The appropriate selection of a discount rate is further 

outlined below. 

Figure 6: Conceptual Net Present Value (NPV) of discounted cash flows (C, costs; R, revenues) to their present value 
(PV) 

 

Source: own elaboration 

3.1.4.1. The real financial discount rate 

Companies and governments generally use the real financial discount rate for discounting costs and revenues from a 

financial perspective (Moore et al., 2013). This discount rate represents the nominal interest rate, which is the earning 

capacity of money9, adjusted to the expected inflation rate. The value of the real financial rate relies on multiple 

parameters such as the period for which the cash-flows are discounted, the macroeconomic conditions, the target sector, 

and the risk profile assigned by the funding agency (see e.g. Figure 7). 

Depending on the goal and scope of the analysis, different benchmarks are used to assess the discount rate. Amongst 

them, the company-specific or sectorial Weighted Average Cost of Capital (WACC) or the risk-free government debt yield 

are often used as the discount rate for future cash flows in order to derive a business's net present value. To give an 

orientation, the global market average WACC is estimated to be a bit lower than 7.0% (6.8 % in Damodaran (2021); 6.9% 

 
 

7 For the sake of simplicity, we only refer to cash flows. However, it should be kept in mind that discounting will also be 
applied to externalities if NPV is applied within e.g. a sLCC. 
8 In this context the term project refers to the estimation of costs, revenues and externalities related to a product’s life 
cycle.   
9 The nominal interest rate is often employed to assess the opportunity cost of choosing a project investment over an 
alternative such as e.g. stock-market investment. 
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in Schöniger & Castedello (2019)), but sectorial average WACCs can vary from 3.1% for consumer staples sectors to over 

13.0% for technological ones. On the other hand, for public investment projects, the European Commission (EC) 

recommends a standard real financial discount rate of 4% that can be adapted according to sectorial and macroeconomic 

conditions (European Commission, 2014). This value used to correspond to the average yield of the long-term AAA 

investments (e.g. government bonds) (European Central Bank, 2021; European Commission, 2009). 

Figure 7: Nominal and real return estimates 

 

Source: European Commission (2014) 

However, the yield curve for 30-years maturity AAA investment has dropped significantly in recent years (e.g. yield of 

0.175% for 30-years AAA bonds purchased in March 2021) (European Central Bank, 2021). Therefore, if taking long-term 

government yields as an orientation, a lower discount rate than the 4% recommended by the EC would be appropriate 

to account for the shift in the yield curves. When discounting on long time horizons (> 30 years), some studies are making 

use of step-declining discount rates due to uncertainty on the long-term interest rate for capital investments (Morrissey 

& Horne, 2011). 

3.1.4.2. The social discount rate 

The social discount rate is used in the economic analysis of – generally public – investment projects to discount economic 

costs and benefits, and reflects the opportunity cost of capital from an inter-temporal perspective for society as a whole. 

In other words, it reflects the social view of how future benefits and costs are to be valued against present ones. In this 

sense, a zero social rate of time preference is derived from the assumption that equal weights are given to the utilities 

occurring at any moment, i.e. that today’s and future consumptions are indifferent from the utility point of view. A 

positive discount rate, on the other hand, indicates a preference for current over future consumption, whereas the 

opposite is true if the discount rate is negative. In a perfectly competitive economy and under equilibrium, the social 

discount rate coincides with the financial discount rate, which would correspond to the financial market interest rate. 

However, this does not apply in the practice, since capital markets are in fact distorted (European Commission, 2014; 

Perman et al., 2003).  

The social discount rate is increasingly used in public procurement activities. About one third of EU member states are 

making use of the social discount rate instead of the real financial discount rate for costs accounting in their public 

investments projects (Hermelink & De Jager, 2015). While the real financial discount rate adopts a single stakeholder 

perspective, the social discount rate considers the point of view of society as a single stakeholder. Therefore, depending 

on the scope of the analysis, dual discounting (i.e. using different discount rates) might be preferable to differentiate 

amongst different stakeholder perspectives (e.g. society vs. industry).  

In general, social discount rates reported in literature are much lower than financial discount rates (e.g. Boardman, 

Moore, & Vining (2010) employed a 0.5%). The European Commission recommends making use of a social discount rate 

of 4% (European Commission, 2017), which is aligned with values mostly reported in literature (Harrison, 2010). Similarly 

to the selection approach used for the financial discount rate, a step-declining social discount rate is also advised when 
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discounting on long time horizons (> 30 years). This would help not only to consider generational break point on time 

preference (Arrow et al., 2013; Corona et al., 2016; European Commission, 2017; Kuik et al., 2007), but it would also 

support policy makers efforts towards long time horizons social welfare improvements, rather than short term gains (e.g. 

fighting against climate change versus fighting against malaria) (Gollier et al., 2008). 

Different approaches have been proposed to estimate the social discount rate. Amongst them, the social discount rate 

of time preference is the rate at which society is willing to postpone a unit of consumption against higher consumption 

in the future. It is often estimated through the Ramsey model (Eq. 2), assessing how much society should save today to 

maximise its long-term welfare that relies on future consumption (Arrow et al., 2014; Ramsey, 1928): 

𝑠 =  𝛿 +  𝜂𝑔 

Eq. 2 

Where s is the social discount rate, δ is the pure rate of time preference accounting for the marginal utility of consuming 

today (i.e. it measures the degree of impatience), η is the elasticity of the marginal utility of the consumption and g is the 

expected consumption growth rate per capita (i.e. it increases if consumers are expected to be wealthier in the future). 

Another approach to define a social discount rate, especially for projects funded by governments, would be to use the 

rate of return on risk-free investments, for instance 10-year maturity US treasury bonds. 

France, the United Kingdom and the United States are making use of the social discount rate for discounting public 

investment projects. Step declining discounting is applied in France and the United Kingdom. These countries calculate 

the social discount rates based on the Ramsey equation (lower discount rates for long horizon times are explained by a 

lower expected growth rate). On the other hand, the United States discount twice with two perspectives: the real financial 

discount rate and the social discount rate, considered both constant over time (Cropper et al., 2014; Guesnerie, 2017; 

Lebègue, 2005). The social discount rate corresponds to the average yield of 10-years maturity US treasury bonds (see 

previous paragraph); the real financial discount rate is estimated through the average yield of private equity before taxes. 

The use of these two perspectives in parallel is justified by the two-dimensional aspects of public investments (i.e., in 

federal projects), providing costs savings and social benefits (United State Government, 1992). 

 

3.1.4.3. Discounting in LCC 

Discount rates are not systematically documented in LCC studies, leading to confusion whether discounting is applied or 

not (Daylan & Ciliz, 2016; Martinez-Sanchez et al., 2015; Strazza et al., 2015). In general, conventional and environmental 

LCCs are making use of the real financial discount rate (Dara et al., 2019; Jansen et al., 2020; Lv et al., 2019; Ristimäki et 

al., 2013). Depending on the scope of the study, the estimation of the real financial discount rate relies on government 

bonds (Jansen et al., 2020; Lv et al., 2019; Ristimäki et al., 2013), on sectoral guidelines (Dara et al., 2019) or, on the WACC 

(Florindo et al., 2017).  

Environmental LCCs and societal LCCs that consider environmental externalities more widely are using both financial and 

social discount rates. This can also be done by applying dual discounting, i.e. applying financial discount rate to internal 

costs and, social discount rate to external costs (Corona et al., 2016; Trigaux et al., 2017). For societal LCC, different social 

discounting schemes for different types of impact categories are proposed by Hunkeler et al. (2008).  

Globally, most of the LCC case studies are relying on constant discount rates, the use of step-declining financial and social 

discount rates is limited to few cases studies (e.g. Morrissey & Horne (2011) for financial discount rate and Corona et al. 

(2016) for social discount rate). The uncertainty on the discount rates can be addressed through sensitivity analysis such 

as in Jansen et al. (2020). 
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3.1.5. Sensitivity & uncertainty analysis 

Since the very first methodological articles in the field of LCC (Fabrycky & Blanchard, 1991; Woodward, 1997), sensitivity 

analyses were strongly suggested in order to cope with the uncertainty characterising LCC analyses. However, as Swarr 

et al. argue (2011), the use of uncertainty and sensitivity analyses still remains more of an exception than the norm. This 

is so despite various categorization schemes of uncertainty have been proposed in life cycle assessment (Heijungs & 

Huijbregts, 2004; Igos et al., 2019). Similarly, Hunkeler et al. (2008) emphasize the importance of sensitivity analyses to 

approach uncertainty issues in both LCA and eLCC and they recommend it to be included as mandatory in a future 

standardised eLCC. Indeed, considering the current methodology state-of-the-art, significant assumptions and 

methodological procedures might give rise to differing conclusion (Swarr et al., 2011) 

 

LCC results should be coupled with the LCA study results in order to identify significant environmental-economic trade-

offs. As in LCA, the interpretation phase is a very specific phase of the study. Its final goal is to evaluate the obtained 

results considering all previous steps of the analysis and checking completeness, robustness, consistency and sensitivity 

according to the ISO 14040/44 (Swarr et al., 2011, Rebitzer 2005). Therefore, sensitivity analysis may enlighten significant 

hotspots within an LCC study.  

 

According to Hunkeler et al. (2008), both qualitative and quantitative assessment methods have to be carried out for a 

careful interpretation of uncertain results. When comparing different options, an optimal alternative from the 

quantitative point of view can result to be inadequate based on qualitative considerations. Special care is particularly 

needed when LCC uncertainties are compared to potential variation in the life cycle work. In fact, economic uncertainties 

related to cost data might be higher and more variable than those related to technological inventory and/or 

environmental impact assessment data (especially due taxation, externalities, discounting and volatility time and 

geographical issues already analysed in this report) (Swarr et al., 2011). 

 

 

3.1.6. Monetary valuation of environmental impacts: approaches and data 

For the monetary valuation of environmental impacts and related environmental aspects, as needed when carrying out 

eLCC and sLCC, several approaches can be followed (ISO 14008, 2019; Arendt et al., 2020; Pizzol et al., 2015), each one 

coming with different data requirements: 

• Combining environmental LCA midpoint or endpoint indicators with monetary valuation approaches for 

different areas of protection, e.g. human health, ecosystems or natural resources. This can be seen as an optional 

Life Cycle Impact Assessment (LCIA) weighting step, using methods such as Environmental Priority Strategies 

(EPS), LIME, Stepwise or Ecotax; the amount of additional data needed (beyond the LCI) is limited in this case. 

• Combining life cycle inventory data directly with unit damage cost factors per elementary flow, e.g. using the 

social cost of carbon (e.g. € per tonne of CO2, i.e. not CO2-eq) or monetary damage estimates of air pollution 

emissions (partly relying on the same data sources as the above-mentioned LCA-related approaches and thus 

involving monetary valuation of endpoint indicators). In the European context, such damage cost factors are 

available at national or European level and have been derived in the context of the Externalities of Energy 

(ExternE) project series, as well as from related national research undertakings (CE Delft, 2018; DEFRA, 2021; 

Preiss et al., 2008; Umweltbundesamt, 2020). However, these data are often time- and site-dependent/specific. 

 

Further details on how to carry out monetary valuation in the specific case of eLCC and more generally when aiming to 

capture the total economic value of goods are provided in sections 3.3.3 and 3.4.2 respectively. 
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 Conventional Life Cycle Costing (cLCC) 

3.2.1. Definition 

Conventional LCC can be defined as the assessment of all costs associated with the life cycle of a product that are directly 

covered by one or more actors in the product life cycle (Rebitzer & Hunkeler, 2003). Generally, cLCC is done from the 

perspective of a single actor, often the manufacturer of a product or the user of a product. In this latter case the cLCC 

equals the TCO (see section 4.1). For conventional LCC, standards from various government bodies and industry sectors 

have been developed, including ISO 15663 and ISO 15686-5, which address, respectively, cLCCs for the petroleum, 

petrochemical and natural gas industries and the buildings and constructed assets. Remarkably, to date, there is no a 

standardized general procedure to conduct cLCC as for its LCA counterpart. However, a code of practice based on the ISO 

14040:2006 standard has been proposed in Swarr et al., (2011). 

 

Since cLCC is the basic form between the three LCC approaches considered in this document, it does not present any 

significative difference in terms of principles or methodological aspects from those presented in section 3.1. Instead, it is 

deemed worth of deepening in this section: what type of costs a cLCC generally include, how these are structured, and 

what the most likely cLCC indicators are generally provided in empirical applications. It goes without saying that these 

aspects are also shared by eLCC and sLCC. Therefore, in order to avoid repetions, the eLCC and sLCC chapters will only 

specify how these approaches differ from the cLCC, not only in terms of goal and scope, but also in terms of menetization 

methods and type of cost additionally included. 

 

3.2.2. Monetary valuation, cost breakdown structure and aggregation  

According to Hunkeler et al. (2008), the general approach for calculating and aggregating life cycle costs can be 

summarised as follows:  

1. Identification of the subsystems or unit processes that could result in different costs or revenues according with the 

goal and system boundary.  

2. Assignment of costs or prices to the respective product flows of the unit processes or subsystems identified in step 

1, with the process output as a refence unit. 

3. Identification of additional cost or price effects of the unit processes or subsystems identified in step 1 that differ 

between the studied alternatives (other operating costs of the process take into account investments, tooling, labor, 

etc.) 

4. Assignment of costs or prices to the additional process operating costs identified in Step 3, with the process output 

as reference unit 

5. Calculation of the costs per unit process or subsystem by multiplying the costs per reference unit from steps 2 and 4 

with the absolute quantities of the process outputs for providing the reference flow(s) of the complete product 

system 

6. Aggregation of the costs and prices (from the same perspective, both are outflows) of all unit processes or 

subsystems (from step 5) over the complete life cycle. 

 

Aggregation in the economic domain might appear relatively simple as all impacts –here meant as costs and benefits – 

are generally specified in monetary terms, allowing for a seemingly straightforward aggregation. Yet, it is important to 

mention that a monetary value can refer to many different things, e.g. direct or indirect costs, market or non-market 

costs, opportunity costs or even societal costs. As explained in section 3.1.1, depending on the goal and scope some 

figures should be considered or not. Another important issue to consider, especially when aiming for aggregated 

indicators, is the accounting of costs and revenues of multiple stakeholders along the product life cycle. This is an aspect 

often discussed in the literature since the aggregation of costs and revenues of different stakeholders can constitute a 
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risk of double counting. Indeed, the price of a product entails its upstream cost and the cost of the product for one actor 

are the revenues of another. Hunkeler et al. (2008) argue that there are no fundamental problems involved in considering 

the revenues in the analysis as long as these are clearly distinguished between the multiple targets group. However, the 

problem arises when aggregating such figures towards final indicators such as total cost or total NPV. In some cases, 

authors estimate total cost by counting twice the e.g. manufacturing cost (i.e. once within the manufacturing stage, and 

once –included in the purchasing price – within the use phase) (Bradley et al., 2018). However, the meaning of such 

aggregated indicators might be arguable. 

Besides the type of monetary values, cost structure and the definition of specific costs will depend on specific managerial 

accounting systems. These are built to the convenience of the management unit of the company and, thus, will differ 

from one company to the other. For example, disposal costs may comprise only waste disposal fees, but they may rightly 

include also wages for employees who are responsible for waste handling in the company. On top of that, differences in 

costs also depends on the selected approach of cost assessment. As an example, a total cost accounting approach will 

allocate all costs to products, disregarding whether costs are fixed or variable. Contrariwise, a marginal cost approach 

assesses costs per additional unit of product and leads often to lower costs, while activity based costing allocates, in 

principle, costs to activities instead of products (Ciroth, 2009).  

For these reasons, one of the main challenges in cLCC is to clearly define the cost breakdown structure (CBS), i.e. identify, 

define and organize all cost elements to be taken into account according to each single phase of the asset’s life cycle 

(Geitner & Bloch, 2006; Hui & Mohammed, 2015). A CBS associates each cost to a specific life cycle stage of the product 

(e.g. product production) to understand how these are distributed all along the product’s life cycle (i.e. functional 

classification). Depending on the level of detail of the study, each life cycle stage is further divided in different sub-costs 

categories. In this context, there is not a one-fits-all cLCC’s cost taxonomy, rather different cost terminologies are 

observed, e.g. cost classification by cost nature (e.g. raw material, wage, utilities), by functionality (e.g. CAPEX, OPEX), by 

type of activities or, a mix of them (Emblemsvåg, 2003; Lv et al., 2019; Woodward, 1997). As the relevant costs vary 

widely depending on the sector/product being studied, the structure (and inclusion) of the cost elements ultimately 

depends on the scope of the cLCC. As an example, Figure 8 provides a CBS from a manufacturing perspective combining 

both activities and nature classification. Note that it only focuses on the research and development phase of a product 

life cycle. 

 

Figure 8: CBS from a manufacturer perspective based on (1) activities and (2) nature costs 

 
*Overhead includes depreciation on buildings and equipment, energy costs and other indirect costs 

Source: own elaboration 



 
D1.3 – Critical evaluation of economic approaches 
Dissemination level - PU 

 
 

 31 

 

Last but not least, it should be noted that the CBS also relies on the perspective of the actor under study. In other words, 

while labour cost and/or overhead management might be relevant from the manufacturer perspective, they might not 

even exist within the use phase. Figure 9 presents an overview of relevant cost along three life cycle stages 

(Manufacturing, Operation and End-of-Life) according to a manufacturer and user perspective. For a manufacturer, the 

main objective is to analyse every cost in detail during manufacturing, thus the level of detail is higher compared to the 

other stages in the life cycle. For an operator or user, the main focus is on the different costs during the use of the product 

or service (Emblemsvåg, 2003). This affects the CBS and, thereby, data collection. 

 

So far, no guideline or recommendation has been published regarding a comprehensive costs’ categorization in LCC. As 

a general rule, it is only recommended to include all monetary costs belonging to the study’s scope in the assessment 

(Woodward, 1997). However, this guidance performs relatively poor when conducting practical cases studies. Therefore, 

LCC applications would benefit greatly from the development of general theoretical frameworks to guide the CBS. These 

should be (1) comprehensive enough to include relevant costs according to different sectors, and (2) flexible enough to 

be adapted according to different life cycle stages and target groups. As an example, some attempts have been done 

within the TCO literature (see section 4.1, TCO cost breakdown), which might be a good starting point. 

 

Figure 9: Overview of cost categories between Manufacturer and User perspective 

 
Source: Rödger et al. 2017 
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3.2.3. Cost estimation and indicators 

Unlike environmental analysis, in which there is a greater consensus in the determination of indicators, the economic 

analyses still lack a set of commonly accepted indicators (Visentin et al., 2020). In general, LCC approaches focus on the 

estimation of total cost, as key indicator (Alejandrino et al., 2021), along with its leading cost components such as raw 

material, energy, labour cost etc. (see Figure 10 & Figure 11). Only few applications extend the scope of LCC studies 

including financial indicators. These additional indicators not only highlight the profitability of a project, but also provide 

key information for choosing amongst a company’s investments possibilities (Rosłon et al., 2020). However, the 

evaluation of economic performance of different alternatives requires additional company-specific data such as the 

revenues and the cash flow schedule. Retrieving this information not only require extra efforts but also can translate into 

confidentiality issues.  

An overview on main financial indicators based on Fuller and Petersen (1995) and Berk and DeMarzo (2017) is provided 

in the followings. 

 

Figure 10: LCC indicators most used in LCSA studies 

 

Source: Alejandrino et al. 2021 

 

Figure 11: Economic indicators most used according to Visentin et al. (2020) 

 

Source: Visentin et al., 2020 
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3.2.3.1. The Net Present Value (NPV) and the equivalent annual cost (EAC) 

The NPV measures the wealth generated by the project10. Costs and revenues are discounted to their present value using 

the company-specific cost of capital as discount factor (r). The NPV is obtained through subtracting the present value of 

costs (C) to the present value of revenues (R) (Eq. 3). 

𝑁𝑃𝑉 =  ∑
𝑅

(1 + 𝑟)𝑡
−  ∑

𝐶

(1 + 𝑟)𝑡
 

Eq. 3 

Only projects with positive NPV are economically attractive and, if the company must choose between mutually exclusive 

projects, it should invest in the project with the highest NPV (assuming similar risk and lifetime). However, the NPV-based 

comparison of two projects becomes irrelevant if their lifetimes are not in the same range of magnitude. 

In such situation, the EAC appears more appropriate than the NPV, putting the NPV in perspective of the lifetime of the 

project. Therefore, the indicator is useful to compare the NPV of projects with various lifetimes. EAC is obtained by 

dividing the NPV by the annuity factor (Eq. 4). 

𝐸𝐴𝐶 =
𝑁𝑃𝑉

1 −
1

(1 + 𝑟)𝑡

𝑟

 

Eq. 4 

However, this indicator provides an average number spread on each year of the projects’ lifetime and does not indicate 

the real annual value.  

Gauging a project’s profitability with NPV relies heavily on assumptions and estimates, so there can be substantial room 

for error. Additionally, a project can often require unexpected expenses to get off the ground. In this context, some 

projects may run the risk of failure if the revenues are late in materializing as the company can run out of funds. Therefore, 

the payback period indicator is often used as a complementary metric to the NPV. 

3.2.3.2. The payback period 

Two indicators are gathered under this terminology, the simple payback and the discounted payback, both measuring 

the time required to recover the initial investment. While the simple payback indicator relies directly on cost and 

revenues, the discounted payback indicator relies on the present value of these cash flows. These indicators are used to 

differentiate amongst economically attractive projects based on their temporal aspects. On the other hand, cash flows 

occurring after the payback period are not considered in the evaluation and hence, the indicators should not be used 

alone to differentiate amongst mutually exclusive projects.  

3.2.3.3. The internal rate of return (IRR) 

The IRR is the project-specific return. If a company has to choose amongst mutually exclusive projects, the project with 

the highest IRR will be selected (assuming a similar risk and lifetime). This rate is computed as the discount factor for 

costs (C) and revenues (R) for which the net present value equals zero (Eq. 5). If the IRR is higher than the company-

specific cost of capital, the NPV of the project (discounted at the cost of capital) is greater than zero. Similar to the NPV 

 
 

10 It should be noted that when a LCC only consider “costs”, the NPV will be the total present cost of a project, rather 
than the wealth generated. 
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and EAC indicators, the IRR does not consider the risk of starting to generate positive cash flows some time after the 

initial investment. 

∑
𝑅

(1 + 𝐼𝑅𝑅)𝑡
=  ∑

𝐶

(1 + 𝐼𝑅𝑅)𝑡
 

Eq. 5 

3.2.3.4. The net savings (NS) and the savings to investment ratio (SIR) 

The NS and SIR indicators measure the effectiveness of a specific investment aiming to reduce the operational costs, 

based on present value analysis. The evaluation of NS relies on the comparison with a baseline scenario: in Eq. 6, ΔC and 

ΔI are respectively the costs saved and the extra investment compared to the baseline scenario.  

𝑁𝑆 =  ∑
∆ 𝐶

(1 + 𝑟)𝑡
− ∑

∆ 𝐼

(1 + 𝑟)𝑡
 

Eq. 6 

The saving to investment ratio (SIR) is derived from the NS indicator and is obtained through dividing the present value 

of the costs savings by the present value of the extra investment (Eq. 7). 

𝑆𝐼𝑅 =  
 ∑

∆ 𝐶
(1 + 𝑟)𝑡

∑
∆ 𝐼

(1 + 𝑟)𝑡

 

Eq. 7 

Therefore, the SIR provides similar information as NS, an investment is economically attractive if NS > 0 and thus if SIR > 
1. The scope of those indicators is limited for comparisons amongst investments options that aim to reduce operational 
costs. 
 

 Environmental Life Cycle Costing 

3.3.1. Environmental LCC and societal LCC: Overview of literature review results 

Following the approach described in section 1.2, more than 70 publications have been identified as of March 2021 

considering Environmental Life Cycle Costing. Societal Life Cycle Costing and their integration within the LCSA. As 

anticipated in the introduction, the literature shows a considerable number of hybrid methods, often case-specific, also 

leading to conceptual inconsistencies (Costa et al., 2019; Kambanou, 2020). The different implementations and case 

studies reviewed provide insights into the way in which the different LCC approaches can be adapted to certain products. 

This will be relevant for the operationalization of the LCC methodology in ORIENTING WP2. 

An overview of the literature search results is given in  Figure 12. Purely eLCC-related findings are labelled as “eLCC”. 

sLCC-related findings are labelled either as “eLCC and sLCC”, when sLCC was addressed within other LCC or sustainability 

assessment-related works (together with eLCC), or as “sLCC”, when sLCC was specifically described or applied. 
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 Figure 12: eLCC and sLCC literature search results 

 
Source: own elaboration 

 

Four categories of results are distinguished: (1) Reviews, (2) Applications and Case Studies, (3) Theoretical Definitions and 

Methodology, (4) Integration within LCSA framework. Every scientific article identified has been assigned to one single 

category only.  

 

3.3.2. Definition 

Environmental Life Cycle Costing (eLCC) evolved as a sub-type of LCC mainly through the works of the Society of 

Environmental Toxicology and Chemistry (SETAC) Europe Working Group on LCC, resulting in the publication of the book 

“Environmental Life Cycle Costing” by Hunkeler et al. (2008) and the related “Environmental Life Cycle Costing: a code of 

practice” by Swarr et al. (2011). 

 

eLCC assesses all costs associated with the life cycle of a product that are directly covered by one or more actors in the 

product life cycle; e.g., suppliers, manufacturers, users or consumers, and/or end-of-life actors (Hunkeler et al., 2008). 

eLCC thus extends the economic analysis to include a multi-stakeholder perspective, which is different from the single-

stakeholder perspective in cLCC. In addition, the term “environmental” also denotes that the underlying economic 

analysis has been carried out in an aligned way with environmental LCA as defined by the ISO 14040-series (Heijungs et 

al., 2013). Therefore, due to the comparative nature of eLCC studies and its tied link with environmental LCA, the 

consistent formulation of goal and scope and functional unit becomes critical (Hunkeler et al., 2008; Rödger et al., 2017). 

Furthermore, eLCC includes those environmental externalities that are projected to be internalised in the decision-

relevant future, e.g. costs for CO2 emissions due to known environmental policies, as opposed to a much broader 

integration of environmental and societal externalities addressed by a sLCC (Hunkeler et al., 2008). 

 

Similar to cLCC, eLCC can be used to detect cost drivers and potentials for improvements in the life cycle of a product. 

However, eLCC’s scope is larger, as it includes also (monetised) environmental externalities projected to be internalized. 

These might include e.g. future waste management cost, emission controls or environmental taxes and/or subsidies. In 

addition, eLCC usually takes a more future-oriented approach (i.e. during the design phase) compared to the more 

retrospective cLCC conducted for existing products. This future orientation leads to more uncertainty in eLCC studies 

(Hunkeler et al., 2008). Furthermore, different from cLCC, not all eLCC results are discounted. While private cash flows 

0

5

10

15

20

25

30

Review Application and Case
Studies

Theoretical
Definitions and
Methodology

LCSA integration

N
r.

 o
f 

sc
ie

n
ti

fi
c 

ar
ti

cl
es

eLCC eLCC and sLCC sLCC LCSA



 
D1.3 – Critical evaluation of economic approaches 
Dissemination level - PU 

 
 

 36 

are discounted in the calculation of eLCC (Hunkeler et al., 2008), the (to be monetised) environmental impacts from an 

environmental LCA are the result of a steady-state analysis that do not lend themselves easily to discounting. In addition, 

it might be argued that compatibility with the steady-state nature of environmental LCA prohibits the consideration of 

their temporal resolution (Rödger et al., 2017).  

   

3.3.3. Monetary valuation - Internalization of externalities in the decision-relevant future 

The quantification and internalization of externalities as a main feature of an eLCC compared to cLCC, and also relevant 

for sLCC, poses certain methodological challenges. 

 

First, the notion of “decision-relevant future” needs to be resolved. Depending on the study object (e.g. a product or a 

project) and the stakeholder perspective, the decision-relevant future may vary from the short- to the long-term. For a 

product, the technical product lifetime appears as a reasonable default choice. 

 

Second, information is needed about which externalities are expected to be internalised through policies in the decision-

relevant future. In some cases, currently applicable regulations contain the information needed, e.g. in the case of 

environmental taxes with a clear price trajectory over the years to follow. In other cases, a certain environmental 

objective might already be set (e.g. the aim of carbon neutrality in Europe by 2050), without however knowing with which 

policies or measures this objective would be reached and what monetary value to assign to related externalities in the 

short term. When environmental taxes are not available, environmental impacts need to be monetized in a different way, 

notably when goods or services are concerned that do not have a market price. The general answer is to use damage or 

abatement cost approaches (see also section 3.4.2), noting that there are methodological challenges. As can be seen in 

attempts to define the social cost of carbon, for instance, there is no consensus on a universal global cost (Bachmann, 

2020). Things become more difficult still when aiming to assess monetized environmental damages resulting from air or 

water pollution, that are often site-specific and for which monetary values might not always be available (see also section 

3.1.3). Another critical issue is the determination of the extent to which externalities are already internalised. 

 

 Societal Life Cycle Costing 

Contrary to eLCC, societal LCC is rarely explicitly addressed in the reviewed literature. Sun et al. (2010) employed sLCC 

for evaluating fuel cell vehicles as compared with conventional gasoline vehicles. Except for this single case study, it was 

not possible to find scientific articles that specifically analysed, described or applied this methodology. Rather, sLCC is 

described, sometimes only marginally, within works related to broader LCC or Sustainability Assessment when socio-

economic implications are considered. 

3.4.1.  Definition 

Societal Life Cycle Costing (sLCC) assesses all costs associated with the life cycle of a product that are covered by anyone 

in society, whether today or in the long-term future. It therefore extends the eLCC to also include all external costs (social 

and environmental, whether soon to be internalized or not), expressed in monetary terms (Hunkeler et al., 2008). The 

perspective of sLCC comprises the society overall (locally, as well as nationally and internationally), also including 

governments. This broader scope therefore makes sLCC particularly relevant for policy decision-making and 

communication purposes. As for eLCC, sLCC is not a standardised method and is less mature than cLCC. 

 

The sLCC methodology includes private cost estimations based on cLCC, environmental cost assessments based on eLCC 

and methods to estimate external costs, such as the damage cost approach, abatement cost approach and benefit (value) 

transfer (Hunkeler et al., 2008). Different from eLCC, transfer payments such as taxes and subsidies should not be 

included when taking a societal perspective, as these do not lead to a net cost effect for society as a whole (Hoogmartens 

et al., 2014). Given the inclusion of all kinds of externalities, there is a higher level of uncertainty related to the 
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quantification and selection of indicators to be included in sLCC (Hunkeler et al., 2008). sLCC takes on a quasi-dynamic 

approach and therefore includes discounting. Due to the societal perspective, low discount rates are usually employed. 

As suggested by Hunkeler et al. (2008), different discount rates might be used for different kinds of impact categories, 

taking into account the difference in time horizon of various environmental impacts. Due to the inclusion of the economic, 

environmental and social pillar in one single monetary unit, some authors see sLCC as a way to carry out a Life Cycle 

Sustainability Assessment (LCSA), e.g. Rödger et al. (2017). 

 

3.4.2. Monetary valuation11 

Monetizing environmental and societal impacts, as needed for sLCC, involves the following dimensions: a) space (local to 

world, with appropriate spatial resolutions depending on the impact), b) time (present and distant future generations), 

and c) standing, that is, the affected subject(s) of protection (such as humans, building materials, biodiversity, or 

ecosystem services) (OECD, 2018). Defining scope and standing depends on the perspective taken that also expresses 

itself in the choice of conducting eLCC or sLCC. 

Monetization of externalities entails substantial uncertainties: whether all external costs have been considered 

(potentially infinite  system boundaries) and the uncertainty related with the exact quantification, in economic terms, of 

externalities (Neugebauer et al., 2016; Rödger et al., 2017).  

 

The combination of internal and external costing within one approach requires precise definition of who bears the cost. 

Furthermore, it is recommended to differentiate between the short and long-term perspective, as the choice of system 

boundaries and discount rates have an increasing influence on long-term scenarios (Hunkeler et al., 2008).  

 

According to Hanley and Spash (1995), monetization is not an implicit statement that money is all that matters, but rather 

merely a device of convenience. The proper monetary value is an economic value and not a commercial price, involving 

the concepts “total economic value” and “true social cost”, further explained in the following. 

 

3.4.2.1. Total Economic Value 

In a cost-benefit and sLCC context, any impact (adverse or benign) must be considered as soon as a single person (within 

the scope of the study) cares about it. Different dimensions that people care for are conceptualized by the rather 

encompassing total economic value (TEV) (Freeman‚ III et al., 2014; OECD, 2018). At the highest level, use and non-use 

values are distinguished that can be further subdivided (see Figure 13). ISO 14008 (2019) defines use value as “monetary 

value of a good in relation to its actual, planned or possible use” and non-use value as “monetary value of a good 

independent of its actual, planned or possible use”. While non-use values come into play when valuing impacts notably 

on biodiversity, ecosystems or landscapes, use values also concern human health, crops and the built-environment. 

Human health related direct use values are distinguished into three (additive) cost components (e.g. Markandya et al., 

2019): 

• Resource costs: direct medical costs (e.g. treatments) and non-medical costs (e.g. childcare or housekeeping) 

that come with an adverse health impact; costs associated with litigation or processing claims also fall into this 

category; 

• Opportunity costs associated with the productivity loss or lost leisure time; 

• Disutility costs: the value of suffering from an adverse health impact (i.e. pain, anxiety or discomfort). 

 
 

11 This section to a large extent builds on Bachmann (2019). 
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The TEV is an anthropocentric concept. While the (non-anthropocentric) intrinsic value of other species is excluded, the 

existence value component can include the concern for the survival and well-being of other species. 

Figure 13: Decomposition of the total economic value and examples in terms of environmental goods and monetary 
valuation methods. 

 
 

Source: own elaboration based on Bachmann (2019), Pearce, Atkinson, and Mourato (2006), German Advisory 
Council on Global Change (WBGU) (2001) and ISO 14008 (2019) 

 

3.4.2.2. True Social Cost  

When perceiving individuals as consumers, the assessment of “value” is generally based on consumers’ preferences. This 

implies that, in marketplaces, the value is revealed through decisions to spend, or not spend, money. Determining the 

preferences of individuals is complicated because one seeks to determine the true social cost (or the so-called shadow 

price). In general, social costs cannot directly be observed because 1) prices may not adequately reflect the appreciation 

by the consumer for the marketed good and 2) goods are not necessarily traded on markets, and, thus, may not have a 

market price at all. 

Preferences are mainly measured through willingness-to-pay (WTP). Because of the so-called income effect, the higher 

the income, the higher the WTP is. WTP values are not readily available. Different monetary valuation methods exist 

(Freeman‚ III et al., 2014; OECD, 2018). Bachmann (2019) suggested to classify monetary valuation methods according to 

two criteria (Table 4):  

(1) whether they determine an individual’s preference or a proxy thereof (reflected in spending made, committed 

or required by a public body on substitute goods (such as replacement) or actions to avert environmental 

impacts (such as prevention, abatement, clean-up or restoration)) and  

Total 
economic 

value

Use value

Non-use or
passive-use value

Option value

Existence value

Bequest

Altruism

Direct use value

Indirect use value

Examples of 
valued goods

Health, Food, Biomass, 
Recreation, Symbolic 
objects

Ecological functions (e.g.):
Flood control, Functions in 
biogeochemical cycles

Use of genetic
potential for
medical purposes

Natural landscapes that 
give a benefit without being
experienced directly

There is concern that …
… next or future generations
should be able to use the
good in question.

… other people currently
living should be able
to use the good in question.

Decomposition

Actual
use

Potential
own use

Unrelated to 
use by anybody

Potential use 
by others

Examples of monetary 
valuation methods

• Market prices of traded goods 
• Individual averting costs
• Hedonic pricing
• Travel costs
• Stated preference methods

• Restoration costs
• Marginal abatement costs

• Stated preference methods

• Stated preference methods

• Stated preference methods

• Stated preference methods
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(2) whether the monetary value can be obtained from a really existing, a surrogate, or a hypothetical (constructed) 

market. 

It can be noted that the cost-of-illness (COI) approach occurs in both columns. This means it can determine an individual’s 

preference or a proxy thereof. Health-care systems, obligatory in some parts of the world, bear these costs to varying 

extents. So, spending money on health care is decided upon more by an individual or by a public body depending on the 

specific health-care system’s context.  

Besides measuring WTP, other monetization principles exist. The willingness-to-accept (WTA) approach is related. It 

measures a payment required by an individual as compensation for accepting a change toward the worse. The human 

capital approach, further discussed below, takes foregone earnings as the opportunity costs for absenteeism due to ill 

health. 

In general, asking the individuals themselves for their willingness-to-pay (accept) to obtain (be compensated for) a 

positively (negatively) perceived change is preferred over taking spending made, committed or required by a public body. 

The human capital approach is disfavoured when valuing benefits given that it disregards the preferences of the affected 

persons and their utility changes, and the contribution to society from the not yet or no longer employed (Markandya et 

al., 2019). Owing to the complexity of the cause–effect relationships, assessing the damages due to climate change is 

often approximated with the help of the marginal abatement cost approach: the marginal cost of emission abatement is 

assessed that allows meeting a policy-set goal (Bachmann, 2020). The alternative term shadow value (or price) approach 

is misleading given that principally all methods aim at determining a shadow value as noted above. 

 

Table 4: Suggested classification of monetary valuation approaches, principles, and methods, adapted from 
Bachmann (2019) 

Approach Individuals’ WTP  

(including WTA and the proxy “opportunity 
cost”) 

Proxies for individuals’ WTP 

Principle for the derivation 
of individuals’ preferences 

Measuring individuals’/consumers’ preferences Spending made, committed or required by public 
bodies 

Monetary valuation of 
market goods and services 
on existing markets 

Valuation by market prices (e.g., maintenance 
and repair costs for materials, crop yield loss 
and emission permits) 

not applicable 

Monetary valuation of non-
market goods and services 
on surrogate markets 

Revealed preferences: 

• Hedonic pricing (i.e., on  property (WTP) or 
labour markets (WTA)) 

• Travel cost method 

• Averting costs accruing to individuals 

• Deliberative procedures: public referenda# 

• Human capital approach (opportunity costs, 
i.e., forgone earnings) 

• COI when fully privately borne 

 

Revealed preferences:  

• Marginal abatement cost approach  

• Replacement costs 

• Restoration costs 

• COI when fully borne by a mandatory health 
care system 

 

Monetary valuation of 
non-market goods and 
services on hypothetical 
markets 

Stated preference:  

• Contingent valuation 

• Choice experiments) 

 

not applicable 

 

Source: own elaboration based on Bachmann (2019)  
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 Life cycle costing and Circular Economy 

The Circular Economy (CE) and closed loop systems are high on the political agenda. They are increasingly driving new 

sustainable innovations and, therefore, the application of innovative life cycle costing models that consider the multiple 

functionalities and extended uses that a product’s component might have. Indeed, the interaction between the CE and 

the LCC concept derives from the fact that the CE is characterized as an economic system that replaces the ‘end of life’ 

through a production process that is restorative and regenerative by design and whose objective is to keep the products, 

components, and materials for creating value (Albuquerque et al., 2019). 

 

Given the rather circumscribed concept of CE (as opposed to LCC) it was possible to go through a more systematic review 

of the literature in search of articles covering both: "life cycle cost" and "circular economy". 33 scientific articles were 

preliminarily identified, of which 21 were retained and 12 out of scope. According to the literature reviewed, most of the 

retained articles (10) consider the results of an LCC relevant for CE implications (decision-making) but they do not address 

explicitly how CE measures should be assessed within an LCC. CE was instead addressed by means of scenarios 

comparison, i.e. Business as usual (BAU) vs circular option, in six articles. As an example, Iraldo et al. (2017) consider life 

extension’s circularity measure to compare a standard product vs a durable one. Conversely, Tariq et al. (2021) compare 

different EoL treatments (e.g. incineration, recycling, composting and landfill) of disposable diapers. The circularity aspect 

in this case is mainly accounted by different amounts of materials and/or energy consumption depending on the type of 

the process, but it does not require any change on the ordinary LCC approach. On the other hand, five articles focused 

specifically on LCC methodology, aiming at calculating the real cost of a circular designed product by considering the value 

retention processes (VRP) of circular products and/or systems (Bocken et al., 2018; Reike et al., 2018). Two main 

approaches were identified, namely (1) LCC method for the Circular Economy (CE-LCC) (Jansen et al., 2020), which builds 

on and extends the Total Life Cycle Costing Model (TLCCM) (Bradley et al., 2018), and Product Structure-Based Integrated 

Life Cycle Analysis (PSILA) (Albuquerque et al., 2019; Low et al., 2014). These will be presented and evaluated in following 

sections. 

 

Figure 14: Number of LCC-related articles addressing CE aspects in the assessment 

 
Source: own elaboration 
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3.5.1. LCC methods for the Circular Economy 

In principle, CE-oriented LCC (CE-LCC) adapts existing LCC techinques to (1) consider products as a composite of 

components and parts with different and multiple use cycles and (2) include processes that take place after the end of 

use (Jansen et al., 2020, Bradley et al., 2018).  Equally to more orthodox LCCs methods (Dhillon, 2009), CE-LCC is organised 

as a hierarchical relationships of mathematical equations where the first tier can be defined as12: 

 

𝑇𝐶 =  𝑇𝐶𝑀𝐴𝑁 +  𝑇𝐶𝐶𝑈𝑆 + 𝑇𝐶𝐸𝑈𝐴 

Eq. 8 

Where 𝑇𝐶𝑀𝐴𝑁  is the manufacturer total cost, 𝑇𝐶𝐶𝑈𝑆  is the customer total cost and 𝑇𝐶𝐸𝑈𝐴 is the end of use actors total 

cost. However, CE-LCC ambition is to go beyond LCC approaches by including the costs/revenues occurring for every use 

cycle after the first (t>0). Therefore, second tier equation in CE-LCC differentiate between the costs taking place at t = 0 

– where costs/benefits of VRPs are not present  and the estimated cost is equal to respective figures in cLCC technique – 

and the costs/revenues occurred from future VRPs like recycling or remanufacturing. 

The most important benefit of using CE-LCC approaches is the ability to take into account, to a lesser or greater extent, 

the value generated by re-circulating or extending the useful life of the products components/materials. In doing so, this 

methodological approach focus on the so-called cost-footprint or the total costs incurred for a product by all stakeholders 

involved during the entire time period and all life cycles of use (Bradley et al., 2018; Wouterszoon Jansen et al., 2020). 

Jansen et al., (2020) also proposed the use of specific discount rates according to the stakeholder group of interest. In 

other words, manufacturers costumers and society as a whole do have different goals and perspectives. These may justify 

the use – within the same assessment – of e.g. higher discount rates for manufacturing cost calculation, lower discount 

rates for costumers cost, and even lower discount rate related with public costs accounting. However, it should be kept 

in mind that there exist a trade-off between stakeholder perspectives, as the costs for one actor often translates into 

margins for another actor. In this sense, the simply aggregation of costs among different stakeholder groups might not 

be able to correctly address the stakeholders needs and risk to deliver the wrong message that all stakeholders benefit 

from an increasing/decreasing cost-footprint. 

 

On the downside, in addition to sharing the common drawbacks of common LCC methods, CE-LCCs add an extra layer of 

complexity related to circular process/product modelling. Indeed, much more data and modelling assumptions are 

required. These can go, for instance, from the specific amounts of material collected, reused, recycled (…) at each cycle 

of the product use, to the costs for carrying out such activities. While in the best of the cases (i.e. when is actually possible 

to estimate/calculate these parameters) the provision of such granular data might be very demanding for a company, in 

practice it is rather unlikely that products do have such systemised level of design. In other words, these parameters 

might rely on bold assumptions which cast further uncertainty on the validity and robustness of the results.  

 

 

3.5.2. Product Structure-Based Integrated Life Cycle Analysis (PSILA) 

PSILA is a technique proposed by Low et al. (2014) to perform an LCC analysis for complex products based on closed-loop 

production systems. According to Kondoh et al. (2005), closed-loop production (manufacturing) systems are defined as 

systems that reutilises modules, components and/or materials recovered from the end-of-life (EoL) product in the new 

cycle of manufacturing. Essentially, these systems are where an integration takes place between the mainstream 

production (MP) phase in the forward part and the EoL phase in the reverse part of closed-loop supply chains. The authors 

 
 

12 Note that in Bradley et al. (2018) the first tier is limited to only manufacturer and user costs. 
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argue that existing tools based on LCC methods only provide mere cost estimates of the system without considering the 

integration between MP and EoL. Therefore, the PSILA might support decision-makers to answer questions such as “how 

the closed-loop production systems work, why they work the way they do, and what variables to look out for if the 

decisions are made to implement this type of systems” (Low et al. 2014). 

 

Similarly to TLCC and CE-LCC methods proposed in Bradley et al. (2018) and Jansen et al. (2020), PSILA elaborates on the 

concept of product as a composite of components and materials. This means that in closed-loop systems, it may not be 

a loop closing at the product-level; but possibly, multiple loops closing at the module-, component- and even material-

levels. In this sense, the PSILA technique allows to break down closed-loop production systems into smaller and simpler 

subsystems to be modelled. It enables a seamless integration of the MP phase and EoL phase by capturing in the cost 

model, every closed-loop material flow, and interaction between the two phases (including capacity sharing) that take 

place in a closed-loop production system. In addition, the PSILA also considers the temporal period in which a volume of 

products is produced, along with the order volume and the recovery volume. These parameters are critical factors 

influencing the interfaces between MP and EoL and, therefore, the hierarchical relationships between the several 

subsystems in the closed-loop production system. In general, this systemic perspective is absent in the common LCCs, as 

they take for granted the amount of material recovered / recycled and do not depend on the evolution of the volumes 

ordered and recovered. 

 

The first step of the PSILA is to capture the product structure information. This information allows to frame the 

boundaries of a system, and the subsystems within it, to be modelled and analysed. It also provides a description of the 

material flows (and the forms in which they flow) into, out of and within the system. Namely, the product structure 

information contains: (i) Product structure decomposition – the hierarchical relationships between the parts in the 

decomposed product structure; (ii) Part ratios – the quantities of each part required to produce the final product and the 

quantities of each part recovered from the product at EoL; (iii) Outgoing fractions – the fractions of each part flowing out 

of the EoL phase either from being disposed, sold, or reutilised in the MP phase in the current physical form (i.e. without 

further processing that induces a physical change to the part). As an example, Figure 15 shows the product structure 

information, or Bill of Materials, collected for the MP and EoL processes of an FPD monitor (Low et al. 2014). 
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Figure 15: Product structure information for an FPD monitor case study 

 
Source: Low et al. 2014 

 

The second step – integrated life cycle – concerns the mapping of the connected stages throughout the entire product 

life cycle that a product (or parts of it) has to go through in a closed-loop production system. This is done by the 

superimposition of the parts in the product structure to the relevant life cycle stages in the MP and EoL phases based on 

the product structure information. The life cycle stages in the MP phase can include procurement, manufacturing, 

distribution, usage or service stage; while EoL phase can include collection, processing and disposition stage. For 

illustration, the integrated life cycle map for the FPD monitor case study (based on the product structure information in 

Figure 15) is shown in Figure 16. 
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Figure 16: Integrated life cycle map for the FPD monitor case study 

 
Source: Low et al. 2014 

 

The third step concerns the calculations of the economic performance of the closed-loop production system. PSILA is also 

organised as a hierarchical relationship of mathematical equations, where the first tier estimates the NPV for each 

subsystem as:  

 

𝑁𝑃𝑉𝐿𝐶,𝑖 = 𝑁𝑃𝑉𝑀𝑃,𝑖 + 𝑁𝑃𝑉𝐸𝑜𝐿,𝑖 

Eq. 9 

Where LC refers to the integrated life cycle and 𝑖 the subsystems of interest. For both, the MP and EoL phases, the NPV 

of a subsystem is calculated by the equation: 

 

𝑁𝑃𝑉𝑃ℎ𝑎𝑠𝑒,𝑖 = 𝑇𝐷𝑅𝑃ℎ𝑎𝑠𝑒,𝑖 − 𝑇𝐷𝐶𝑃ℎ𝑎𝑠𝑒,𝑖 + 𝑁𝑃𝑉𝑃ℎ𝑎𝑠𝑒 (𝐶ℎ𝑖𝑙𝑑),𝑖 

Eq. 10 

Where TDR is the total discounted revenue, TDC the total discounted cost, 𝑁𝑃𝑉𝑃ℎ𝑎𝑠𝑒 (𝐶ℎ𝑖𝑙𝑑),𝑖  the NPV contribution from 

the child parts of part 𝑖 consumed in or recovered from the subsystem in the life cycle phase. Sub-tier equations (up to 

30 different equations) provide, in granular detail, how to compute each element. Notably, in addition to, as mentioned 

above, parameters concerning the produced, ordered and recovered volume in the market, the PSILA also have a 

comprehensive approach on cost categories, including (i) costs related with main production (i.e. procurement, 

manufacturing, distribution and service), (ii) cost related with EoL (collection, processing and disposition), variable cost 
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depending on the amount of volume produced (e.g. labour, utilities transport) and (iv) fixed cost unaffected by changes 

in the quantity if output generated by the system (e.g. equipment and facilities, cost of financing etc.). 

 

One of the advantages of PSILA, compared with TLCC and CE-LCC, is the systematic way in which product structure 

information and life cycle stages are visualised. Indeed, the integrated life cycle map gives a schematic of the system, 

helping to visualise the system boundaries, the interactions between the various life cycle stages of the product that 

takes place in the system, and the different material flows into, out of and within the system. This visualisation approach 

was mainly inspired by flow cost models generally employed in MFCA (see section 4.2), but differently from MFCA, PSILA 

does not require the conversion to a single physical unit nor to respect the material balance condition. 
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4. Other economic approaches  

 Total cost of ownership (TCO) 

Developed during the early 1990s, TCO was thought as a tool to support decision-making in procurement phases. TCO 

helps enterprises managers and consumers to assess the total cost related to the use of a product and it can be defined 

as “all costs associated with the acquisition, use and maintenance” of a good or a service (L. Ellram, 1993). The TCO 

concept is therefore related to that of LCC and, overtime, scholars often referred either to TCO or LCC to describe costing 

across the life cycle of a product, a system or a project (Rödger et al., 2017). However, even if differences between them 

remain, to a great extent, a subjective opinion based upon experience, field of study and economic standpoint 

(Boussabaine & Kirkham, 2008), TCO and LCC (here referred as conventional LCC) are generally conducted under two 

different perspectives, namely product and user’s perspective (Saccani et al., 2017). As an indicative example, cLCC 

distinguishes between several life cycle stages of a product or service (from manufacturing to EoL) and it can consider 

several actors along the life cycle of a product, whereas TCO focuses at the life cycle costs from a strict user perspective. 

This means considering only those costs associated with using an item from a given supplier, from idea conception to 

potential warranty claims associated with customer use. In this sense, a TCO might be equal to a conventional LCC 

conducted from a user perspective. This is a critical aspect having, at least, two major implications: (1) TCO has a time 

horizon shorter than the whole product life cycle and, (2) TCO does not suffer from double-counting issues that might 

arise when considering different actors along the product value chain. 

 

The literature review carried out considering articles mentioning both "total cost of ownership" and "life cycle cost" 

resulted in 40 scientific articles. The subject of TCO models is in most cases either a factory, machine/equipment or 

vehicle (Figure 17). These findings are also in line with the literature review conducted in (Saccani et al., 2017), who found 

that TCO is mainly applied to final products / systems or components, while applications to services are still limited. 

 

Figure 17: Main object of analysis in TCO studies 

 

Note: Buildings refers to TCO of plant and/or capital investment, Equipment/machinery refers to TCO of specific equipment used during 

manufacturing process; vehicle refers to TCO of using a car/bus; Other refers to methodological/review article and/or hybrid studies 

that did not allow the classification into one of the previous categories. 

Source: own elaboration 
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4.1.1. Goal and Scope 

According to Saccani et al. (2017), TCO is mainly conducted within business and public procurement activities for: 

• Assessment of the economic viability and market acceptance of new technologies, above all within automotive 
industry (however it should be noted that differently from a TEA, the focus here is to analyse whether and 
under which conditions electric vehicles are financially competitive for private consumers) 

• Supplier selection. The TCO model supports the selection or ranking of potential suppliers for a component or 
a service 

• “One-off” purchase. TCO models have been developed for supporting purchasing decisions about specific 

products or systems. 

• Technical optimisation or dimensioning decisions 

 

TCO assessments provide several benefits mostly shared by LCC as well, including: (1) performance measurement 

(quantitative measurement of supplier performance, benchmarking), (2) decision-making (quantification of trade-offs), 

(3) communication, (4) insight/understanding of cost breakdown and “hotspots”, (5) support of continuous improvement 

efforts. In general, TCO does not consider externalities (Hunkeler et al., 2008), although some recent TCO applications 

have included environmental or social impacts (Bickert et al., 2015; Redelbach et al., 2014; Rusich & Danielis, 2015). 

 

4.1.2. TCO cost-breakdown structure 

In general, TCO models adopt an Activity Based Costing approach to estimate costs. However, similarly to cLCC 

applications, the ABC approach remains often implicit, as the majorities of studies do not provide a clear indication of the 

activities underlying the cost items included in the model. In addition, the classification of these activities into processes, 

temporal phases or other categories is generally missing. In this sense, one of the first taxonomy for the components of 

TCO was proposed by Ellram et al. (1993), who distinguished between pre-transaction costs, transaction costs and post-

transaction cost (Figure 18).  

 

Pre-transaction costs are those costs that occur prior to receiving the purchased product, and even prior to placing the 

order. These include costs related with search and evaluation of product and suppliers. Transaction cost are those items 

that are related to order placement and include the price of the product or service, while post-transaction costs are those 

occurring during the possession of the product. These latter include repair, special maintenance or cost associated with 

EoL and replacement. Most of TCO models consider transaction and operation costs, quantifying the impact of quality 

and maintenance activities. However, a comprehensive evaluation of the cost indirectly transferred to the costumers – 

therefore also encompassing the pre-transaction costs and the product disposal and EoL – is uncommon (L. Ellram, 1993; 

Saccani et al., 2017). 
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Figure 18: Classification of relevant aspects to consider in TCO  

 
Source: own elaboration based on Ellram et al. 1993 

 

Based on a survey study, Ferrin & Plank (2002) explored the cost drivers on which organizations base their TCO 

computations. They identified up to 135 cost drivers, which were classified into 13 main cost drivers’ categories (Figure 

19). The staggering number of cost drivers that companies use when attempting to implement TCO suggests that a 

standard TCO model is unlikely to exist, but that some cost drivers might be more universal than others and appear in 

many TCO valuation models. The authors go further arguing that given the large number of cost drivers identified by 

respondents, and the subjective nature of many of these cost drivers, the three-category scheme developed by Ellram 

might fall short, and a more complex categorization taxonomy may be useful. In this sense, Degraeve et al. (2005) propose 

a TCO matrix linking the place of the activity within the value chain (columns) of the purchasing company and the level of 

activities (rows) (Table 5). 
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Figure 19: TCO cost drivers categories 

 
Source: Ferrin et al. 2002 

 

Table 5: TCO matrix 

 Acquisition Reception Possession Utilization Elimination 

Supplier level Total purchase discount 

Supplier quotation cost 

Contract cost 

Supplier follow-up cost 

    

Product level    Replacement cost 

Cost of personnel 

training 

Cost of adaptation 

 

Order level  Transportation cost 

Reception cost 

Invoicing cost 

Litigation cost 

   

Product order 

level 

 Cost of quality tests 

Cost of quantity test 

   

Unit level Price 

Product discount 

Service cost 

 Inventory holding cost Cost of product failure 

Maintenance cost 

Installation cost 

Cost of quality control 

Waste valorisation 

Source: Degraeve et al. 2005 

The TCO matrix (Degraeve et al., 2005) is one of the first attempts to provide a comprehensive framework, i.e. taking into 

account the different phases of the product life cycle (from a user perspective) and the different hierarchical levels of 

activities and associated costs, that does not focus on a specific product group but is applicable to a wide range of 

products in a B2B context. 

 

More recently, Saccani et al. (2017) developed an advanced TCO model for the purchase of durable consumer goods, 

(such as car, households appliance, consumer electronics devices) to be used within a B2C context. The model, which 

covers all costs incurred by the costumer, from product search to disposal, is designed to be general, i.e. suitable for 

several categories of durable consumer goods. Similarly to Degraeve et al., (2005), the authors relied first on an activity-

based approach to clearly define the activities and resources that generate costs and, second, classified such activities 
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according to the process to which they pertain (rows) and the time phase in which they occur (columns). The result is an 

updated TCO matrix for the B2C context (Figure 20). 

 

Figure 20: TCO matrix for B2C context & durable consumer goods 

 
Source:  Saccani et al. 2017 

Interestingly, the authors also distinguish between monetary, opportunity and non-monetary cost items. Monetary costs 

account for actual costumer expenditures that generate negative cash flows (e.g. purchasing, repairing) These are explicit, 

i.e. cash value is clear, and objective, i.e. they do not depend on the specific user or costumer involved. Opportunity cost, 

instead, refer to lost revenue, i.e. eventual product unavailability that can prevent positive cash flows. These are explicit, 

since their cash value is clear, but they are subjective, because they depend on the specific user involved, and their 

connection to activities can arise under specific circumstances. Finally, non-monetary costs are linked to the effort the 

costumer makes for a particular activity for which a cash flow is generally not associated (e.g. time spent waiting for the 

car being repaired). Non-monetary costs are implicit, because their cash value is unclear and subjective, because they 

depend on the specific user or customer involved, both regarding the effort dedicated to specific activities and the 

monetary value that each end customer could attach to each unit of dedicated effort. 

 

Despite recent advances towards a general TCO model for a durable consumer good, there are still some drawbacks to 

be addressed. First of all, the TCO model proposed by Saccani et al (2017) does not discount costs, even if they are spread 

over a rather large time interval. In order to achieve a more general TCO formulation time should also be taken into 

account and cost should be calculated at their present value. Second, the consideration of opportunity and non-monetary 

cost might be very subjective depending on the situation. In Saccani et al. (2017), these items were only presented in 

qualitative terms, therefore excluded from the TCO application. Third, the general TCO models proposed in the literature 

(Degraeve et al., 2005; Saccani et al., 2017) are only applied within specific case studies. In order to test the validity of 

such general architecture on a broader domain, further model applications to different kinds of product are required. 
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 Techno-economic assessment (TEA) 

TEA is an approach generally employed for combining process modelling and engineering design with the economic 

dimension. Although the use of techno-economic assessment is significantly increasing, no clear accepted definition 

exists of what constitutes a TEA. However, some efforts have been made to provide a definition of the TEA methodology 

and Table 6 provides an overview of existing TEA definitions found in literature. One of the most advanced work in terms 

of TEA methodological guidelines is the one provided within the Carbon Capture and Utilization (CCU) field (Zimmermann 

et al., 2020). Zimmermann et al. describes TEA as “a methodology framework to analyse the technical and economic 

performance of a process, product or service and includes studies on the economic impacts of research, development, 

demonstration and deployment of technologies”. The method supports the entire project’s development and provides a 

systematic approach to investigate the interrelationships among technological and economic aspects. This TEA guideline 

also enables the integration with LCA as it is conducted following the same methodological steps and procedure of ISO 

14044 and the ILCD handbook. The TEA guideline for CCU is not the only attempt providing an integrated framework for 

LCA and techno-economic analysis. A similar effort is also provided in Thomassen et al. (2019), where the authors present 

a prospective environmental and techno-economic assessment framework (ETEA) to assess the potential of emerging 

green technologies.  

 

Table 6: Techno-economic analysis (TEA) definitions found in literature  

Source:  own elaboration 

 

Reference Definition 

Smura et al. (2007) Techno-economic modelling methods are typically used to evaluate the 
economic feasibility of new technologies and services. Techno-economic 
modelling combines forecasting network design, and investment analysis 
methods, typically utilizing spreadsheet-based tool. 

Kantor et al. (2010) The techno economic evaluation incorporates results from both investment and 
performance analysis with the aim of selecting the most cost-efficient solution 
for a certain scenario and performance requirements. 

Kuppens et al. (2015) Iterative process illustrating the valorisation of potential technologies. It adopts 
design techniques to estimate costs and revenues aimed at identifying 
profitability. 

Zimmerman et al. 
(2018) 

TEA is a methodology framework to analyse the technical and economic 
performance of a process, product or service and includes studies on the 
economic impact of research, development, demonstration, and deployment of 
technologies 

Thomassen et al. 
(2019) 

The TEA model is an integrated model, with direct linkages between the 
economic and technological parts. The dynamic character of TEA, where a 
change in one parameter directly affects all output indicators, is key identifying 
the most influencing parameters for a feasible technology. 

Rajendran & Murthy, 
(2019) 

The techno-economic analysis (TEA) involves evaluation of a process/technology 
through process simulation approach. 

National Advance 
Biofuels Consortium of 
the US (2011) 

TEA combines process modelling and engineering design with economic 
evaluation to qualitatively understand the impact that technology and research 
breakthroughs have on the financial viability if a conversion strategy 
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According to the literature review, a pure theoretical discussion on TEA methodological approach is weak and almost 

inexistent (Thomassen et al., 2019). Indeed, most of the information retrieved refers to empirical applications carried out 

in specific sectors and/or technological fields. Consequently, the progress on the building blocks of a TEA (e.g. phases, 

methods, indicators) depends more on the field of application rather than on the methodology evolution itself. What is 

clear is that TEA’s focus should be mainly on the dynamics and integration of technical (e.g. mass and energy balance) 

and economic calculations. However, very often, these calculations are performed separately, thus limiting the 

identification of the technical parameters that have the greatest impact on economic performance. Indeed, the 

application of a TEA that integrates dynamically the technical and economic system, can be of great support for decision-

making as it considers the mutual relationship between technical constraints and market evolution and the potential risks 

involved. These are critical aspects when analysing the market entry of innovative technologies.  

Even if harmonised methodological guidelines are lacking, a critical review of empirical applications suggests that the 

main methodological steps of a TEA can be summarised as: (1) definition of technology readiness levels (TRL), (2) 

identification of system elements and boundaries, (3) Inventory of technical and costs information, (4) Techno-economic 

analysis (financial and technical viability), (5) risks and uncertainty analysis, (6) conclusion and recommendations. While 

most of these steps (i.e. (2), and partly of (3), (4) and (6)) are also very common to conventional LCC approaches, others 

are not, and may represent additional perspectives to complement and complete a LCC. 

 

4.2.1. Technology readiness levels (TRL) 

The identification of TRL is rarely addressed in LCC studies. However, this might be very useful not only for establishing 

the level of detail required and accuracy of the assessment, but also to inform on how to interpret and use the results 

(Albizzati et al., 2021). The general depth of analysis follows the degree of knowledge about the process, which is 

ultimately reflected in its maturity. Therefore, the term technology (or product) maturity describes the stage of 

development of a system element or product system. Very recent TEA studies propose maturity evaluation as a backbone 

of the TEA framework in order to identify and sort cost estimation methods, indicators and approaches for market 

analysis (Buchner et al., 2020; Thomassen et al., 2019). Depending on the technology maturity, the selection of 

assessment methods and indicators, as well as the amount of data required might be different. Therefore, assigning a 

TRL can clarify what data should theoretically be available for the TEA practitioner. If this data does not exist, is not 

available or lacks quality, the maturity assignment of the product system in focus should be critically interpreted, 

reviewed or repeated. The identification and assignations of TRLs should ultimately favour the comparability between 

studies having different maturity levels, and, eventually give indications on overall reliability of results. Commonly used 

general TRL concepts can be found in the European Commission Horizon 2020 program TRL description. 

 

In some cases (Kantor et al., 2010; Van Dael et al., 2015), and especially for new disruptive technologies, a market study 

is also carried out at the very beginning of the study in order to not only guarantee that the process’ and/or products do 

have a market potential, but also to gather data about the potential demand and market price that will be used as input 

in the assessment phase. The inclusion of these aspects (e.g. market prices, volumes and customer preferences) are, in 

general, not addressed in LCC. As Thomassen et al. note (2019), this is due to the fact that LCC focusses more on the total 

cost distribution of the product over its total life cycle, while TEA is mostly interested in analysing the economic 

profitability from an investor’s perspective. 

 

4.2.2. Identification of system elements and boundaries 

Similarly to LCC, the TEA “system boundary” defines the limits of the assessed product system and describes which system 

elements belong to it. To great extent the elements systems and boundaries depend on the TEA goal and scope. 

Zimmermann et al. (2020) distinguish between three main TEA common perspectives: R&D, corporate and market (Table 

7).  
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Table 7: Common TEA perspectives 

TEA perspective Main goal 

R&D Assessment of specific project(s) in research or development; either identification of significant 

barriers and drivers (hot spots) for a single project or comparison of various projects 

Corporate Analysis of projects in development and deployment; assessment of investment alternatives and 

comparison to existing processes; use of detailed process data is common 

Market Analysis of new concepts and their transformation of value chains; focus on the effects of new 

policies, the best use of resources or the best way of obtaining a specific utility 

Source:  Zimmermann et al., 2020 

 

Comparing the TEA perspectives to LCC perspectives, one might argue that the TEA corporate perspective reflects the 

LCC perspective of corporate manufacturer (Figure 4 type a and/or b), while the TEA market perspective would extend 

the scope by including additional actors along the supply chain, including EoL. These aspects can also condition the life 

cycle system boundaries as, in general, R&D and corporate perspectives are conducted under a gate-to-gate approach, 

while the market perspective will address a cradle-to-grave perspective (Figure 21). 

 

Figure 21: The scope of TEA and LCA in the product life cycle 

 
Source:  Zimmermann et al., 2020 

 

4.2.3. Data inventory  

TEA inventory comprises both technical and economic data. The first, primarily obtained from process design, include 

energy and material flows, process conditions, and equipment specifications, among others; the second include costs of 

equipment, prices of inputs and outputs as well as market information. The technical data will be, to a great extent, 

similar to those required for an LCA. Perhaps it might be argued that given the TEA ultimate goal, that is economic 

feasibility, the amount of technical data could be constrained to only those financially relevant. However, the whole LCA 

inventory should be considered if TEA also includes the environmental assessment (Thomassen et al., 2019). It should 

also be noted that, besides the input-output material flows generally employed in LCA, TEA also requires technical 

specifications about the plant and/or technology. Production capacity and scale-up potential are some common examples 

of critical parameters needed for simulating production scenarios. In this sense, TEA technical data might be more 

demanding than for LCA. 

 

Zimmermann et al. propose five iterative phases for data inventory creation: (1) definition of data quality requirements, 

(2) identification of relevant processes, (3) collection of technical data, (4) collection of economic data, (5) data 
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documentation (Figure 22). The identification of relevant system elements and their level of detail regarding flows and 

associated costs should be defined according to the maturity level of the project (e.g. number of TRL). 

 
Figure 22: Data inventory creation 

 
Source: own elaboration 

 

Deriving correct input prices in TEA is as critical as in LCC, and it depends on three major factors: technical specifications, 

assessment boundaries and location. TEA guidelines seem to provide a more systematic approach, compared with LCC 

literature, to correctly estimate the input price of a product/material. Such approach is organised as decision tree in 

Figure 22.  

 

Figure 23: Decision tree for deriving input prices 

 
Source: Zimmermann et al., 2020 
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4.2.4. Techno-economic analysis 

The financial and technical viability is assessed in the so-called techno-economic analysis (TEA). Commonly used economic 

indicators are the investment cost indicator “capital expenditure” (CapEx), the processing cost indicator “operational 

expenditure” (OpEx) and profitability indicators. The sum of CapEx and OpEx generate the production cost. Consequently, 

profitability indicators can be calculated starting from costs, revenues and system assumptions (lifetime and discount 

rate) (Figure 24). Common metrics employed as profitability indicators are des cribbed in Section 3.2.3 and include the 

net present value (NPV), the internal rate of return (IRR), which specifies the discount rate for which the NPV equals zero, 

and the (discounted) payback period. Next to profitability indicators, in TEA applications are also generally reported 

“material efficiency” indicators, which relate e.g. cost per material consumed. 

 

CapEx and OpEx can be further disaggregated into their sub-components. Hence, operational expenditures can be 

defined by direct (material and “energies & utilities” costs) and indirect costs (management, maintenance etc.). In the 

same way, capital expenditures are generally defined by fixed capital investments and working capital. However, there is 

not a standardized way to organise the different costs components. While scholars agree in recognising Capex and Opex 

as the two main macro categories to show TEA results, very often empirical approaches do not converge in using the 

same type or number of subcomponents, as the final selection generally relies on the field of application and level of 

maturity. 

 

Figure 24: TEA hierarchy of economic indicators and assumptions for calculation 

 
Source: own elaboration adapted from Buchner, Zimmermann, Hohgräve, & Schomäcker, 2018 

Although the CapEx - OpEx classification is generally used in the TEA applications, it is not uncommon to find it in LCC 

studies as well – instead of the common representation according to life cycle stages. (e.g. initial investment plant, 

manufacturing, use, EoL)13 (Fabrycky & Blanchard, 1991). It is clear that TEA and LCC share, to a great extent, similar cost 

components when analysed at an enough granular detail. In this sense, it is rather straightforward to re-organise Capex 

and Opex components according to life cycle stages, or by contrast, life cycle stages according to Capex and Opex. 

 
 

13 This is specially the case of a gate-to-gate LCC where only manufacturer costs are considered. 
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4.2.5. Risks and uncertainty analysis 

Differently from LCC applications, risk analysis seems to be a rather established practice in TEA community. Two main 

tools are usually employed in TEA: sensitivity analysis and scenario analysis. Sensitivity analysis identifies the portion of 

uncertainty in the output, caused by different model input factors (Helton et al., 2006; Saltelli et al., 2010). It can take 

the form of a “local” or “global” analysis (Haaker & Verheijen, 2004). The first considers “how much of the output is 

changed by a small variation of the random input around a reference point”, while the latter “measures the contribution 

of an individual random input to the output within the entire range space of the input” (Tang et al., 2015). In other words, 

local analysis looks how outputs are perturbed by small variations of single inputs, while a global analysis provides an 

uncertainty distribution or results based on the uncertainty distribution of input. This latter analysis can consider multiple 

and simultaneous inputs and rely on a “Montecarlo approach”. Scenario analysis does not specifically address the 

uncertainty of parameters, but rather considers contextual variations and possible future events that may affect results. 

As an example, uncertainty of variables can be handled in this type of analysis through the definition of a pessimistic, a 

default and an optimistic scenario. According to Van Dael et al. (2015), through scenario analysis it is possible to deduct 

information about maximal economic loss, but also about the expected value of benefits, in case probabilities of 

occurrence can be determined. Considering that sensitivity analyses are not systematically delivered in LCA (despite being 

included in the interpretation stage according to ISO14040-44), nor in conventional LCC, TEA practices might provide a 

best-practice example to systematize this phase. 

 

 Material Flow Cost Accounting (MFCA) 

MFCA was developed in the late 1990s as an approach of environmental management accounting (EMA) aimed at 

productivity enhancement through the reduction in use of material, energy, and human resources (Wagner, 2015). Later, 

the potential importance of MFCA has been further recognised with the release in September 2011 by the International 

Organization for Standardization (ISO) of the ISO 14051 standard for material flow cost accounting. According to ISO 

14051 – which summarizes the state-of-the-art of the MFCA methodology – MFCA can be defined as a “tool for 

quantifying the flows and stocks of materials in processes or production lines in both physical and monetary units” and 

it is intended to improve transparency of material flows and energy consumption for supporting decisions and enhancing 

material and energy related coordination and communication within organizations (ISO 14051, 2011). The main idea of 

the approach is to treat undesired outputs (all types of losses, e.g., clippings, used lubricants, and waste heat) like desired 

outputs (semi-finished and finished products) regarding cost assignment. Particularly, the quantification of the economic 

effects of the ‘production of losses shall motivate managers and engineers to rethink production processes and to reduce 

the overall material and energy input by increasing productions' efficiency (Schmidt, 2015). 

 

The core methodology of MFCA consists of three main steps: (1) flow structure modelling, (2) quantification of flows, and 

(3) evaluation (cost appraisals of the quantified flows). These main steps can be included in a Plan-Do-Check-Act-Cycle 

for managing implementation and continuous use (Figure -25) (ISO 14051, 2011; Christ et al. 2015). 
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Figure -25: the MFCA process  

  
Source: Christ et al. 2015 

Once an appropriate system boundary has been agreed, the first step in implementing a MFCA is to develop a basic 

understanding of the flows of material and energy throughout the organisation. Flow structure modelling includes the 

determination of Quantity Centers (QCs) and flows. QCs play a major role in flow modelling. They can either be 

interpreted as spatial or functional units which store, process, or otherwise transform materials or, simplifying, as 

processes like receiving, machining, assembling, packing, and storing. The flows are defined as the regular movements of 

materials between the QCs within the defined period. In the step of flow structure modelling, material flows are (only) 

determined regarding the material(s) they include, the QCs that are their source and sink, and their basic character, 

desired or undesired. The result of the initial step of MFCA is a so-called flow structure model describing the analysed 

system by quantity centers, the desired and undesired flows, and the system boundaries.  

 

In the second step, the quantification of flows, for every QC, all material in- and outputs (flows) as well as possible 

(changes in) stocks are quantified for the underlying time period. To ensure consistency, for every QC an input-output 

balance is created. This, in turn, calls for the use of appropriate physical units. Here, MFCA literature suggests the use of 

mass units or at least of units transferable in those of mass, like length or number of pieces. The results of the second 

step are added to the flow structure model which, therewith, is enhanced to a flow quantity model (Figure 26). 

 

Figure 26: An example of flow quantity model 

 
Source: Bierer, Götze, Meynerts, & Sygulla, (2015) 
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Within the third step of MFCA, the cost appraisal, the flow system is valued in monetary units. Here, ISO 14051 

differentiates the following cost categories: 

• Material costs are costs of each “substance that enters and/or leaves a quantity centre” (ISO 14051, p. 15). They 

are determined by multiplying a fix material price with the flow and stock quantities and represent the only 

direct costs of MFCA. Due to their character of direct costs, they can be traced (directly assigned) to the flows 

and stocks. 

• Energy costs are “costs of electricity, fuels, steam, heat, compressed air and other like media” (ISO 14051, p. 

13). Energy costs should be calculated for each quantity center on the basis of the measured or estimated energy 

use. For allocation (indirect assignment) to the outgoing desired and undesired material flows, the use of their 

mass ratio is proposed. Alternatively, for the case that the physical amount of energy loss is known, ISO 14051 

(annex B) suggests assigning the energy loss-related costs (which are calculated on base of the share of energy 

loss) to the outgoing undesired material flows and the rest of the energy costs to the desired material flows. 

• Waste management costs are costs “of handling material losses generated in a quantity centre” (ISO 14051, p. 

17) and refer to activities like reworking of rejected products and recycling, tracking, storing, treating, or 

disposing air emissions, waste water, and solid wastes. They are allocated to material losses only. If several 

undesired material flows leave a quantity center, their mass ratio is used as allocation base. 

• Finally, system costs represent all costs of handling in-house material flows except for material, energy, and 

waste management costs. For example, this includes depreciation and costs of labour and maintenance. System 

costs are accounted at the level of quantity centers and, again, allocated to the outgoing material flows on basis 

of their mass ratio. 

 

By adding all cost information to the flow quantity model, a flow cost model is created. As an example Figure 27, shows 

a single quantity center of a flow cost model, while Figure 28 shows a complete flow cost model developed for an Indian 

SME manufacturing steel pipes and tubes (Sahu et al., 2021).  

 

Figure 27: Single quantity center of a flow cost model 

 
 

Source: Bierer et al. 2015 
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Figure 28: A flow cost model of a steel pipes and tubes manufacturing SME 

 
Source: Sahu et al. 2021 

The data obtained during the MFCA analysis should be summarized for each QC separately in a format that is suitable for 
later interpretation, for example a material flow cost matrix or a material flow cost diagram. The material flow cost 
diagram depicted in Figure 28 indicates the total amounts of material inputs plus inventory variations that flow into 
products and material losses, respectively, as well as the costs associated with products and material losses for every QC. 
The loss of materials represents the inefficiency of the materials in the process, which can lead to significant financial 
losses and adverse environmental impacts. Further, material cost, energy cost, system costs and waste management cost 
can be aggregated across QCs and summarised in terms of positive and negative costs. 

Thanks to its focus on company-internal costs of material flows and the ISO standard 14051, MFCA can be considered the 

most specifically described and standardized approach of the whole range of EMA methods (Schaltegger & Zvezdov, 

2015). Theoretically, MFCA can be extended to other organizations in the supply chain, both upstream and downstream, 

thus helping to develop an integrated approach to improving material and energy efficiency in the supply chain. ISO 

14051 places also emphasis on the possible applicability of MFCA to business, i.e. its application in non-manufacturing 

settings, including organisations located in either the service or not-for-profit sectors (Christ & Burritt, 2015). 

On the downside, MFCA studies require a lot of process data, in particular related to quantities and costs. First, the 

development of a balanced material flow model that traces and quantifies the flows and stocks of materials within an 

organization requires the conversion of all physical units to a single standardized unit. Energy can either be included as a 

material or quantified separately in MFCA. Second, any costs that are generated by and/or associated with the material 

flows and energy use need to be subsequently quantified and attributed to them. While some of such data is commonly 

recorded for production management and accounting purposes and, thus, is already available from business information 

systems, most of the data (especially quantities and cost related to loss flows) need to be estimated based on modelling 

assumptions. On top of that, the usability of existing cost data has to be questioned because MFCA's structuring of the 

analysed system (flows and quantity centers), definition of cost objects (desired and undesired flows), and categorization 

of cost items may largely differ from that of traditional cost accounting.  

Indeed, the treatment of material loss costs and process inefficiencies is one of the main differences between MFCA and 

conventional cost accounting such as e.g. LCC. In LCC, all material costs and processing costs are allocated or transferred 

to product costs. Although the loss of materials can be potentially recognized in LCC, the costs are not separately 

identified. Similarly, the costs for the management of waste associated with the loss of materials are incorporated into 

the production costs or are masked in other general costs. On the other hand, MFCA considers the loss of materials as an 
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object of cost and calculates the costs for loss of materials, as well as all the costs associated with the processes derived 

from it. Further, these costs are differentiated into energy, system, and waste management costs. The costs for material 

loss are the sum of (i) the costs of the material that flows into the loss of materials, (ii) the energy and system costs, which 

have been transferred to the loss of materials based on an appropriate transfer criteria, and (iii) the total costs of waste 

management associated with the loss of materials. Therefore, to summarise, differently from LCC, which does not 

highlight the costs of the loss of materials or the inefficiencies in the processes, MFCA can potentially provide information 

regarding potential savings or efficiency of materials, product and/or associated packaging. But this advanced 

information comes at a high price in terms of data and resource intensity. In addition, it should be noted that detailed 

MFCA calculation procedures are out of scope of ISO 14051, which only provides a general MFCA framework, i.e. common 

terminologies, objective and principles, fundamental elements, and implementation steps. Finally, MFCA is specifically 

designed for the industry and does not take into account costs and/or materials once they leave the industry gates. In 

other words, MFCA system boundaries are limited only to the manufacturing stage.  
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5. LCSA and the economic pillar integration: the status quo 

The integration of the three pillars of sustainability from a life cycle perspective is referred to as life cycle sustainability 

assessment (LCSA). The concept of LCSA was first introduced by Klöpffer (2003, 2008). LCSA gives the highest level of 

assessment among the existing environmental and sustainability tools (Finkbeiner et al., 2010). This approach allows a 

more holistic understanding of the sustainability of products and processes, which translates into better support for 

decision-makers (UNEP/SETAC, 2011). 

Part of the challenge toward the implementation of LCSA is related to the difficulties in the use of LCC (next to S-LCA) 

from a life cycle thinking perspective (Costa et al., 2019). In this context, LCC was proposed as a life cycle-based method 

for the economic pillar of sustainability in the earlier 2000s (Klöpffer, 2003). However, to date, there is no standardized 

procedure to conduct LCC. However, a code of practice based on the ISO 14040:2006 standard has been proposed (Swarr 

et al., 2011).This code of practice was established with the objective of creating a complete Life Cycle Sustainability 

Assessment (LCSA). It built on an earlier monograph that summarised three years of effort by the SETAC-Europe Working 

group on Life-Cycle Costing (Hunkeler et al., 2008) and that can still be regarded as a major reference in this field today. 

In this context, the LCSA conceptual framework is based on distinct analyses for the three pillars of sustainability, i.e. 

environment, economy, and society (Eq. 11).  

 

LCSA = LCA + LCC + S-LCA 

Eq. 11 

When this approach was initially proposed by Klöpffer (2008), the recommendation was to perform separate assessments 

of LCA, LCC, and S-LCA, without any aggregation of results. A tendency towards the integration of the pillars of 

sustainability was recently observed, also through the use of single score concepts (Costa et al., 2019). Such integration 

could support the process of priorizing alternatives by different stakeholders/decision makers, if complemented with 

transparent information about different impacts. Although this aspect is specifically addressed in Task 1.6 of ORIENTING 

(Deliverable 1.5), further consideration of relevance for LCC are provide in this report.  

A systematic review of LCSA papers was recently performed by Costa et al. (2019). The authors found that the parallel 

assessment of the three sustainability pillars is the most applied approach in LCSA frameworks (54 articles). Other LCSA 

approaches constitute a minority (17 articles). All the reviewed articles evaluate the economic pillar with the help of LCC. 

According to Costa et al. (2019), cLCC is the perspective most widely applied (61 articles). As impact categories, the 

internal economic aspects, such as capital costs, operational costs, and revenues are generally addressed (see section 3.2 

for further details). eLCC was carried out in 5 articles through the consideration of mitigation cost (Vinyes et al., 2013), 

avoided CO2 emissions costs (Ribeiro et al., 2018), total carbon credits (Jin et al., 2017) and damage costs related to the 

release of selected pollutants (Foolmaun & Ramjeawon, 2013; Onat et al., 2014). Finally, sLCC was presented in 5 articles. 

Dobon et al. (2011) and Khalili et al. (2013) considered different stakeholders and aspects to assess the costs of 

externalities of their case studies, such as the occurrence of fatalities and social welfare, respectively. Reuter (2016) 

considered different types of emissions and lost resources (such as raw materials and energy resources), while Settembre 

Blundo et al. (2018) and Garcia-Muiña et al. (2018) assessed the willingness to pay according to the EPS 2000 method 

(Steen, 1999). 

Despite the relatively low number of applications, from a theoretical point of view eLCC remains the life cycle cost 

approach most aligned with the LCA framework. This is so mainly thanks to the work of Hunkeler et al. (2008) first, and 

the code of practice then (SETAC, 2011). These two publications represent the two cornerstones towards a similar ISO-

standard for LCC as for LCA, which should facilitate complementarity between LCC and LCA studies. As Hunkeler et al. 

(2008) highlight, eLCC should not to be considered a stand-alone tool. Its objective is to complement an environmental 

LCA study, possibly identifying trade-offs and win-wins. Due to this alignment with LCA, eLCC follows the ISO standards 

of the 14040 and 14044 series on LCA. This includes among other topics a similar goal and scope, functional unit, data 

inventory, interpretation and sensitivity analysis. Ideally, the inventory for the environmental assessment of the eLCC is 

built from and integrated in the physical Life Cycle Inventory (LCI) of LCA. 
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However, even if the eLCC is theoretically designed to mirror the LCA, conceptual and methodological divergences are 

still present. As an example, Swarr et al. (2011) point to the complexity that may arise regarding consistent system 

definitions of both the LCC and the LCA study: in LCA, it is recommended by ISO 14040 to decompose processes as much 

as possible to avoid allocation, while in LCC approaches, cost allocation is a common principle. Complexities also arise in 

the definition of (1) cut-off criteria and (2) conflicting views on goals and costs of different actors in the product’s life 

cycle.  

Regarding item (1), some authors (Heijungs et al., 2013; Sala et al., 2013) argue that system boundaries issues may be 

caused by the lack of background data when considering the life-cycle perspective of the economic pillar. Indeed, while 

a life cycle perspective is commonly adopted for the environmental pillar, economic aspects are commonly evaluated for 

the foreground system only (Sala et al., 2013).  

Regarding item (2), eLCC adopts a multi-stakeholder perspective, that is costs and benefits are calculated for several 

actors along the value chain of the product. In this context, the multi-stakeholder perspective might represent a double-

counting issue towards the computation of final aggregated scores, since the cost of one actor might already be included 

in the cost of another actor upstream in the value chain. For example, the price paid by a customer to purchase a product 

(i.e. the cost of a user) already includes the cost incurred by the manufacturer to manufacture the product. Therefore, 

accounting for both costs, the production cost and the user's purchase cost, would represent a double-counting problem. 

The risk of double-counting also exists if environmental impacts are assessed in the LCA and also included as internalised 

cost in the eLCC without sufficient transparency (Swarr et al., 2011). In response to these challenges, Heijungs et al. (2013) 

proposed a new computational framework to avoid double-counting by excluding upstream costs already considered in 

the price of a product´s component. Their approach should enhance consistency among LCA and LCC by using a matrix 

formulation where both physical and monetary forms are considered at the same time. 

A key difference compared to LCA is that no characterisation or weighting is applied or needed in LCC (Rödger et al., 2017; 

Swarr et al., 2011). To some extent, it might be said that weighting in LCC is done by using market prices or other way of 

identifying monetary value. However, some authors claimed that the LCC framework also requires characterisation 

factors that go beyond pure cost assessment (Neugebauer et al., 2016; Wood & Hertwich, 2013). In this context, 

Neugebauer et al. (2016) proposed a method called “economic LCA” that adopts a LCA approach for the assessment of 

positive and negative economic effects beyond monetary values. Economic LCA follows ISO 14044 and enables the 

calculation of midpoint and endpoint economic indicators and ultimately areas of protection. Midpoint impact categories 

are profitability, productivity, consumer satisfaction, business diversity and long-term investments. Endpoint categories 

are economic prosperity and economic resilience. Finally, areas of protection are economic stability and wealth 

generation. The proposed impact pathway can reveal interlinkages between the micro- and macroeconomic level, which 

are, according to Neugebauer et al. (2016), crucial to fully understand the economic system and thereby correctly assess 

the economic pillar within LCSA.  

Further, it should also be noted that the role of eLCC in sustainability assessment has been debated in literature. Indeed, 

by focusing mainly on costs from the individual and microeconomic standpoint, it fails to account for a broad sustainability 

perspective (Hall, 2015; Hannouf & Assefa, 2016; Jørgensen & Hermann, 2010); furthermore, since it addresses monetary 

costs, it can fail in considering the different capitals relevant to sustainability (Sala et al., 2013). As potential alternatives, 

approaches including further aspects of sustainability into the eLCC have been proposed (Hall, 2015, 2019; Heijungs et 

al., 2013). As an example, Hall (2019) recently introduced the concept of using the sustainability price (SP) to address 

research gaps in eLCC. Specifically, the SP is the sum of the existing market price and additional prices to meet minimum 

social and environmental sustainability values and it should help to integrate social and environmental values in eLCC. 

The use of sLCC in a LCSA framework seems to be generally discouraged (BSI ISO 15686-4, 2014; Hunkeler et al., 2008). 

As an example, Neugebauer et al. (2016) recommend to include eLCC (instead of sLCC) in a LCSA in order to avoid 

additional double-counting issues with the social pillar (next to the environmental pillar). Similar advises towards using 

eLCC instead of sLCC are provided by Hunkeler et al. (2008) and Rödger et al. (2017), which point to the differences in 

modelling approaches. In fact, the sLCC quasi-dynamic approach prevents consistency with the LCA steady-state 

approach.  
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To conclude, it should be emphasized that the general use of LCC-based approaches for sustainability-oriented decisions 

has also received its criticisms in the literature. On the one hand, Wood & Hertwich (2013) point to the contradiction of 

using LCC as a sole indicator of economic impacts in a sustainability assessment. The authors argue that from an individual 

user’s perspective, LCC should be minimised, as LCC is often used to normalise environmental impact against (e.g. eco-

efficiency indicators generally indicate as best options the smallest environmental impact per dollar cost). However, from 

society’s perspective, the sum over the components of value added should generally be maximised (Wood & Hertwich, 

2013). As such, the LCC cannot be considered an indicator of economic well-being, and therefore, Wood & Hertwich 

(2013) propose to tie a LCC to an economy-wide model based on input-output table. On the other hand, Gluch and 

Baumann (2004) argue that LCC approaches originate in normative neoclassical economic theory, which assumes rational 

profit maximization under complete knowledge. This principle cannot be applied to the sustainability context, in which 

decision makers act under uncertainty, incomplete information, and potentially irrationally. Additional issues arise from 

the lack of property rights of the natural environment and the over-simplification of expressing complex environmental 

impacts in one monetary unit.  
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6. Critical evaluation of economic approaches 

 General description of criteria scheme 

The evaluation and comparison of the methods, methodologies and/or tools is commonly supported by ranking, based 

on a set of criteria (in scientific research). In this sense, the criteria to be analysed in ORIENTING project (in WP1) were 

defined starting from the RACER methodology (Robust, Accepted, Credible, Easy and Relevant) (Lutter & Giljum, 2008) 

and further analysis of a selection of sources found in literature, see e.g. (Eisenmenger et al., 2016; Pelletier et al., 2014; 

Pizzol et al., 2017; Sala et al., 2018; Wiedmann et al., 2009). From that, a first set of criteria and sub-criteria was created, 

exploring the stakeholder acceptance and credibility, the applicability and complexity of methods/tools, their 

transparency, scientific robustness, completeness and compatibility with life cycle approach.  

In WP1, after analysing and discussing generic and specific issues associated with different topics investigated in 

ORIENTING (i.e. environmental, social, economic, criticality, circularity and integration aspects of LCSA), it became clear 

that one single set of criteria would not be possible, if relevant interpretation was sought within each topic. Nonetheless, 

a general set of criteria and sub-criteria was created, including all items and for further adaptation to each topic. From 

that, a few sub-criteria were slightly modified, detailed and/or excluded, depending on the topic they were intended to 

be assessed. For instance, sub-criterion 4.3 (quality of the modelling data) was made more specific for the environmental 

topic (i.e., divided into spatial and temporal resolution), while it was excluded for the integration topic, and kept as it is 

for the other topics (social, economic, criticality and circularity). This final set of criteria (internally called as “version 4”) 

is composed by the following items: 

• Descriptive summary (with several items, e.g., description of the basic concept) 

• Stakeholder acceptance, credibility and suitability (composed by up to eight sub-criteria, depending on the 

topic); 

• Applicability/complexity (composed by up to four sub-criteria, depending on the topic); 

• Transparency (composed by up to four sub-criteria, depending on the topic); 

• Scientific robustness (composed by up to ten sub-criteria, depending on the topic); 

• Completeness (composed by up to five sub-criteria, depending on the topic), and; 

• Compatibility with life-cycle approach (composed by up to two sub-criteria, depending on the topic). 

Each sub-criterion should be scored between A and E, with “A” as the best possible/realistic answer and “E” as the worst 

one. Similarly, to the criteria definition, a common answer (or understanding) was pre-established for each of the sub-

criteria scores, which were adapted according to the specifications and needs of each ORIENTING topic. The option of 

not applicable (“N/A”) was also provided.  

The average of sub-criteria scores was calculated to provide a summary evaluation for each criterion. For this 

operationalization, the scores of 5 for “A”, 4 for “B”, 3 for “C”, 2 for “D” and 1 for “E” were given. The scores of “N/A” 

were disregarded. From that, an average result is created (during the evaluation process), that can be a fraction (e.g., 

4.43). The results of the sub-criteria and criteria scores (in numbers) were converted back to a letter-coding, while also 

considering more detailed scores (e.g., A+, A or A-; instead of only “A”), as defined in Table 8. Average scores of criteria 

were also aggregated into an overall average score to support the interpretation of results. 

Table 8: Conversion table for quantitative and qualitative average scores 

Score A+ A A- B+ B B- C+ C 

Range [5.0; 4.7[ [4.7; 4.3[ [4.3; 4.0[ [4.0; 3.7[ [3.7; 3.3[ [3.3; 3.0[ [3.0; 2.7[ [2.7; 2.3[ 

Score C- D+ D D- E+ E E- 

Range [2.3; 2.0[ [2.0; 1.7[ [1.7; 1.3[ [1.3; 1.0[ [1.0; 0.7[ [0.7; 0.3[ [0.3; 0.0[ 

Source: own elaboration 
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However, it should be highlighted that the descriptive part, which is not considered for the calculation of the average 

scores, is very relevant for evaluating methods. A few relevant characteristics which the ORIENTING team judged not 

possible to undoubtedly or consistently define as better or worse (e.g., representation of social scores in qualitative or 

quantitative way) are still intended to be considered, interpreted and discussed further in the deliverable. Therefore, not 

only the average scores of each method/tool should be considered to define the best methods/tools. It rather should be 

used with the support of the descriptive section, to identify weakness and strengths, and allow a certain categorization 

of the different methods/tools. 

 

As said, the version 4 of the set of criteria was delivered to each task, which may have performed additional adjustments 

that are specific for each topic; and this is further discussed in the following section. 

 

 Criteria scheme adjustments to the economic domain 

The following list resumes the criteria that have been adjusted in order to better fit the economic domain: 

 

• Criterion 1.4 “Acceptance by civil society”: the question is reduced to only consider “trust” of civil society in a 

given method/methodology since all of the approaches are very rarely applied by civil society. 

• Criterion 3.2 “Transparency of documentation”: the answers B and D have been introduced to better describe 

economic methodologies. B reads as “concept and principles are clear but not all methodological choices are 

clearly documented”; D reads as: “several methodological choices are not documented, and the methodology 

remains quite ambiguous (also due to the novelty of a methodology)”. 

• Criterion 4.3 “Quality of the modelling data”: this criterion is generally not applicable as a default set of modelling 

data does not exist for the economic approaches considered in this document. 

• Criterion 4.414 “Description of the uncertainties (…)”: the criterion was modified as description and 

consequences of the uncertainties (…) as we deemed worth of considering both, (1) the possibility of calculating 

and providing uncertainty of estimates and (2) the possibility of distinguishing between methodologies having a 

more or less high degree of intrinsic uncertainty depending on their approach. 

• Criterion 5.1 “Inclusion of positive and negative impacts”: since economic approaches can always account for 

both positive and negative values, we introduced scores B and C to indicate those approaches that, based on 

empirical evidence, are (B) less likely to consider positive impacts, and (C) highly unlikely to consider positive 

impacts. 

• Criterion 5.3 “Ability to be applied in unspecific contexts (generalization)”: this criterion is generally not 

applicable, since applications involve many site-specific elements that cannot be easily generalized; 

 

 

 Criteria scheme results 

Table 9 shows the results summary of the criteria scheme application. For a detailed overview the reader can refer to the 

annexes. According to the average score the conventional LCC leads the rank with 4.03 points, closely followed by TCO, 

TEA and eLCC, which scores 3.88, 3.74 and 3.73 respectively. The lower part of the rank includes instead the circular 

economy LCCs (3.41), the MFCA (3.31) and the sLCC (3.12). 

 
 

14 Note that due do the removal of criterion 4.3, the criterion 4.4 reads as “4.3” in Annex 1. 
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Table 9: Results summary of criteria scheme application 
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Total 4.03 3.73 3.12 3.41 3.88 3.74 3.31 

Total score A- B+ B- B B+ B+ B 

1. Stakeholder acceptance, credibility and suitability B+ B C+ D+ B+ B+ B- 

2. Applicability / complexity B+ C+ D+ B+ A- B- C 

3. Transparency B C+ D D+ B C+ B+ 

4. Scientific robustness B+ B C B B+ A B 

5. Completeness B+ A A+ A B A B+ 

6. Compatibility with life cycle approach A A+ A+ A+ B+ B C 
Source: own elaboration 

As explained above, the aggregated score is the result of a mathematical average of several criteria and sub-criteria, 

including the stakeholder acceptance and credibility, the applicability and complexity of methodologies, their 

transparency, scientific robustness, completeness and compatibility with life cycle approach. Overall, the higher score of 

cLCC can be mainly explained by its relatively good performance in all these criteria, although, as claimed repeatedly in 

this deliverable, cLCC is not the best approach for all criteria.  

It should be remarked that aggregated and average scores should be interpreted with care and special attention should 

be paid to those methodologies scoring particularly well for specific criteria, as they might fulfil a specific need (or goal) 

of the future ORIENTING methodology. A brief discussion of best-scoring methodologies according to specific criteria 

represents a good mean to summarise the advantages/disadvantages of each methodology described above. 

In terms of acceptability (criterion 1), cLCC, TEA and TCO are widely employed and trusted by different stakeholders. As 

an example, TCO is often employed in public procurement and in some cases, it is also endorsed by national governments. 

Similarly, cLCC and TEA are normally required in EU R&D projects to assess costs and financial feasibility of innovative 

production processes. Metrics going beyond pure financial assessment are also increasingly demanded by NGOs and the 

overall civil society. It goes without saying that the monetization of externalities is increasingly deemed important by 

policymakers willing to understand and estimate the full societal impacts of future projects. This is why eLCC and sLCC 

also scored reasonably well for specific sub-criteria related with acceptance by policymakers (i.e. sub-criterion 1.1) and 

civil society (i.e. sub-criterion 1.4)15. Concerning CE-LCCs, they are very recent methodological proposals that still lack 

acknowledgement by stakeholder groups such as academia, industry, policymaker or civil society. 

From an applicability/complexity point of view (criterion 2), the methodologies having a reduced scope and/or system 

boundary (e.g. TCO & cLCC) are those performing better as they require a lower amount of data. In addition, the focus 

on specific stakeholders of TEA and TCO generally avoids several issues in LCCs, such as double counting or stakeholder 

interest trade-offs. Likewise, their computational approach is quite straightforward and do not require specific 

computational software. By contrary, TEA often require the use of specific optimization software and, overall, is more 

 
 

15 Note that sub-criteria are not visualized in Table 9, as only the aggregated scores are shown. The reader can refer to 
Annex 1 for the granular results 
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data demanding since it requires a preliminary market study. The same goes for MFCA. In this case, even if no specific 

software is needed, the level of detail required to build a balanced material flow model can be very time consuming. 

Further, the MFCA relies on a specific material-cost taxonomy, which complicates the interoperability (i.e. sub-criterion 

2.4) with more common accounting systems. For what concerns eLCC and sLCC, the applicability/complexity performance 

has been, to large extent, undermined by the amount of secondary data that these methodologies require (especially for 

sLCC). Finally, CE-LCC modelling approach requires a significantly higher amount of data and design specifications related 

with the rate of recycling and/or reusing of specific material components. While, from a theoretical point of view, 

providing this information constitutes a critical leap forward for circularity assessment, in practice, to date, such 

information would be only available for a very limited set of circularly designed products. This is why CE-LCCs scored 

lower for data availability and intensity requirements (sub-criteria 2.2 and 2.3). 

Notably, transparency (criterion 3) is the only requisite that was not met by any of selected methodologies. As stated 

several time in this study, the lack of a clear guidance like a general standard, and, on the other hand, the versatility of 

LCC approaches translated in specific case-based studies where methodological choices where tailored to the need of 

the study and rarely justified. In this context, we scored higher the methodologies having at least a general standard 

(MFCA) or a sector-specific standard (cLCC). The other methodologies have scored lower and lower depending on the 

general amount of complexity and maturity of the methodology. In this sense, sLCC scored worse because it is deemed 

the more complex and immature approach. This complexity automatically translates into several methodological choices 

that practitioners should undertake, eventually hampering transparency and reproducibility when not made 

transparently. 

Regarding methodological robustness (criterion 4), TEA and TCO are those scoring better. Even if neither general 

methodological guidelines nor standards are available for these two economic methodologies, their use is quite 

widespread in the academic community and methodological updates have been recently proposed (Buchner et al., 2018; 

Saccani et al., 2017; Thomassen et al., 2019). It should be emphasized that the well-defined scope of these alternative 

economic approaches ultimately benefits the progress of their methodological guidelines in terms of (1) clear taxonomies 

of economic figures to be considered and (2) specific dashboards of selected indicators to be used. With respect to item 

(1), the recent effort in providing an updated and general TCO framework structuring cost figures according to 

functionality and temporal stages should be noted (Saccani et al., 2017). This might serve as an example for the future 

ORIENTING methodology to guide users in selecting and organising economic figures. As an example, for item (2), TEA 

recently benefitted from a guideline developed in the context of CO2 capture technologies that guide users step-by-step 

(Zimmermann et al., 2020), thus limiting the alternative methodological choices generally characterising economic 

approaches. eLCC and sLCC seem to have no recent updates, as the methodological guides date back to those provided 

in Hunkeler et al. (2008) and Swarr et al. (2011). Also, their uptake in the scientific community seems to be lower 

compared to cLCC, TEA and TCO. Concerning CE-LCCs, even if they largely build on cLCC approach, they are very recent 

methodological proposals mainly promoted by single researchers. Thus far from being established and acknowledged 

methodologies in the scientific community. For this reason, CE-LCCs received among the lowest scores. 

From a life cycle thinking approach and completeness point of view (criteria 5 & 6), eLCC and sLCC seem to be the most 

suitable methodologies. In particular, sLCC is the most comprehensive methodological framework, as it is the only one 

including all life cycle phases and all types of externalities (environmental and social). It follows eLCC that, by definition, 

includes all life cycle stages and soon-to-be internalised externalities. Life cycle costing approaches including circularity 

measurements (CE-LCC) are also among the best methodologies in terms of life cycle and completeness criteria (criteria 

5 & 6). Indeed, on the one hand these methodologies extend the cLCC scope by including the circularity aspect; on the 

other hand, they generally address all the life cycle phases of a product – contrarily to the cLCC that very often focuses 

only on one cycle. Not surprisingly, TCO, TEA and MFCA score lower in criteria 5 & 6. Indeed, as explained in respective 

chapters, TCO only addresses the use perspective within the life-cycle thinking approach, thus its scope is, in general, 

reduced (e.g. no consideration of the manufacturing stage). Similarly, TEA is generally carried out from a business 

perspective; this means that only those figures relevant to the company business model are considered. Although TCO 

and TEA were not born within the LCM framework, recent developments showed that they can easily be adapted to fit 

within a life cycle thinking approach. By contrary, the MFCA remains an environmental accounting method, very distant 



 
D1.3 – Critical evaluation of economic approaches 
Dissemination level - PU 

 
 

 68 

from life cycle thinking, as it strictly focuses on the quantification of flows and stocks of materials in processes or 

production lines. 

Overall, the criteria scheme results confirm that a comprehensive methodological approach addressing the several (and 

often conflicting) stakeholders needs has still to be developed. Indeed, while methodological frameworks such as eLCC 

and sLCC encompass a broader stakeholder perspective, they still suffer from several operational problems that, finally, 

hamper their direct applicability. This is even more true in the industrial context, which on the one hand is often 

characterized by limited resources; on the other hand, it still struggles to recognize the usefulness that a LCC perspective 

may deliver. By contrast, rather industrial ad-hoc approaches such as TCO and/or TEA are more operational in terms of 

complexity and applicability. Yet, they are far from addressing all stakeholder needs, being focused only on one 

stakeholder perspective and not considering externalities. For what concerns cLCC, its main limitations seems to be 

mainly related to (1) its reduced system boundary/scope and (2) lack of transparent and clear methodological guidelines. 

With respect to item (1), cLCC practice seem to generally take on only a life cycle stage (or perspective) rather than the 

whole life cycle of a product. Further, externalities are by no means included. With respect to item (2), cLCC suffer the 

lack of a clear methodological guidance. Although this aspect is also shared by other economic approaches, it is 

particularly evident it is difficult to find a harmonised approach in the cLCC domain despite many applications. CE-LCCs 

appears as “ahead-of-time” promising methodological approaches (e.g., because to date it will be rather difficult to know 

the rate of secondary materials in product components). Still, they might be worth of consideration, especially for new 

innovative circular-designed products. To conclude, the lack of compatibility of the MFCA with life cycle thinking makes 

this approach of dubious relevance for the LCSA. Not only because its scope strictly focuses on the manufacturing stage, 

but also because it uses a specific material-cost accounting hardly integrable in a LCSA.  

  



 
D1.3 – Critical evaluation of economic approaches 
Dissemination level - PU 

 
 

 69 

7. Discussion 

 A LCC methodology encompassing a broad stakeholder perspective 

Most mature economic approaches (e.g. cLCC, TCO, TEA) mainly focus on one specific group of stakeholders, generally 

the manufacturer or the product user. In order to align and be compatible with the LCSA framework, ORIENTING shall 

strive for addressing all stakeholders along the value chain of a product (i.e. industry, users, society and policymakers). 

This will not only translate into technical challenges on how to select and provide metrics tailored to stakeholder groups, 

but will also represent conceptual and interpretation challenges. Indeed, whether a product is beneficial or detrimental 

is subject to interpretation, based on a stakeholder’s perspective, since a benefit for a company might not necessarily be 

a benefit for society, the company’s workers, or local communities. While for manufacturer and user stakeholder groups 

the selection of indicators and quantification procedures might be more straightforward, as it can rely on existing 

approaches such as TCO and TEA, the inclusion of metrics suitable for policymakers will require careful analysis, also in 

relation with the social dimension, addressed in Deliverable 1.2 by Task 1.3. 

Besides the conceptual/interpretation challenges, the provision of a multi-stakeholder perspective methodology will also 

require considering and advancing technical aspects such as double-counting issues, which are often debated but still 

unaddressed in current academic discourse. Since, the ORIENTING methodology will draw on the LCSA framework and, 

therefore an LCA and S-LCA will be conducted in parallel, it will be critical to establish how economic metrics should 

complement the social and environmental results. To do so, a first step consists in defining the economic indicators of 

interest to policymakers and, then, ensuring that these do not overlap with metrics provided in LCA or S-LCA when 

calculating aggregated scores. In this respect, it should be important to stress that, from a technical point of view, the 

double-counting could be avoided within the economic dimension but could arise when calculating LCSA (single) scores 

integrating the three pillars of sustainability. While single scores can facilitate a decision-making process to prioritise 

choices, they come with some limitations in terms of transparency and interpretation (by experts). These latter, in turn, 

calls for the possibility of providing granular data within each sustainability domain. In other words, monetising 

environmental or societal impacts should always be considered, if operationally feasible, as a tool to provide 

complementary information that may aid decision-making. Their sub-sequent inclusion in aggregated LCSA indicators 

will, in turn, depend on potential overlaps with the two other pillars. In this sense, a modular framework permitting the 

inclusion/exclusion of specific modules and indicators depending on stakeholder needs appears to be a possible path to 

an operationalisation. 

 

 Externalities monetization 

Apart from purely private cost considerations, externalities (environmental & societal) are also relevant, especially for 

policymakers, and should be included at least for this stakeholder group. From a conceptual point of view, it should be 

clarified whether soon-to-be internalised externalities are considered as a case of double counting that ought to be 

avoided, or instead, their economic relevance justifies their inclusion in both the economic assessment and 

environmental assessment. The question is for instance whether the CO2-eq emissions quantified in an environmental 

LCA shall be taken into account in full if for at least part of these emissions a tax or an emissions allowance has been paid 

or bought, whose cost occurs in the economic assessment. This could mean accepting trade-offs between different 

dimensions of sustainability. On the other hand, paying a CO2 tax does not necessarily improve the environmental 

performance of a company. Things become more complex for externalities that are not going to be internalised in the 

short term and that do not have a direct monetary value to be assigned. In this case, monetization of environmental 

impacts needs to be carried out using adequate methods and accounting for uncertainties. However, the use of these 

methods is far from common practice for industrial users or consumers and lacks standardised approaches and methods, 

thus requiring significant efforts in their application. The ORIENTING project aims at developing and providing guidance 

towards a more standardised application of related methods for all stakeholders, which is sought through dedicated 

workshops and other forms of stakeholder engagement. 
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 Methodology operationality 

The overarching goal of ORIENTING is to provide an operational methodology for the LCSA of products. This boils downs 

to an at-hand methodology that can be implemented with limited technical support by different kind of industries. Still, 

the state of the art of the research providing harmonised guidance on how to implement LCC in practice is less developed 

for the economic domain than for other sustainability pillars (Kambanou, 2020). Most of the case studies reviewed did 

not build upon previous LCC research discourse, resulting in a highly disconnected and fragmented methodological 

sphere. Moreover, articles on LCC methods provided limited information concerning the life cycle phases addressed, 

information sources consulted, cost estimation methods used, and the nature of analyses done. A systematic 

understanding on the usability of LCC is limited by the majority of studies being one-off case studies in which LCC 

tools/methods are developed in a specific way, preventing it from being transferred or generalized. 

In this context, the ORIENTING methodology aims at improving LCC operationality in several ways. First, a more accurate 

and consistent application/adaptation of the LCA ISO 14044 standard should be foreseen, especially in terms of 

methodological steps to follow. Building on Hunkeler et al (2008) and Swarr et al. (2011), more detailed guidelines on 

how to establish the goal and scope, system boundary and links to economic figures should be provided and aligned with 

LCA. Data classification, collection, and the further quality assessment is particularly important in LCC. In fact, quality 

assessment is often neglected (Ciroth, 2009; Gluch et al., 2018). Similarly, also the provision of a systematic approach to 

sensitivity and uncertainty analyses might help fostering their use in different LCC applications. Furthermore, a cost 

breakdown structure categorising economic figures according to life cycle stages and types of cost might also improve 

the LCC operationalisation. Some recent examples of these cost taxonomies are available in the ISO 15686 (for the 

building sector) and in Saccani et al. (2017). Finally, the ORIENTING methodology should also provide specific guidance 

on cashflows and discount rate accounting, and how these should be tailored to the specific type of assessment envisaged 

or to the perspective of the targeted stakeholder. 
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8. Conclusions and outlook 

This deliverable reviewed the main established life cycle costing approaches in order to understand and address current 

research gaps towards the development of a comprehensive and consistent LCSA framework. Despite the historical roots 

of LCC which date back to the 1960s, the industrial uptake of a consistent and comprehensive LCC methodology is very 

slow, if not absent (D’Incognito, Costantino, & Migliaccio, 2015; Higham, Fortune, & James, 2015). On the top of that, 

existing LCC approaches still suffer from several drawbacks as regards their alignment with the more encompassing LCSA 

framework, being these conceptual (e.g. in terms of system boundary and stakeholder’s perspective) and/or technical 

(e.g. double-counting issues). 

Based on the literature review and the criteria evaluation exercise, we hereby summarise the main key messages that 

WP2 should consider. These are: 

1. To seek for a comprehensive methodological framework where links between life cycle stages and stakeholder 

perspectives are thoroughly described. To this aim, the eLCC seems to be the main framework to consider as it 

does not only include, by definition, all of the product’s life cycle stages but also the consideration of soon-to-

be-internalised externalities. 

2. To develop a modular and incremental framework. Given the sometimes opposing stakeholders’ interests (e.g. 

industry vs consumer), the framework should allow users to select specific modules linked to both, stakeholder 

perspectives and/or life cycle stages. As an example, the methodology might start with a basic cLCC module 

focusing on one (or several) life cycle stages, and then expanding this by adding further perspectives16 (i.e. 

society) and/or product life cycle stages. The cLCC module, however, would need to comply with the general 

principles of ORIENTING’s LCSA framework to allow a straightforward extension to eLCC or sLCC. 

3. To provide clear guidance for double counting issues (1) within the economic pillar and (2) between LCSA pillars. 

For item (1), WP2 should explore practical ways to deliver economic indicators aggregating all life cycle stages 

paying attention to the trade-off between actors. This aspect will be particularly important for the development 

of final aggregated indicators. For item (2), WP2 should first establish what type of externalities represents a 

double counting issue, and then provide guidance on how to address them. In this context, the modular 

framework architecture might ease the selection/removal of externalities from the calculation of indicators.  

4. To clarify the extent of externalities to be considered whilst accounting for data availability, i.e. how to 

operationalise/calculate them. WP2 may start from considering those externalities (including soon-to-be-

internalised ones) that are most easily quantifiable using existing methods and data (cf. section 3.1.6) and then 

develop proposals on how to account for further relevant externalities.   

5. To specify indicators according to stakeholder perspective. On the one hand, indicators commonly employed 

in TEA might offer the natural basis for the business perspective, while indicators used in TCO studies can be a 

point of departure for the consumer (i.e. for the use phase). On the other hand, progress in defining economic 

indicators for society appears to be far behind. In this respect, WP2 should further explore the extension of the 

research scope beyond the cost-driven view of classical LCC applications to address the societal perspective. In 

this report, we mainly focused on economic assessments that adopt a microeconomic perspective and are not 

linked with macroeconomic impacts such as “economic prosperity” and/or “economic resilience”. Clearly, these 

latter can be much more relevant from a society point of view. The economic LCA approach proposed by 

Neugebauer et al. (2016) represents an effort towards this direction that may be considered. Similarly, sLCC is 

interested in capturing the societal perspective by including a wide range of externalities. Here, however, the 

main challenges are related to data availability and uncertainty, explaining the relatively low availability of case 

studies. As mentioned above, WP2 therefore aims at advancing work on the quantification of externalities. 

6. To develop a cost breakdown structure categorising economic figures according to life cycle stages (e.g. capital 

investment, manufacturing, use and EoL stages) and types of costs (e.g. labour, raw materials, transports, utility 

 
 

16 By adding further “perspective” we mean adding specific economic indicators (and therefore calculus) to monitor 
stakeholder interest (e.g. wealth creation). 
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etc). Some recent examples of these cost taxonomies are available in the ISO 15686 (for the building sector) and 

in Saccani et al. (2017) for the use phase. Ideally, these frameworks should be adapted to the product life cycle 

costs so that practitioners have a clear picture of data required. 

7. To provide specific guidance on capital cost assessment. Capital costs are, arguably, the most difficult to address 

as they can be calculated/accounted by several methods. WP 2 should guide practitioner providing a “best-

practice approach” on how to calculate them and how to refer them to the functional unit.  

8. To provide specific guidance on discount rate selection according to the specific type of assessment envisaged 

or to the perspective of the targeted stakeholder. In this sense, based on existing EU guidelines (European 

Commission, 2014), WP2 may specify specific interest rate ranges according to stakeholder perspective (i.e. 

higher for business and lower for society), or type of sectors (i.e. higher for technology and lower for consumer 

staples sector). 

9. To provide a specific methodological section on “economic” data quality assessment. WP 2 may adapt the LCA 

data quality assessment to the economic context. In this sense, the pedigree matrix provided in Ciroth (2009) 

might be a good basis. Ideally, the quality and availability of data should be linked to the TRLs, as in the TEA 

guidelines. This would favour interpretation (and thus comparison) of LCC studies according to their maturity 

level.  
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Annexes 

 Annex 1: Granular overview of criteria scheme results 

The original master excel criteria scheme can be found at: https://orienting.eu/publications/d1-3-critical-
evaluation-of-economic-approaches-annex/  
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Total 4.03 3.73 3.12 3.41 3.88 3.74 3.31 

Total score A- B+ B- B B+ B+ B 

Criteria 1. Stakeholder acceptance, credibility and suitability B+ B C+ D+ B+ B+ B- 

Sub-criteria 1.1. Acceptance by Policymakers B B B E C B C 

Sub-criteria 1.2.a Acceptance by Industry (use by the industry) B C D E C B B 

Sub-criteria 1.2.b Acceptance by Industry (overall suitability) A A A D C A C 

Sub-criteria 1.2.c Acceptance by Industry (SME suitability) B C E C B C C 

Sub-criteria 1.3. Acceptance by Academia B C C D B C B 

Sub-criteria 1.4. Acceptance by Civil society C B C D B N/A N/A 

Sub-criteria 1.5. Credibility among stakeholders B C D D A A D 

Criteria 2. Applicability / complexity B+ C+ D+ B+ A- B- C 

Sub-criteria 2.1. Technical feasibility A C D A A B A 

Sub-criteria 2.2. Data availability and accessibility C C/D D/E C C C D 

Sub-criteria 2.3. Data-intensity requirement B C C C A C E 

Sub-criteria 2.4. Interoperability B C N/A B B C D 

Criteria 3. Transparency B C+ D D+ B C+ B+ 

Sub-criteria 3.1. Traceability of the modelling data and model used B B N/A N/A C C B 

Sub-criteria 3.2. Transparency of documentation B C D D B C B 

Sub-criteria 3.3. Reproducibility C D E N/A B C B 

Criteria 4. Scientific robustness B+ B C B B+ A B 

Sub-criteria 4.1. Peer-reviewed or verification from third party A A C B A A A 

Sub-criteria 4.2. State-of-the-art B C C N/A B B A 

Sub-criteria 4.3. Description and impacts of uncertainty C D E C C B C 

Criteria 5. Completeness B+ A A+ A B A B+ 

Sub-criteria 5.1. Inclusion of positive and negative impacts B A A B C A A 

Sub-criteria 5.2. Ability to be applied to site specific contexts  A A A A A A A 

Sub-criteria 5.3. Completeness of aspects related to that topic C B A B C C D 

Criteria 6. Compatibility with Life Cycle Approach A A+ A+ A+ B+ B C 

Sub-criteria 6.1. Inclusion of life cycle thinking/approach B A A A C D E 

Sub-criteria 6.2. Allows normalization and weighting A A A A A A B 

https://orienting.eu/publications/d1-3-critical-evaluation-of-economic-approaches-annex/
https://orienting.eu/publications/d1-3-critical-evaluation-of-economic-approaches-annex/
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 Annex 2: Scores meaning 

Nr. Of sub-
criteria 

Meaning of the scores17 

 A (best scenario) E (worst scenario) 

1.1 The methodology is endorsed by one or more 
multinational bodies (e.g., EU) 

The methodology is not accepted by any 
governmental bodies or other relevant public 
organization 

1.2.a The methodology is endorsed by all/most/majority of 
sectors of industrial economy 

The methodology is not endorsed nor used by 
industry 

1.2.b The methodology  is suitable for almost all industries The methodology  is only suitable for specific 
industries 

1.2.c The methodology can be understood and applied 
with little time and financial investments. 

The methodology is complex and requires extensive 
time and financial investments.  

1.3 The methodology is well trusted by international 
research promoters/bodies 

The methodology is not accepted by scientific bodies 
to any extension 

1.4 The methodology is generally applied and trusted by 
general public and NGOs 

No, the methodology is not accepted by NGOs or civil 
society 

1.5 The methodology is transparent and can be easily 
understood and reproduced by non-experts in the 
field 

The methodology is not transparent, nor easily 
understood 

2.1  Calculation can be done with standard freely 
available software tools.   

The calculation requires dedicated and paid 
integration software, specific programmes and/or 
technical expertise  

2.2 General data is available for free (e.g. internet 
download) in appropriate formats without 
restrictions  

Data is not available and cannot be made available 
for third users 

2.3 Very high (foreground) data requirements to 
generate results, when comparing to other similar 
methods 

Very high (foreground) data requirements to 
generate results on the method/tool, when 
comparing to other methods of the same 
method/methodology/tool 

2.4 The required calculation software and databases 
allow the conversion of files due to both metadata, 
nomenclature and data type/structure. 

The required inputs and outputs from databases and 
software have unique structure and do not allow the 
conversion. 

3.1 Full methodological specifications are continuously 
available and regularly updated 

No methodological specifications are available 

3.2 All methodological choices are clearly documented No (detailed) methodological specifications are 
available 

3.3 The methodology can be easily applied, and results 
are always consistent between different applications 

There is not enough documentation supporting a 
clear and consistent application of the methodology 

4.1 The methodology has been peer reviewed (journal, 
panel, book, etc.) or verified by third party 

There is no documentation stating any peer-review 
status or verification by third party 

4.2 The methodology reflects the up-to-date knowledge 
on the topic 

The methodology is not updated and could lead to 
severe misinterpretation of current scientific 
knowledge 

4.3 Uncertainty is endorsed by methodological 
prescription and always provided, motivated and 
reported in statistical terms 

No documentation of result uncertainty or no 
information was found 

5.1 Both positive and negative impacts are always 
included in the analysis of the product system 

Only negative impacts are included in the analysis of 
the product system 

5.2 The methodology can be applied to site-specific 
contexts 

The methodology includes generic models only 

 
 

17 Note that due to space reasons only best  and worst scenario descriptions are provided. For more information the reader can refer 

to the Excel file. 
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5.3 The methodology extensively covers the relevant 
aspects of the topic 

There is a lack of relevant aspects of the topic 
covered by the methodology OR the methodology is a 
single-issue approach 

6.1 The methodology considers all (relevant) aspects 
(and stakeholders) of the entire life cycle of a product 
or organization 

The methodology does not acknowledge the life cycle 
thinking and there is no direct relationship between 
concepts 

6.2 The results can be normalized or weighted. The results don't allow normalization or weighting 

 

 


