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Abstract: Life Cycle Assessment (LCA) is increasingly being applied in corporate accounting. Re-
cently, especially carbon footprinting (CF) has been adopted as ‘LCA light’ in accordance with the
Greenhouse Gas Protocol. According to the strategy ‘balance, reduce, substitute, compensate’, the
approach is intended to provide the basis for optimization towards climate neutrality. However,
two major problems arise: (1) due to the predominant focus on climate neutrality, other decisive
life-cycle impact categories are often ignored, resulting in a misrecognition of potential trade-offs, and
(2) LCA is not perceived as an equal method alongside cost and value-added accounting in everyday
business, as it relies on a fundamentally different system understanding. In this paper, we present
basic considerations for merging the business and life-cycle perspectives and introduce a novel
accounting system that combines elements of traditional operational value-added accounting, process
and material flow analysis as well as LCA. The method is based on an extended system thinking, a set
of principles, a calculation system, and external cost factors for the impact categories climate change,
stratospheric ozone depletion, air pollution, eutrophication and acidification. As a scientifically
robust assessment method, the presented approach is intended to be applied in everyday operations
in manufacturing companies, providing a foundation for a fundamental change in industrial thought
patterns on the way to the total avoidance of negative environmental impacts (i.e., environmental
neutrality). Therefore, this is validated in two application examples in the German special tools
industry, proving its practicability and reproducibility as well as the suitability of specifically derived
indicators for the selective optimization of production systems.

Keywords: environmental management accounting; externalities accounting; sustainable
manufacturing; climate neutrality; environmental neutrality

1. Introduction

Sustainability is an inherent challenge in future industrial production. Ever since its
baseline concept was published over 40 years ago [1], its operationalization to business
practice has been massively hindered by the vague formulation of the basic concept [2].
Especially the enforcement of the triple bottom line interpretation (weak sustainability),
which led to the possibility of asserting subjective demands and, thus, to a dilution of
the overall concept [2–6]. Questions of social and environmental impact thus continue to
receive far less attention in the operational decision-making process than economic bene-
fits. While integration into business management is now common practice in companies,
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especially when certification and/or reporting (e.g., according to GHG Protocol, ISO14001,
EMAS, CSR) are pending, its results rarely lead to decisions that are appropriate in the
sense of a regulative economy, be they within the framework of planetary boundaries
or socially accepted target conditions [7]. A stricter integration of ecological and social
aspects into corporate accounting has been the subject of intense discussion in the scien-
tific community for decades now, including under the term social entrepreneurship [8],
leading to a multitude of methodical approaches. However, two major problems remain,
which have not been comprehensively addressed in either life-cycle engineering (LCE) or
environmental management accounting (EMA) [9–15]:

(1) Due to the predominant focus on climate neutrality in the contemporary manufac-
turing industry, carbon footprinting (CF) is a far more common concept in business
practice than a complete LCA. This restriction to a single-impact category results in a
misrecognition of other life-cycle impact categories. Potential trade-offs are often not
understood, and thus ignored.

(2) Although standardized in the early 2000s [16,17], LCA is not perceived as an equal
method alongside cost- and/or value-added accounting in everyday business, but
as a stand-alone approach. This is mostly due to the fact that it relies on a funda-
mentally different system understanding to traditional business accounting. Today,
LCA results are often compared with costs in complicated cost-impact diagrams,
which represent a weak precondition for an equal consideration of economic, eco-
logical and social factors. Another alternative is the monetarization of externalities,
for which basic approaches exist (e.g., abatement and damage costs). However,
only a few methodological frameworks are available for an effective integration
into corporate accounting, which represents the main source of decision-making in
day-to-day operations.

In this paper, we thus raise the question what exactly the ‘value-added of production’
from an economic and ecological perspective is? Thereupon, we analyze to what extent
current theories and concepts of (business) economics reflect the question of an integrated
understanding of value and how an integrated value-added accounting system should be
designed. The research process of this work follows the standard approach of real sciences
according to Ulrich and Hill [18]. The aim of this work is to execute subjectively perceived
sections of reality by describing and defining concepts, to abstract on the basis of individual
cases and to develop alternative courses of action for the realization of future realities.

This paper documents the investigation of the status of integrating ecosystem services
into business value-added accounting and the development of a method for measuring the
economic-ecological value-added of production systems. Thus, it adopts a semi-systematic
review approach to reduce bias due to a selective literature choice and to increase the
reliability of the literature choice according to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines. By identifying the essential issues of
integrated sustainability accounting, a search string for a literature review was developed.
The search was conducted in electronic literature databases including Google Scholar,
Semantic Scholar, Scite, WorldWideScience and Fraunhofer Enhanced Library (eLib). The
keywords for the search process resulted from a panel of three experts in the fields of pro-
duction engineering, business accounting and sustainable engineering, who also reviewed
the literature selection. Similar approaches are well documented in the literature [19,20].
The synthesis ofthe results provides the basis for the developed accounting system.

2. Fundamental Considerations
2.1. A Brief History of the Concept of Value in Society and Economics

The concept of value is complex and influenced by different disciplines as well as
religion and human perception. A common interpretation for the term does not exist. The
perception of value represents an intersubjective entity, i.e., it is neither purely subjective
nor completely objectively measurable [21]. Rather, the value of a given object emerges
when a certain number of people believe in it. Our ideals are decisive in this. However, they
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differ considerably depending on the point of view (e.g., individual, company or society)
and the timeframe (what is ‘in vogue’ in the current generation).

Ideals, in the sense of morally good attributes, are usually a subject of investigation in
ethics. The answer to the core question of practical ethics, which actions are considered
morally valuable, is known as the “golden rule”. In the form of a positively or nega-
tively formulated maxim, it appears in almost every moral–ethical or religious treatise. A
particularly prevalent representative of moral ethics is Immanuel Kant, who stated that
moral actions in a society (which must also include industrial value creation) must always
follow a categorical maxim. While, for Kant [22], a moral action manifests itself only in the
here and now, Jonas [23] advocates an expansion of the space of observation. In times of
increasingly evident damage to the ecological and social environment, it is no longer just
the here and now that is relevant, but also the consequences of action. According to Jonas’
principle of responsibility, an action is to be regarded as moral if it is in harmony with the
permanence of human life.

The economic perception of value is largely based on classical and neoclassical theo-
ries [24]. Thereby, two fundamental approaches are distinguished: objective and subjective
value theories. The objective value theory comprises a number of approaches to describe a
good’s real monetary value. The first approaches date back to Locke’s natural value theory,
which derives the human right to property from the work performed [25]. Among its most
prominent representatives are Smith [25], Ricardo [26] and Marx [27]. The latter, for the
first time, emphasized the dependence of economic value creation on social paradigms. In
contrast, the subjective value theories focus on an individual utility as the central object
of investigation. These theories do not consider absolute values but infinitesimal changes
in utility. The central instrument of subjective value theories is the marginal principle,
dating back to von Thuenen in the 19th century [28]. Closely linked to the concept, which
was further developed by leading figures such as Jevons, Menger and Walras [29–31],
is the already rejected economic concept of the rationally acting individual. This homo
oeconomicus assigns a value merely to the next infinitissimal benefit, to be represented in
monetary units.

In early economic theories, nature was of secondary importance. For example, Smith
places emphasis on individual utility, which, assuming full competition, adds up to a
collective optimum of prosperity [25]. The decisive factor here is the scarcity of goods.
Believing that nature exists infinitively, it is regarded as free of charge. If a good is free,
it has no monetary value. This did not change until the 1950s with the emergence of
ecological and environmental economics and industrial ecology, predominantly influenced
by Kapp [32]. Ecological economists are deeply concerned with the role of limited natural
conditions for production [3,33]. The classic concept of ecological economics is the idea
of sufficiency. Representatives of this school include Socolow et al. and Bartelmus [34,35].
In contrast to neoclassical economics, they emphasize that production depends on non-
reproducible resources that cannot be replaced by human labor and technology. The main
question in the value debate among ecological economists is whether the direct attribution
of economic value to nature is the most logical and meaningful way to incorporate this
concern for limited natural conditions into the analysis of the market valuation of nature
and contemporary environmental problems [36].

2.2. The Value-Added of Production

As with the concept of value, no common interpretation exists for the term value-
added [37]. Various authors identify value creation, in the sense of generating value through
the planned combination of production factors, as the core objective of all production [38–41].
Porter understands value-added within a company as a sequence of certain activities
in combination with the profit margin [42]. While Porter reduces the term to a purely
financial value, Westkämper emphasizes that the added value can be both monetary
and functional [40,42]. According to the lean management philosophy, manufacturing
companies in the last 30 years have largely streamlined their businesses towards the
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perception of value by the customer [43]. According to Zeithaml, four types of value
perception by the customer may be differed: (1) sacrifice of low price, (2) benefits of the
product, (3) quality obtained for the price paid, and (4) total benefits obtained for total
sacrifice incurred [44].

Although manufacturing is a process dedicated to the satisfaction of human needs
within the life-cycle of products, it may have a lower or higher value for the ecosystem
depending on the degree of environmental impact. Consequently, production researchers
have recently outlined the concept of a positive impact factory, which serves as an emis-
sions and waste sink (but, in most cases, is far from industrial application) [45,46]. Various
authors have attempted to describe the value of nature (e.g., ecosystem services) [47–49].
However, crucial to this work is the way nature is classified in terms of production. Ap-
proaches to the classification of nature can be found under [50–52]. The most elementary
classification is that of life-cycle engineering, i.e., the subdivision of nature into impact
categories perceived by humans.

In this paper, we interpret the value of production as a categorical maxim of an action
that is desirable from an economic and ecological perspective. Thereby, we assume that it
is possible to quantify its magnitude in monetary terms. From an anthropocentric point
of view, the integrated value of production is the quantity of monetary units that both a
company and society contribute to production.

2.3. State of the Art of Operational Added Value Calculation

The value-added today is a central measure of the performance of an economic
unit [53]. Its quantification in the business context is carried out in the operational value-
added calculation [54–56]. The approach is regarded as a special case of corporate account-
ing (largely differing from cost accounting), as it can be used for both external and internal
accounting. However, a uniform accounting system does not exist. The reason for this is the
lack of a consistent definition of business and intermediate consumption. Existing concepts
of operational value-added calculation can be classified according to their horizon, which
can be narrow or broad. The narrow understanding calculates the operational value-added
from the sum of profits, wages and salaries. The broad understanding is based on the con-
sideration of the difference between gross profits and intermediate consumption. Similar to
national accounts, gross profits are calculated by sales minus increases in stocks of finished
and unfinished goods and the equipment produced for own use. The intermediate inputs
of other companies are understood as material costs, depreciation, external, field service
and risk costs [57].

A growing number of researchers have investigated the design and implementation
of accounting practices that address environmental issues [58–64]. However, virtually all
work that aims at a monetary internalization of externalities into the business account-
ing can be attributed to full-cost accounting (i.e., not value-added accounting). The first
works originate from the late 1980s and early 1990s. To date, several approaches have
been presented. These include ecologically oriented cost accounting, Full Cost Accounting
(FCA) at Ontario Hydro, Costs of Environmental Effects (CEE) at the Dutch BTO Ori-
gin, Prevented Environmental Costs Accounting at the German Neumarker Landsbräu
brewery, Integrative Environmental Cost Accounting, Sustainability Cost Accounting and
Environmental Management Accounting (EMS) [65–71]. External effects are internalized
either by abatement or damage cost approaches (i.e., willingness-to-pay/sell), the two most
common methods for the monetization of external effects [72,73]. While the former seeks to
estimate the caused damage, the latter can be understood as the costs of prevention. More
recent, similar concepts for monetizing environmental impacts, especially in the context of
capitalizing and managing “commons” such as forests, lakes, rivers, and the atmosphere,
were presented under terms such as natural capital accounting or payments for ecosystem
services [74–79].

Another stream of thought is life-cycle costing (LCC) that is not assigned to environ-
mental cost accounting in the literature. Although it is not intended ab initio, it in principle
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enables the internalization of external environmental effects [80]. However, this is also
possible by means of an additional LCA, in conjunction with abatement or damage cost
approaches (see Eco Costs 99, Environmental Priority System) [81,82]. In addition, the
aim of an LCC is not to record the environmental impacts within a company and allocate
them in monetary values to cost centers and products, but to identify potential for the
improvement of a single product across its entire life cycle.

Approaches with a genuine focus on integrating the environment into operational
value-added accounting are rare. Of particular significance in this context are the concepts
of environmental and sustainable value-added [79–84]. Sustainable value-added represents
the relationship between the value created by the company and the damage it causes, as
well as that of a benchmark. Previous periods, similar competitors or the company’s sector
can be used as a benchmark [83]. Similar concepts, representing a ratio of generated value
and associated environmental damage, have been presented under the terms green or
net value-added, natural and/or true value accounting [84,85]. Although the concepts
explicitly include ecology in the operational value-added calculation, they are indicators
that are limited to the company level. On this basis, an allocation at the product or process
level is hardly possible. No consistent procedural method is presented for quantifying
ecological value.

3. Results

3.1. eco2-Value-Added Approach
3.1.1. Extended System Understanding

Fundamental to the development of a categorical interpretation of value creation
in manufacturing companies is an understanding of systems that goes far beyond the
scope of conventional business administration. Therefore, it is essential to develop an
understanding that combines the views of conventional business administration with the
systemic understanding of ecology and the priority model of sustainability. According to
systems theory, the designation of the surrounding systems and the specification of the
recurring interactions between the subsystems are decisive [86].

Human existence is based on certain natural conditions, summarized here in the
system of the ecosphere. As such, it comprises all animate and inanimate elements of
the system earth. In this understanding, human existence represents a sub-section of the
ecosphere, which will be referred to as the anthroposphere. The anthroposphere is, in turn,
divided into two subsystems: economic and social. An enterprise represents a manifestation
of human existence and is assigned to the anthroposphere. In systems theory, a company
is initially regarded as a black box, whose core objective is to create value. In order to
achieve this goal, certain input variables are required and, through their combination,
certain output variables are generated. The company obtains input variables from the
markets of the economic and social system and the ecosphere. Similarly, output variables
are supplied to the markets of the economic and social system and the ecosphere. The
potential effects of the production of goods and services on the eco- and anthroposphere
are covered by the impact system. In addition, a fictitious impact system is required to
record the impact of producing goods and offer services on the eco- and anthroposphere.
This is initially assigned to the ecosphere, but has various exchange relationships with the
anthroposphere. The ecological consequences of extraction (source function) or release
(sink function) can cause problems at the global and local level. The impact system is,
therefore, further subdivided into global and local systems. The interaction of a company
and its surrounding systems takes place as information and real or nominal goods flow.
The interaction of a company with its impact system represents a special case of relation
as it is solely based on the transfer of real goods that each generate a nominal flow of
goods, mostly with a certain time lag, i.e., external costs. These, however, generally do
not affect the company itself but other systems of the anthroposphere. Figure 1 illustrates
the extended system understanding that sets the basis for an integrative value-added
accounting scheme.
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3.1.2. Premises of an Integrated Value-Added Accounting

The accounting system presented here follows six principles that serve hermeneutical
and/or procedural functions (for details, please see Supplementary Materials):

� Value principle: A production–economic activity never exclusively serves the satisfac-
tion of individual needs, but must ensure that its consequences are justified in terms
of socially accepted standards. In order to meet this requirement, the sustainable
production value of a productive activity is defined as the sum of economic value and
natural value.

� Sustainability principle: A production–economic activity at the economic–ecological
interface is considered sustainable if the difference between external production value
and value consumption is greater than or equal to zero. There are only two possibilities
for sustainable value creation from a business perspective: An action has a positive
natural value, or a company specifically pays the natural debt it has caused.

� Superposition principle: Both the amendment and damage cost approach are rejected
as insufficient for internalizing external costs. Since it is impossible to predict whether
the solution to the environmental problem will be achieved by avoiding, adapting to
and accepting the damage, a paradox arises that essentially relates to Schrödinger’s cat.
As the solution of the environmental problem is currently conceivable by prevention
and by acceptance of the damage, both conditions must be considered equally.
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� Materiality principle: Since it is rarely possible to identify all the actual consequences
of an action, an iterative approach is needed to calculate the NV. If the cause–effect
chain of an action is very complex, the first step is to focus on the significant damage.

� Damage occurrence principle: Environmental impact does not necessarily result in
damage. From the perspective of the system under consideration, however, this
is irrelevant. Similar to the superposition principle, there is no clear tendency of
whether a damage occurs or not. Therefore, it is assumed in principle that the damage
will occur.

� Co-production principle: A production process is to be understood as co-production
in any case.

3.1.3. Generic Procedural Approach

The generic approach combines elements of traditional operational cost accounting,
calculatory value-added accounting, process and material flow analysis, as well as life-cycle
assessment, and complements these at selected points. As a measure of sustainable value
creation, the eco2 value-added (e2VA) is introduced, which is calculated from the difference
between the production value (PV) and the value consumption (VC), i.e.: e2VA = PV−VC.
In the sense of the extended system understanding, two subsystems are distinguished. The
internal system (I) characterizes the company as such. It is sufficiently described by its own
system boundaries. The external system (E), on the other hand, is the embodiment of the
previously introduced impact system, the system boundaries that differ according to the
considered impact category. The distinction between the two systems requires a separate
calculation and comparison of PV and VC, i.e.: e2VA =

[
PVI + PVE

]
−
[
VCI + VCE

]
.

In order to comply with the previously formulated sustainability principle, the system
aims at a completely impact-independent production. In the following, this objective is
referred to as the externality condition, i.e., the target of external value-added (EVA) is ≥0,
i.e.,: EVA = PVE−VCE ≥ 0. If the externality condition is not fulfilled, a socially perceived
reduction in natural value occurs.

Regarding its application to any object of investigation, the question arises as to which
information of the internal and external system is relevant and how they correlate. Since
the approach can be applied in a variety of cases, the object and system under investigation
must first be specified. As a result of the wide range of methods for implementing the
conceptual principles described below, a selection must then be made depending on the
internal and external system that is described in detail. Likewise, the composition of the
PVI in relation to the object of investigation can differ considerably. The target system of
the study is to be designed congruently. Thereupon, the environmental problems perceived
by society and preferred environmental constitutions must be quantified. For this purpose,
an according socio-economic analysis has to be carried out. The aim is to calculate so-
cially effective procurement prices in line with the German Federal Environmental Agency
(UBA) [57,86]. In order to be able to allocate these prices to consumption according to their
cause, the quantity structure of the object of investigation is of essential importance. After
this, the basic considerations outlined above can be made in the form of an extended opera-
tional value-added calculation and interpreted with regard to their legitimacy, optimization
potential, etc. Figure 2 summarizes the generic procedure in nine steps.
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The first step is to determine the object of investigation. It serves as a basis for the
assessment of the value-added. The procedure proposed serves various purposes at differ-
ent points in time in the sequence of the operational service creation process at different
object levels. The latter comprises the system (company) and its subsystems (business
area, product, process). The points in time in the sequence of the operational service
provision process depend on the choice of object. While a product stands on its own
(here, only the life-cycle is relevant), the choice of the points in time in all other cases
requires a different balancing limit of the external system. In the case of the production
process, the product development, production and end-of-life phases are the main ar-
eas of consideration. In the case of the company, these are either the entire life phase
(foundation-to-liquidation) or a certain phase of existence (e.g., operating year, quarter).
The purpose can be a comparison of alternatives, e.g., between products, technologies or
companies, the identification of essential levers of optimization, speculation on a future de-
velopment or the legitimization of an operational action from the perspective of sustainable
value creation.

Second, the internal and external system must be specified. Their particular character-
istics dictate the use of the methods of quantity, impact and value-added calculation. The
internal system describes the production methods, principles and concepts used. Types
of production are single-part, repetitive, variant, series or mass production. The produc-
tion principles include construction site production, workshop principle, production cells,
flexible systems and flow principle [40]. Last, but not least, the manufacturing concepts
consider the decoupling of production with regard to customer requirements. A distinction
is made between make-to-stock, assemble-to-order, make-to-order and engineer-to-order.
After describing the internal system, its interaction with the external system must be char-
acterized. Therefore, a separation of foreground and background system is advised. The
latter can again be divided into upstream and downstream systems [87]. The decisive factor
for the choice of system boundaries of foreground and background systems of individual
production factors is the competence principle.

Methods for calculating internal and external value-added are selected by a range
of approaches that exist in the majority of cases. While the calculation of PVI and VCI of
an enterprise can follow the pattern described above, the investigation of a subsystem of
the organization (product, process) requires a proper allocation of PVI and VCI. For this
purpose, the present work recalls on traditional cost accounting. The essential structures
are already established in many companies. The distribution of production value and value
consumption types to a product or process is carried out according to the specifications of
the internal system using divisional, overhead or joint costing. As a method for determining
PVE and VCE, a life-cycle assessment is to be applied [52].

The target system in the context of sustainable value creation is fully described by the
respective purpose with regard to the internal and external system. The target system of
the internal system varies depending on the object of investigation. In comparison to the
consideration of the entire enterprise system, in which the revenue for co-products and
recyclable waste is usually known through accounting, the subsystem must be oriented to
the co-production principle formulated at the beginning. Thus, it must first be examined
whether co-products and recyclable waste are generated. If this is the case, they are to be
valuated at market prices and integrated into the cost estimate. In the case of the external
system, the derivation of PVE represents a high hurdle. In essence, it is necessary to an-
swer the question of what benefits a production-related action can provide with regard to
specific environmental problem areas. Two options can be derived from the principle of
sustainability: (1) A production does not contribute in any way to all known environmental
problems—which is not very likely at present—or (2) the company contributes actively
to solving the environmental problems it has caused. The latter can happen in two dif-
ferent ways. On the one hand, the use of certain internal input and/or output variables
can contribute to the realization of one or more socially preferred environmental states,
e.g., Zhu et al. demonstrate certain positive effects of individual greenhouse gases on the
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growth of certain plants, which, in turn, contribute to the solution of the environmental
problem of climate change [88]. If such a benefit from a contribution is known, adequate
credits, depending on the interactions, are to be considered in the accounting system de-
scribed below. Although this possibility exists theoretically, its practical implementation is
difficult to realize due to the current lack of knowledge of the interrelations and the corre-
sponding data situation. On the other hand, an organization can pay the “environmental
debt” by investing specifically in the external solution (e.g., climate fund, compensation
agencies). Of course, this alternative, which is currently far more realistic, would have to
be geared to the level of the claim caused by each environmental problem area (including
climate change and acidification).

The socio-economic analysis provides a monetary representation of the external system
in terms of the environmental problems perceived by society and its preferred target states,
the damage incurred and the respective opportunity in the form of external procurement
prices (pE). Target states can be the pre-industrial level, the ecological limits of the earth
and socially accepted target states in the form of laws, regulations, contracts or standards.
Depending on the reference, the calculation of the pE

ct of a desired target state of an
environmental problem area (c) in any period (t) differs. The total external value-added
(EVAct) is then set either in relation to the quantity of a reference indicator (QE

ct) or the
corresponding target value of the period (EE

ct) used in the same period, i.e.,:

pE
c =

EVAE
ct

QE
ct

or pE
c =

EVAE
ct

EE
ct

The reference indicators are primarily the total quantities of an equivalence factor of a
certain effect category within a certain period. In our supporting materials, we provide a
detailed application example of the socio-economic analysis based on 12 distinct market
models to calculate pE for the impact categories climate change (GWP), stratospheric ozone
depletion (ODP), air pollution (APP), eutrophication (EP) and acidification (AP). Here,
the external procurement prices are estimated for the reference year 2014 and projected
until 2050 with regard to key reference indicators such as population growth and GDP. The
authors do not claim a universal validity of the prices, but rather deepen the calculatory
approach presented here in a detailed example. Table 1 summarizes the results.

Table 1. Summary of pE
ct between 2014 und 2050 (for details of calculation, please see Supplemen-

tary Materials).

Unit 2014 2020 2030 2040 2050

pE
GWP (nominal) [€/kg CO2e] 0.048 0.055 0.071 0.092 0.120
pE

GWP (real) [€/kg CO2e] 0.048 0.043 0.036 0.032 0.028
pE

ODP (nominal) [€/kg R11e] 559.191 667.585 1003.761 1870.942 3577.393
pE

ODP (real) [€/kg R11e] 559.191 590.441 675.936 800.592 934.180
pE

APP (nominal) [€/kg PM2.5e] 118.788 163.948 286.731 478.473 791.136
pE

APP (real) [€/kg PM2.5e] 118.788 137.948 194.003 274.559 404.452
pE

EP (nominal) [€/kg PO4
3−e] 8.700 12.204 21.279 36.775 63.099

pE
EP (real) [€/kg PO4

3−e] 8.700 11.073 16.415 24.117 35.175
pE

AP (nominal) [€/kg SO2e] 2.938 4.352 8.391 16.213 31.396
pE

AP (real) [€/kg SO2e] 2.938 3.586 5.936 9.828 16.276

Subsequently, the quantity analysis of the internal system takes place in the form of
an input–output analysis according to Leontief [89]. The quantity concept is based on an
extended understanding. It describes a grouping of distinguishable objects to form a whole.
Thus, it is not only necessary to include physical quantities of substances and materials
remaining in the product and its by-products, but also factors such as place and time of
consumption, chemical composition of the substances and materials, the person performing
the work, frequency of use (especially means of production), etc. The quantity calculation
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regarding a specific output volume (functional unit) results in a e× a entity–activity-matrix
of period t (EAt), which is the product of the entity activity vector of period t (eat) and the
transposed entity vector (eT):

EAt = ea ∗ eT =

rIo11
· · · rIo1b

...
. . .

...
rIoe1

· · · rIoeb


Based on the input and output quantities initially determined for the internal system,

the external impact quantities (iEp ) are derived. For each socially perceived environmental
problem (c), a classification and characterization must first be carried out in the sense of
traditional life-cycle assessment. The input–output analysis carried out previously can be
regarded in this context as a life-cycle inventory. In this sense, the iEp results as a function
of the internal input (rIp) and output variables (xIp). The impact potential in relation to
a socially perceived environmental problem and/or a socially desirable target state is
represented by the binary problem impact coefficient (z). The contribution of the internal
input and output variables to an environmental problem c is recorded using the problem
constant k, which is essentially the equivalent of the characterization factor of an LCA
study. The impact quantity iEp c related to a socially perceived environmental problem c is:

iEp c = f
(

rIp; xIp
)
= ∑D

d=1 kdc ∗
rIpdc

zdc
+ ∑F

f=1 kfc ∗
xIpfc

zfc
with c = 1, . . . , C; d = 1, . . . , D; f = 1, . . . , F

The e2VA can now be calculated as follows:

e2VA = PV−VC =
[
PVI + PVE

]
−
[
VCI + VCE

]
=

I
∑

i=1
xIpi
∗ sIpi

+
C
∑

c=1
iEpc
∗ sEc −

H
∑

h=1
rIh ∗ pI

h −
I

∑
i=1

xIi∗pI
i −

C
∑

c=1
iEp c
∗ pE

c

Based on the calculation, various indicators can be calculated for the evaluation and
interpretation of the results. Similar to the ROI, for example, the sustainability coefficient
is derived from the comparison of the external and internal value added. An assumed
coefficient of −0.05 means that, in order to fulfil the externality condition, an amount
of 5 cents per € of internal value-added should be paid in a targeted manner (i.e., for
compensation) in line with the planning function. While the sustainability coefficient
measures the extent to which a company actively contributes to the realization of an
ecologically sustainable economy, the loss coefficient, caluclated as the ratio between
external value consumption and the internal procurement price, illustrates the relative,
non-priced contribution of any input quantity to the reduction in natural value. Further
evaluations with regard to the dynamics, value-added deficit and resource efficiency of an
e2VA election problem cannot be further elaborated at this point.

3.2. Case Studies

The method was applied in a small company in the special toolmaking sector in
Germany. In the first case, the method was used to investigate the sustainable value-added
of the entire company. The second case compares two production processes of the same
demonstrator via different technologies (ablative and generative methods).

3.2.1. Case Study 1: Company

The company (system boundary) that was investigated has 25 employees. The com-
pany’s sales catalogue comprises around 11,000 products. The highly versatile production
follows the workshop principle in batch sizes between 1 and 400. Accordingly, the pro-
duction type consists of single-item and repetitive manufacturing. The manufacturing
principles are primarily make- and engineer-to-order. The purpose of the calculation (tar-
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get) was the verification of legitimacy of operational performance within a single operating
year (observation period).

In the examined financial year, the company generated sales of € 1,792,926. Taking
into account the total costs of € 1,508,497; this resulted in a profit (before taxes) of € 284,429.
The market value of the equipment produced in-house was an estimated € 25,130, and that
of the changes in inventories € 16,780. Interest on borrowings was estimated at € 1079. The
internal value-added (IVA) of the production of goods and services in the period under
review thus amounted to € 327,418.

The physical quantity calculation at the company level was divided into two sections.
While a comparatively trivial input–output balance was sufficient for the consumption of
raw materials, consumables, supplies and waste, quantity depreciations over their entire
life-cycle had to be formed for buildings and operating materials. For this purpose, the
quantitative depreciation of an operating asset or building was calculated from the quotient
of input quantity and useful life. Since standard datasets for each machine were used to
estimate the impact, no separate collection of the used materials and components was
necessary. The useful life was based on standard depreciation. The building space (841 m2)
was integrated with a planned useful life of 60 years. The annual quantitative depreciation
of the area was, therefore, 2.25 m2 p.a. Table S1 in the Supplementary Materials summa-
rizes the main consumptions of the I–O analysis of the internal system for the fiscal year
under review.

To estimate the environmental impact, suitable and/or related datasets of the ProBas
database were used with a suitable system boundary based on the CML method accord-
ing to Heijung [90,91]. The operational performance in the reference year resulted in the
following use of the external system: 225.6 t GWP, 765.5 kg AP, 12.6 kg ODP, 116.7 kg EP.
The quantity categories (raw materials, auxiliary and operating materials, waste, operating
resources) showed a divergent composition for each impact category. While GWP and
AP emissions clearly resulted from the consumption of auxiliary and operating materials,
the main sources of ODP and EP emissions were production waste. Operating resources
also made a significant contribution to GWP emissions. In contrast, the firm’s consump-
tion of raw materials resulted in comparatively low physical use of the external system
in the environmental problem areas of GWP and AP. By far the largest single polluters
were electricity (GWP: 46.0%; AP: 60.1%; ODP: 36.5%; EP: 18.8%), production facilities
(GWP: 15.8%; AP: 0.0%; ODP: 0.0%; EP: 0.0%), vehicles (GWP: 13.6%; AP: 9.8%; ODP:
0.0%; EP: 0.0%), mixed scrap (GWP: 6.0%; AP: 5.5%; ODP: 0.0%; EP: 0.0%), cooling lubri-
cant waste (GWP: 4.7%; AP: 11.5%; ODP: 59.0%; EP: 75.5%) and aluminum (GWP: 4.5%;
AP: 4.2%; ODP: 0.0%; EP: 0.0%). While the internal value-added amounted to € 327,418,
the eco2 value-added amounted to € 306,291. Since the organization did not positively con-
tribute to the external system in the sense of e2VA calculation, a reduction in natural value
was determined amounting to € 21,127. The externality condition is, therefore, not fulfilled.
Accordingly, the value-added is not sustainable. Figure 3 illustrates the composition of
external system utilization by volume category. The sustainability deficit amounted to 0.07.
In order to ensure sustainable value creation, 7 cents per € economic value-generated will
have to be deducted as a benefit contribution in future. The most significant individual
causes of the reduction in natural value are electricity (€ 9209.66), production facilities
(€ 1707.33), vehicles (€ 1689.15), plastic, iron and mixed scrap (€ 1393.64) and waste-cooling
lubricants (€ 238.08). The loss coefficient illustrates the relative, non-priced contribution of
the individual categories to the reduction in natural value (electricity: € 0.22; production
facilities: € 0.09; vehicles: € 0.29; plastic, iron and mixed scrap: € 1.21; cooling lubricant
waste: € 0.16).
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3.2.2. Case Study 2: Process Comparison

The current machinery of the company includes the separating production processes
turning, milling, sawing and drilling, the joining processes welding, soldering and bonding
as well as the forming process eroding. In the course of its long-term strategic orientation,
the company aims to acquire further manufacturing technologies (especially generative
processes). For this purpose, a process comparison is needed. An assembly roller will be
chosen as a reference product. This rolls the sealing rubber into the fixed cutout of the rear
and driver’s door during vehicle production. A reference scenario is to be investigated, in
which the product is developed according to customer requirements and ordered with a
batch size of 30 pieces (engineer-to-order). The current process, covering drilling, milling
and turning, is to be compared with a fictitious additive process (here: fused deposition
modeling). Therefore, the entire order process has to be mapped. As in the example above,
all information used for the calculation is either taken from the documentation of the
company or are publicly available data from third parties.

The boundaries of the production system depend on the specification of production
types, production organization and principles as shown in the example above. In this
sense, an overhead-based approach is chosen for the allocation of costs to the object
under investigation. The primary goal of the production process considered here is the
satisfaction of the customer’s needs. The company calls for a price of 92.45 € per piece.
For an order of 30 pieces, the primary output of the process amounts to 2773.50 €. Since
only polyoxymethylen (POM) is used for the production of the component, the waste is
only subject to costs. Therefore, a secondary output of the process does not exist. The
sequence of the order process of both production variants (ablative and additive) is the
same. However, the decisive difference between the two alternatives becomes clear when
looking at the manufacturing process. Both the sequence and the quantity parameters
differ. The procedure described above results in quantity structures for the two process
alternatives documented in Table S2 in the Supplementary Materials.

The procedure of conversion using the ProBas data records was also used for the
production alternatives examined here [91]. Table 2 summarizes the quantity-based usage
of the external system for the two production types. While all parameters of the admin-
istrative process remained unchanged, the measures of the production process differed
considerably. In terms of the effect on the external system, the ablative production was
the more advantageous alternative. However, this is solely due to the comparatively long
processing time for the printing and post-treatment, which resulted in a much higher
electricity requirement.
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Table 2. External process quantities per production type per piece (in kg).

Ablative Additive

Type GWP AP ODP EP GWP AP ODP EP
Total 17.1 0.00838 0.000122 0.00112 22.7 0.0798 0.000476 0.00239

According to the company, the production value of the order consists of the sum of the
turnover (€ 92.45 per unit; € 2773.50), the change in stock at market prices (10 units; € 924.50)
and the pro rata offsetting of self-constructed assets (€ 25,130) and interest on borrowings
(€ 1079). The direct production value (here the lot size valued at market prices) amounts
to € 3698. Following traditional cost accounting, the identification of all production value
and value-consumption types of the company and the distribution to quantity units and
process was carried out by means of a cost allocation sheet. Table 3 summarizes the value
consumption of the different production types per order.

Table 3. Value consumption of the internal system per order depending on the production type.

Ablative Additive

Direct material costs 132.00 € 70.98 €
Material overheads 320.36 € 172.27 €

Wages, salaries, social costs, boni 1173.50 € 1647.02 €
Production overheads 455.32 € 639.04 €

Administrative and selling overheads 116.18 € 163.06 €
Special direct manufacturing costs 12.40 € 0.00 €

Total 2209.76 € 2692.37 €

For the ablative production of the examined order, the IWS amounts to 1488.24 €. In
the case of additive manufacturing, this amounts to 1005.63 €. Since no benefit contribution
to the external system in terms of the e2VA can be invoiced here, there is only a reduction
in natural value. In the case of ablative manufacturing, this amounts to 36.96 € for the
entire order, and 64.53 € if additive manufacturing is used. Correspondingly, the e2VA of
the traditional production amounts to 1451.28 €. In contrast, generative manufacturing has
an e2VA of 941.1 €. Figure 4 illustrates the comparison of the two manufacturing methods.
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The value-added deficit in contract manufacturing using the additive process amounts
to € 510.18. Since the externality condition is not met in both cases, the processes are
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classified as unsustainable. The capital transfer of both process alternatives is not legit-
imized in terms of sustainability, although the ablative manufacturing has clear advantages
with regard to the use of the external system. The sustainability deficit of the erosive
production amounts to about 0.02. To ensure sustainable value creation, 2 cents per €
economic value generated would have to be paid as a benefit contribution in the sense of
the e2VA calculation. In the case of additive production, there is a sustainability deficit of
around 0.06. The generative example process analyzed here is also inferior with regard
to the reduction in natural value. In the case of a court settlement, the consideration of
these dynamics is of essential importance for the preparation of the decision. In this case,
this was calculated for the lot size interval [1; 400], assuming a graduated price depend-
ing on the sales quantity. It becomes clear that the generative manufacturing process for
small lot sizes (LS ≤ 17) has advantages in terms of e2VA calculation compared to the
ablative manufacturing. With increasing output quantity (LS > 17), however, this is to be
preferred. With regard to the reduction in natural value, the ablative process is superior at
all times, although the average reduction is significantly higher with increasing quantities
in the case of generative manufacturing. This is due to the small number of auxiliary
materials and supplies used (excluding electricity) and production waste. Figure 5 illus-
trates the dynamics of e2VA and natural degradation as a function of production type and
batch size.
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Both application examples do not fulfil the externality condition and must therefore
both be classified as illegitimate actions in the context of sustainability. Apart from very
small batch sizes, the ablative production is to be preferred from both perspectives economic
and environmental. The examples also make it clear that a selective evaluation of individual
technologies with regard to their environmental impact is not reasonable, since the use of a
completely new technology is generally not possible independent of existing structures.
Frequently, when embedding in an existing production system, as shown here in the
example of generative manufacturing, a combination with existing technologies is necessary.
Although the FDM process that was chosen here is hardly suitable for industrial application
due to the processability of the basic material POM, the comparison nevertheless highlights
a significant deficit in the additive manufacturing processes that are available today: the
duration of processing.
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4. Conclusions

The term sustainable value creation is currently a common dictum in science and
practice. Although the sustainability baseline concept has been around for over 40 years,
its operationalization to business value-added calculation is rare. While integration of
sustainability into business management is now common practice in companies, its results
rarely lead to decisions that are appropriate in the sense of a regulative economy. In this
paper, we thus raised the question of what exactly the ‘value-added of production’ from
an economic and ecological perspective is. We analyzed to what extent current theories
and concepts of (business) economics reflect the question of an integrated under-standing
of value and how an integrated value-added accounting system should be designed. We
introduced a novel accounting system that combines elements of traditional operational
value-added accounting, process and material flow analysis as well as LCA. The method
is based on an extended system thinking, a set of principles, a calculation system, and
external cost factors for the impact categories climate change, stratospheric ozone depletion,
air pollution, eutrophication and acidification. The approach is validated in two application
examples in the German special tools industry, proving its practicability and reproducibility
as well as the suitability of specifically derived indicators for the selective optimization of
production systems.

The concept allows for the quantification of an objectified value-added of production
systems with regard to socially perceived environmental problems. However, its advan-
tages over previous approaches are counterbalanced by isolated potentials that can be
exploited in the future through further research and development. These are essentially
rooted in the objectives of the chosen terminology, the validity of the assumptions made
and the loss or deficit of information. First of all, the aim of the approach, i.e., to determine
an objective value-added, is inherently problematic. Since the perception of value as such
is always based on an individual human judgement, the subjectivity of value creation
can never be completely excluded. From an anthropocentric perspective, the objectifica-
tion of the concept of value can only take place via iterative approximation towards a
balance, society strives for. A further goal of the present approach is to completely avoid
perceived environmental problems and to realize the associated effective self-sufficient
action. Last but not least, the loss of information and information deficits when expanding
the balance sheet framework lead to increased uncertainty. One reason for this is the mone-
tization of external effects, regardless of the chosen procedure. A complete quantification
of all external effects of an action is not possible, due to the loss of information in the
external system.

Although its quantification is associated with considerable uncertainties, it is urgently
required for operational decision-making. In the future, the approach can be applied in
manufacturing companies in a self-determined way, with the main purpose of resolving the
economic–ecological conflict of objectives by broadening the perspective and anticipating
future risks with regard to environmental regulatory developments. For an independent
use, however, most/many producing companies currently lack transparency about the
physical consumption and upstream supply chains. To achieve this, companies and po-
litical institutions will need to increase their efforts to digitize processes, facilities and
overcome the current barriers of supply chain communication. Equally conceivable is the
use of the procedure as a basis for environmental regulatory measures, e.g., eco-tax or
eco-labels. Applying the method in this way would have several political implications. For
example, it would be necessary to designate a legitimized entity to determine the external
procurement prices in order to ensure comparability along the value chain. Simultaneously,
companies would have to be obliged to report the indicator ‘sustainable value-added’ in
their annual financial statements, which, in turn, could have implications for the granting
of loans. Banks’ lending conditions, could be based not only on economic performance,
but also on environmental performance. The most promising use, however, would be for
the calculation of necessary holistic compensation services or simply for the evaluation
of offers for such services by compensation service providers. However, suc deploy-
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ment requires regulatory mandates or a shift in customer needs toward more sustainable,
transparent products.

In any case, the concept would benefit from a number of adaptations that could not be
carried out in the present work. First, the socio-economic analysis to be carried out by a
company under its own responsibility increases the subjectivity of the indicator. A further
objectification can be achieved solely by the designation of a socially accepted authority,
into whose responsibility the constant follow-up and classification of the perceived envi-
ronmental problem fields, the standardized calculation of the procurement prices, and a
standardization of the procedure and regular audits fall. Social diffusion, documented by
the media presence of an environmental problem, can be used as an indicator of constant
tracking and updating. In this context, research and development work should be inten-
sified in the future. Further insight is needed for the construction of the impact chains
of perceived environmental problems, the leveling of the overlap of external effects of
different categories, the extension of the modeling to further environmental problem fields
and the integration into real-time capable information and communication technologies.

In addition, extending supply-chain communication via IT support is needed. Improv-
ing the data basis of the background system is essential, especially for ecology-oriented
decision-making in companies (e.g., make-or-buy, supplier selection). On the basis of the
rapid technological development in the field of information and communication technology
regarding the measurement and control instruments, a significant improvement in the data
availability regarding external effects is to be expected in the future. A real-time evaluation
of the subsequent value creation would also be conceivable in this context. Nevertheless,
concepts that exists at present are at least partially effective here (including SAP Product
Stewardship Network, HP CDX, GaBi, Umberto NXT LCA). However, the need to provide
data, some of which are critical to success (e.g., chemical composition), to third parties often
proves problematic. Communication based on a purely pecuniary indicator would greatly
simplify the transfer of information. Figure 6 illustrates a rather simple communication
concept based on the eco2 value-added calculation.
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