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Abstract Sustainability management requires differentiated information on the en-
vironmental and economic consequences of material demand’s increasing and de-
creasing factors. Material flow cost accounting fails to provide this information due
to the common undifferentiated determination of realized costs of material and prod-
uct losses and, therefore, the lack of a production theoretical basis for cost planning.
We develop a material flow model considering the impacts of waste and reject as
material demand increasing factors and reworking and recycling as material demand
decreasing factors at the company, quantity center, and product unit levels. This
enables designing a material flow cost accounting system with specific cost infor-
mation on the different factors at each level. We also analyze the consequences of
the material distribution key and possible alternatives for allocating costs in material
flow cost accounting. Finally, we discuss further development opportunities for this
accounting system.

Keywords Material flow cost accounting · Material flow model · Reworking ·
Recycling · Resource efficiency · Sustainability management
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1 Introduction

The increasing scarcity of materials and the negative environmental impact of corpo-
rate manufacturing have drawn public attention to companies’ environmental perfor-
mance. Hence, stakeholders and political regulations, such as sustainability reporting
and the EU Taxonomy (Christensen et al. 2021; European Commission 2020), put
pressure on the management of companies to align their business activities with
the environment (Hahn 2022; Sanders and Wood 2019). Therefore, sustainability
management attempts to integrate environmental and social requirements into busi-
ness activities essential for companies’ future existence and success. Consequently,
companies strive to improve resource efficiency and introduce different recycling
measures to establish closed material cycles. Analyzing these measures’ ecological
and economic impacts requires detailed information on the quantity and composition
of incoming and outgoing material flows with their monetary consequences (Aguilar
Esteva et al. 2021; Prosman et al. 2017; Schmidt 2005). In addition, reducing carbon
emissions caused by the material and energy flows is essential to achieve carbon net-
zero production processes (Greenhouse Gas Protocol 2015; Intergovernmental Panel
on Climate Change 2023). This results in the need for suitable carbon accounting
systems to control carbon emissions at the company, cost center, and product unit
level (Gibassier and Schaltegger 2015; Penman 2024; Reichelstein 2023).

A potentially suitable environmental cost accounting system for this purpose is
material flow cost accounting (MFCA). It measures the quantities and costs of the
material flows inside a company and determines the costs of products separately
from those of material and product losses (Kawalla et al. 2018; Kitada et al. 2022;
Nishimura et al. 2021). However, MFCA does not differentiate between the effects
of the influencing factors. These factors include, on the one hand, material demand
increasing inefficiency factors, especially waste and reject. On the other hand, sus-
tainability managers seek environmental protection measures to decrease material
demand. These measures include recycling and reworking, two of the most critical
factors in reducing inefficiencies. Despite the necessity of differentiated information
about the effects of the material increasing and decreasing factors for sustainability
management (Hahn 2022), most MFCA concepts do not distinguish between the
different causes of material demand, preventing a differentiated analysis of the en-
vironmental and economic effects (ISO 2011; Schmidt and Nakajima 2013; Wan
et al. 2015). Such analyses require information about the efficient and inefficient
material demand and cost at the company, quantity center, and product levels, and,
therefore, a production theoretical foundation. Consequently, MFCA is unsuitable
for predicting a company’s material demand depending on influencing factors. In
addition, these shortcomings prevent an extension of MFCA for differentiated plan-
ning of carbon emissions caused by the material and energy flows, which could
be embedded into a carbon accounting system (May and Günther 2020; Nertinger
2014; Penman 2024; Reichelstein 2023). Furthermore, despite MFCA’s focus on
material costs, all costs are allocated to the products and material losses based on
a material distribution key using the allocation base material demand. This results in
unclear consequences for cost allocation and difficulties in integrating MFCA into
other cost accounting systems, as the material distribution key is not used in other
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established cost accounting systems, such as direct costing or activity-based costing
(Günther et al. 2015; Wagner 2015).

To overcome these theoretical and practical shortcomings, we design an MFCA
system that provides sustainability management with detailed cost information re-
garding a company’s increasing and decreasing material demand factors. We con-
sider waste and rejects as material demand increasing factors, and reworking and
recycling as material demand reducing factors linked to environmental protection
measures in a material flow model. We analyze the creation and reduction of the ma-
terial and product losses at the company level; the level of different quantity centers
in manufacturing, recycling, and disposal; and the product unit level. Furthermore,
we develop an MFCA system to determine the corresponding costs at all three levels,
providing a theoretical basis for incorporating carbon emissions caused by material
and energy flows. At the product unit level, we present a flexible calculation of
product unit costs for various purposes in sustainability management. Finally, we
analyze the consequences and possible alternatives of the material distribution key
for cost allocation in MFCA.

The paper proceeds as follows: In Chap. 2, we review the MFCA literature.
In Chap. 3, we design a material flow model to determine a company’s material
demand and analyze the corresponding material flows. Additionally, we illustrate
the material flow model with an example. Chapter 4 treats the development of an
MFCA system to budget the quantity center costs and product unit costs. Chapter 5
concludes the paper with the main results and suggestions for future research.

2 Literature Review

MFCA is one of the most promising environmental cost accounting systems; it sepa-
rates the costs of the products from those of the material and product losses (Behnami
et al. 2019; ISO 2011; Yagi and Kokubu 2019). The costs of products include all the
costs for materials that make up a physical part of a company’s intended products.
In contrast, the costs of the material and product losses encompass all costs that can
be directly or indirectly traced back to creating and treating unintended co-products.
Despite its features and potential benefits for sustainability management, MFCA is
rarely implemented in corporate practice (Bux and Amicarelli 2022; Dekamin and
Barmaki 2019). Kokubu and Kitada (2015) analyzed the reasons for the limited
application. They identified multiple facilitating and complicating factors that in-
fluence a company’s successful introduction of this environmental cost accounting
tool, such as team cooperation, lack of technical knowledge, and training. However,
MFCA’s limited use is not only because of company-specific factors but also some
general factors.

First, MFCA uses terms, such as cost categories, quantity centers, or the mate-
rial distribution key, that are uncommon in other cost accounting systems (Nakajima
2004; Nishitani et al. 2022). To inform about the main cost effects at each level of the
cost accounting system, MFCA differentiates between the four cost categories: ma-
terial, energy, system, and waste management costs. Therefore, the well-known cost
types, such as material costs, wages, depreciation, and other costs, are aggregated
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into the four cost categories (Bux and Amicarelli 2022; ISO 2011; Kawalla et al.
2018). All primary material and energy cost types are allocated to the material and
energy costs. The other remaining cost types are assigned according to their particu-
lar use in the transformation processes to system and waste management costs. The
waste management costs consist only of the costs directly related to the treatment,
transportation, and reduction of the material and product losses, whereas system
costs cannot be clearly attributed to the products or the material and product losses
(May and Günther 2020; Nishimura et al. 2021; Schmidt 2005). Quantity centers
refer to single transformation processes, so cost centers usually encompass multiple
quantity centers, e.g., manufacture, reworking, or disposal quantity centers (Dierkes
and Siepelmeyer 2019; Günther et al. 2017; ISO 2011). Additionally, MFCA uses
a material distribution key for cost allocation depending on the material demand,
which differs from allocation bases in other cost accounting systems (Günther et al.
2015; Wagner 2015).

Second, MFCA is only implemented on a project basis in small companies with
comparatively simple production processes (Günther et al. 2015; ISO 2011; Schrack
2016). Accordingly, it is unclear how it can be applied in large corporations with
complex production processes. Third, the focus is primarily on the costs of the mate-
rial and product losses, while the related causes remain unclear (ISO 2011; Schmidt
et al. 2015). However, environmental cost accounting systems should identify the
causes of these losses as starting points for forecasting and improving a company’s
economic and environmental performance. Thus, MFCA requires a production the-
ory-based material flow model as known from other cost accounting systems and
recycling management.

Kloock (1969) provided a general production theory foundation for cost account-
ing systems. Production theory analyzes the relationship between the input factors
and the output of firms and is used in direct costing, one of the well-established cost
accounting systems in practice. However, it can also be used in other cost account-
ing systems, such as activity-based costing (Dierkes 1998; Lengsfeld 1999). Kloock
and Schiller (1997) explain the structure of direct costing and activity-based costing
using a production theory-based material flow model for cost budgeting. In the field
of environmental cost accounting, some systems also use a production-theoretical
foundation. Keilus (1993) develops an environmental cost accounting system for
determining product unit costs considering waste, rejects, reworking, and recycling.
Letmathe (1998) categorizes the environmental impact that results from corporate
manufacturing and develops a production model for their quantitative measurement.
He calculates the costs of the environmental impacts and shows the general integra-
tion of these costs into a cost accounting system. However, in all these environmental
cost accounting systems, the differentiated costs of the material and product losses
are not disclosed at either the cost center or product unit levels.

We also found some approaches using material flow models in recycling. Spengler
et al. (1997) provide a formal model for planning regarding the dismantled and
recycled components from demolition waste and byproducts from the steel industry,
and Schmidt (2005) uses a material flow model to predict such flows in complex
production processes for an e-waste recycling industry company. Nevertheless, these
models do not provide differentiated information on the causes of material and
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product losses and are not systematically embedded in a cost accounting system.
Therefore, these approaches are insufficient for a differentiated cost forecast in a cost
accounting system.

Only Dierkes and Siepelmeyer (2019) have used a material flow model to develop
a forward-looking MFCA system. Their system comprises waste and reject as inef-
ficiency factors; they analyze the effects on material demand at quantity center and
product unit levels, as well as the costs of the products and the material and product
losses. However, they do not consider the effects of reworking and recycling as ma-
terial demand reducing factors, with recycling, in particular, becoming increasingly
crucial for sustainability management. In addition, their basic material flow model
is unsuitable for integrating reworking and recycling because it requires a more
differentiated separation of the material demands resulting from the inefficiency
factors.

3 Material Flow Model

3.1 Overview of the Corporate Transformation Process

A manufacturing company converts materials and intermediate products into prod-
ucts in multi-stage transformation processes associated with creating material and
product losses (Aguilar Esteva et al. 2021; Bhimani et al. 2019; Datar and Rajan
2018). While the products are sold to customers, the material and product losses have
no economic value for the customers and have negative environmental impacts. The
physical transformation processes are executed in quantity centers, with the creation
and reduction of material and product losses mainly emerging in manufacturing,
recycling, and disposal quantity centers. Therefore, we focus our analysis on the
material flows in these quantity centers. Figure 1 gives an overview of the structure
of the transformation process.

Manufacturing quantity centers produce a company’s products. Their input in-
cludes materials and intermediate products; the output consists of the provisional
material and product waste as well as the provisional production yield and rejects.
Waste refers to all untransformed materials and intermediate products in a manu-
facturing process that do not become a physical part of the product (Keilus 1993;
Kloock and Schiller 1997; Letmathe 1998). The provisional production yield consists
of faultlessly manufactured products, whereas the provisional rejects are products
not meeting the predefined quality requirements. Some rejects with minor product
defects can be reworked to meet the defined quality requirement associated with the
additional use of materials and intermediate products (Krüger 1959; Kilger et al.
2012). We assume that the product defects are immediately detected after manufac-
turing and are eliminated in the same manufacturing quantity center. To keep our
material flow model simple, we do not refer to separate reworking quantity centers,
which could be integrated into the material flow model without problems. By adding
the reworked products and the provisional production yield, we obtain the final pro-
duction yield that can be used for sale or as input into other manufacturing quantity
centers. The rejects with severe product defects are denoted as final rejects, which
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Fig. 1 Corporate transformation process

belong to a manufacturing quantity center’s material and product losses, alongside
the provisional material and product waste (Chompu-inwai et al. 2015; Schmidt
2005; Schrack 2016).

The provisional material and product waste, as well as the final rejects, cannot
be directly reused in the manufacturing quantity centers. Companies implement
recycling processes to recover some of these materials and intermediate products.
We only consider a company’s internal recycling and assume a separate recycling
quantity center for each material and product loss type. Here, we must consider
the additional recycling-related material and product demand (Keilus 1993; Kilger
et al. 2012; Schmidt 2005). The output of the recycling quantity centers consists
of the recovered materials and products re-entering the transformation processes as
well as the material and product losses.

The material and product losses are discarded at separate material and product
disposal quantity centers. The input of a disposal quantity center includes an ad-
ditional disposal-related material demand plus the material or product losses. The
discarded materials and products are the output of the disposal quantity centers.
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3.2 Development of a Material Flow Model without Inefficiency Factors

Efficient material demand is characterized by the absence of material and product
losses in the transformation process (Dierkes and Siepelmeyer 2019; ISO 2011). It
represents a company’s demand for materials and products directly related to pro-
ducing the intended products. Accordingly, it is unnecessary to include the effects
of waste and rejects as inefficiency factors and reworking and recycling as ineffi-
ciency-reducing factors. Consequently, we only consider the material demand of the
manufacturing quantity centers in a material flow model to determine the efficient
material demand.

In manufacturing quantity centers enter m D 1; : : : ;M materials for manufac-
turing j D 1; : : : ;J products, whereby each manufacturing quantity center produces
only one product. Therefore, j can be used not only as a product but also as a quantity
center index. The direct production coefficient arm0

m;j represents the efficient demand
for material m used to manufacture one unit of product j.1 In addition to this primary
material demand, manufacturing quantity centers require intermediate products as
a secondary material demand (Dörner 1984; Keilus 1993; Kloock and Schiller 1997).
The direct production coefficient arp0

j;k indicates the efficient demand for intermediate
product j required for manufacturing one unit of product k, where k D 1; : : : ;J is
another product and quantity center index. A quantity center’s primary and sec-
ondary material demand depends on the sales volume xaj of product j. Thus, we can
calculate the efficient material and product demand rm0

m and rp0
j as follows (Boons

1998; Fandel et al. 2009; Kloock 1999; Kloock and Schiller 1997):2

rm0
m D

XJ

kD1
arm

0

m;k � rp0
k (1)

rp0
j D

XJ

kD1
arp0
j;k � rp0

k C xaj (2)

We refrain from additionally integrating inventory changes of materials and prod-
ucts as well as sales volumes of materials into the equation system to keep the follow-
ing analysis as simple and understandable as possible.3 We transform the equation
system into a matrix notation to solve for the material and product demand. The
symmetrical matrix A0 represents the efficient direct production coefficients matrix
with the dimension M C J times M C J. In (3), the column vectors xa and r0 denote
the sales volume and the efficient demand for materials and products (Fandel et al.
2009; Kloock and Schiller 1997):

r0 D A0 � r0 C xa (3)

1 In direct costing, the term net production coefficients is used for the efficient direct production coeffi-
cients (Kilger et al. 2012).
2 A list of the symbols is provided in Appendix A.
3 For a possible integration, see, e.g., Dierkes and Siepelmeyer (2019).
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Using the unity matrix E to solve for the vector of the efficient material demand,
we also obtain the matrix of the efficient total production coefficients B0:

r0 D �
E � A0��1 � xa D B0 � xa (4)

In the following, we have to incorporate the inefficiency and inefficiency-reducing
factors in the material flow model, resulting in material and product losses and
savings.

3.3 Development of a Material Flow Model with Inefficiency and Inefficiency-
reducing Factors

The reference point in MFCA for the differentiation between efficient and inefficient
material demand is an inefficient-free production process.4 One option for including
the inefficiency factors of waste and reject into the material flow model is to add
the corresponding effects to the efficient direct production coefficients (Dierkes and
Siepelmeyer 2019; Keilus 1993). Regarding waste, this procedure is known from
direct costing involving determination of gross production coefficients as the sum of
the net production coefficients and the waste per product units (Kilger et al. 2012).
However, with the integration of reworking and recycling as inefficiency-reducing
factors, this procedure becomes too complex and unsuitable for separate disclosure
of the material demand increasing and reducing effects. Therefore, we need a more
differentiated material flow model providing information on the material flows of
the single inefficiency factors and environmental protection measures.

The starting point for developing the material flow model is the efficient material
demand coefficients arm0

m;k multiplied with the product demand rpk. The material de-
mand as input of a manufacturing quantity center is influenced by the inefficiency
factor waste and the inefficiency-reducing factor recycling, as illustrated in Fig. 1.
Therefore, the quantity of provisional material waste rwmm increases the demand for
material m, whereas the quantity of recycled materials rcmm of a recycling quantity
center has a reducing impact on the primary material demand. This results in the
material demand rmm:

rmm D
XJ

kD1
arm0
m;k � rpk C rwmm„ƒ‚…

provisional
material waste

� rcmm„ƒ‚…
recycled materials

(5)

Furthermore, the inefficiency factors waste and reject as well as inefficiency-
reducing factors reworking and recycling, have effects on the product demand rpj.
On the one hand, the quantities of the provisional product waste rwpj and provisional
rejects rvj in a manufacturing quantity center increase the product demand. On the

4 In direct costing, the waste- and reject-related material demand is undifferentiated included in the bud-
geted material demand per unit, if the material demand is unavoidable in the production process (Kilger
et al. 2012).
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other hand, the quantities of the reworked products rnj and recycled products rcpj

have a product demand reducing effect. Therefore, we obtain the product demand
under consideration of the sales volume xaj:

rpj D
XJ

kD1
arp0
j;k � rpk C rwpj„ƒ‚…

provisional
product waste

C rvj„ƒ‚…
provisional
rejects

� rnj„ƒ‚…
reworked
products

„ ƒ‚ …
final reject

� rcpj„ƒ‚…
recycled
products

C xaj (6)

To calculate the quantities of the provisional material and product waste, we
determine the waste-related direct production coefficients ˛rm

m;j and ˛
rp
k;j representing

the waste-related demand for material m and intermediate product k caused by the
production of one unit of product j (Dierkes and Siepelmeyer 2019; Dörner 1984;
Keilus 1993):5

rwmm D
XJ

kD1
˛rm
m;k � rpk (7)

rwpj D
XJ

kD1
˛
rp
j;k � rpk (8)

Rejects have a wide range of product defects differing in frequency and scope.
We assume an average reject rate βj representing the proportion of the production
quantity with slight to severe product defects. Considering the product demand rpj,
we obtain the quantity of the provisional rejects rvj (Dierkes and Siepelmeyer 2019;
Keilus 1993; Kilger et al. 2012):

rvj D ˇj � rpj (9)

For calculating the quantity of reworked products rnj, we use the reworking rate
τj as the proportion of reworked products to provisional rejects. The remaining
final rejects raj cannot be reworked for technological or economic reasons and are
forwarded to the recycling quantity centers (Kilger et al. 2012; Letmathe 1998;
Schmidt 2005):6

rnj D �j � rvj (10)

raj D .1 � �j/ � rvj (11)

The provisional material and product waste rwmm and rwpj as well as the final
reject raj are treated in the recycling quantity centers in two steps. In the first step, the
provisional product waste and final rejects are decomposed to the value-added stage,
where their bound materials and products are reusable. The direct production coef-
ficients arm0

m;j and arp0
k;j represent the quantity of material m and intermediate product k

5 The causes of waste can be manifold; see Kilger et al. (2012).
6 The reworking-related materials and product demand can be additionally considered in (5) and (6). To
keep the equations simple, we take this additional demand at quantity center level into account.
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that are recovered from a single decomposition stage of product j, whereby the direct
product coefficients are deducted from the products’ parts lists and decomposition
structure. Summing the quantities of the recovered material m and product k from all
decomposition stages, we obtain the recycling-related direct production coefficients
arm;�
m;j and arp;�

j;k . These coefficients determine the quantity of reusable materials and
products from a unit of product k. Accordingly, we can calculate the quantities of
the reusable material m and product j, rumm and rupj from the provisional product
waste rwpk and the final rejects rak:

rumm D
XJ

kD1
arm;�
m;k � .rwpk C rak/ (12)

rupj D
XJ

kD1
arp;�
j;k � .rwpk C rak/ (13)

In the second step, reusable materials and products as well as material waste are
recycled. The recycling rates �rm

m and �
rp
j determine the share of material m and

product j recycled from the reusable materials, the provisional material waste, and
the reusable products (Keilus 1993; Letmathe 1998). The remaining material and
product losses are discarded in disposal quantity centers, as shown in Fig. 1. We can
calculate the quantities of the recycled materials and products rcmm and rcpj as well
as the disposed materials and products rvmm and rvpj depending on the recycling
rates:7

rcmm D �rm
m � .rumm C rwmm/ (14)

rcpj D �
rp
j � rupj (15)

rvmm D .1 � �rm
m / � .rumm C rwmm/ (16)

rvpj D .1 � �
rp
j / � rupj (17)

The equation system with the Eqs. 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16 and 17
can be transformed into a matrix notation. The symmetrical matrix A represents the
matrix of the direct production coefficients and possesses the dimension 5 �MC 8 � J
times 5 � M C 8 � J:

r D A � r C xa (18)

If we solve for the vector of the demand vector r, we obtain the matrix of the
total production coefficients B:

r D .E � A/�1 � xa D B � xa (19)

7 We plan the additional recycling- and disposal-related material and product demand at quantity center
level, like the one for reworking.
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Changes in inventories for the provisional rejects, reworked products, or recycled
materials and products can be integrated by adding a corresponding vector to (18).
However, according to the determination of the efficient material demand, we forgo
their integration into the material flow model. The material flow model can be
extended to analyze the carbon emissions. In this case, we have to consider the
different energy types in addition to the materials. With the knowledge of the CO2

emission factors of the material and energy types, differentiated in Scope 1, 2, and 3
CO2 emissions, we can determine and analyze the CO2 emissions at the company,
quantity center, and product levels.

Using the material flow models from this and the last section, we can determine
a company’s efficient material demand and total material demand. Hence, we obtain
the inefficient material demand vm of material m by subtracting the efficient material
demand rm0

m from the material demand rmm (Dierkes and Siepelmeyer 2019):

vm D rmm � rm0
m (20)

However, to determine the isolated impact of waste, reject, reworking, and recy-
cling in the quantity centers on material demand, we must analyze the incoming and
outgoing material flows of the quantity centers.

3.4 Analysis of the Material Demand at the Quantity Center Level

To identify the effects of a quantity center on material and product losses, we subdi-
vide its material demand into three categories: efficient, inefficient, and inefficiency-
reducing material demand. In the first step, we use product-oriented input-output ta-
bles disclosing the demand for materials and intermediate products as it is common
in other cost accounting systems, such as direct costing. However, in MFCA, the
focus is on the material flows regardless of their value-added stage. Therefore, in
the second step, we convert the product-oriented input-output tables into material-
oriented ones to determine the entering and leaving material flows of a quantity
center. According to the sequence of the corporate transformation processes shown
in Fig. 1, we begin by analyzing the input and output of the manufacturing quantity
centers.

The input of a manufacturing quantity center consists of materials denoted as
primary demand rmp

m;j and the obtained intermediate products rpsk;j representing
the secondary demand. The primary demand is determined by multiplying the sum
of the efficient and waste-related direct production coefficients from (5) and (7)
with the production quantity of product j. For the calculation of the secondary
demand, we assume that the inefficiency factors occur only in the analyzed quantity
center, whereas the processes in all other quantity centers are efficient (Dierkes and
Siepelmeyer 2019). Consequently, we can determine the material and product losses
caused by the transformation processes of a quantity center. The manufacturing
quantity center’s output j consists of products and rejects as well as the provisional
material and product waste. The quantities of the products and rejects can be directly
taken from the material flow model and further subdivided into the sales volume,
intermediate products, provisional rejects, reworked products, and final rejects, as
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Table 1 Product-oriented input-output table of manufacturing quantity center j

Input Output

Materials Products

m D 1; : : : ;M rmp
m;j Sales volume xaj

Intermediate products + Intermediate products .rpj � raj/ � xaj
k D 1; : : : ;J rpsk;j = Final production yield rpj � raj

Rejects

Provisional rejects rvj
– Reworked products rnj
= Final rejects raj
Provisional waste

Material m D 1; : : : ;M rwmm;j

Products k D 1; : : : ;J rwpk;j

illustrated in Table 1. The quantities of the provisional material and product waste
must be calculated separately by multiplying the waste-related direct production
coefficients from (7) and (8) with the production quantity of the manufacturing
quantity center j.8

To calculate the material flow of material m of a manufacturing quantity center, we
transform the product-oriented input-output table into a material-oriented one. The
primary material demand rmp

m;j of material m is already known from Table 1. The
secondary material demand rms

m;j of manufacturing quantity j can be calculated by
multiplying the quantity of the obtained intermediate product rpsk;j with the efficient
total material demand coefficient brm0

m;k. Thus, we can determine the input rmm,j of
material m into manufacturing quantity center j (Dierkes and Siepelmeyer 2019):

rmm;j D rmp
m;j C rms

m;j D
�
arm0
m;j C ˛rm

m;j

�
� rpj

„ ƒ‚ …
primarymaterial demand

C
XJ

kD1
brm0
m;k �

�
arp0
k;j C ˛

rp
k;j

�
� rpj

„ ƒ‚ …
rpsk;j„ ƒ‚ …

secondarymaterial demand

(21)

On the output-side of a manufacturing quantity center, we subdivide the demand
of material m into an efficient, inefficient, and inefficiency-reducing material de-
mand. We start with the calculation of the efficient material demand rm0

m;j related
to the faultlessly manufactured products and thus no waste or reject:

rm0
m;j D arm0

m;j � �
rpj � rvj

�
„ ƒ‚ …
primarymaterial demand

C
XJ

kD1
brm0
m;k � arp0

k;j � �
rpj � rvj

�

„ ƒ‚ …
secondarymaterial demand

(22)

8 If the additional reworking-related material and product demand are integrated into the material flow
model, the product-oriented input-output table can be extended in this respect.
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If we subtract (22) from (21), we receive the inefficient material demand vm,j

consisting of the provisional material and product waste as well as the provisional
rejects. To reveal the impacts of the reworking activities on the material demand,
we replace the provisional rejects rvj by the sum of the final rejects raj and reworked
products rnj. Thus, we can separately disclose the effects of waste and final reject
v’
m;j and v

“
m;j as well as for reworking v

£
m;j, denoted as inefficiency-reducing material

demand:

vm;j D ˛rm
m;j � rpj„ ƒ‚ …

provisional
material waste

C
XJ

kD1
brm0
m;k � ˛

rp
k;j � rpj

„ ƒ‚ …
provisional

product waste

C arm0
m;j � �

raj C rnj
� C

XJ

kD1
brm0
m;k � arp0

k;j � �
raj C rnj

�

„ ƒ‚ …
provisional rejects

D ˛rm
m;j � rpj C

XJ

kD1
brm0
m;k � rwpk;j

„ ƒ‚ …
waste-related material loss

C arm0
m;j � raj C

XJ

kD1
brm0
m;k � arp0

k;j � raj
„ ƒ‚ …

final reject-related material loss

C arm0
m;j � rnj C

XJ

kD1
brm0
m;k � arp0

k;j � rnj
„ ƒ‚ …

reworking-related material savings

D v˛
m;j C vˇ

m;j C v�
m;j

(23)

With Eqs. 21, 22 and 23, we can calculate for the manufacturing quantity center
a material-oriented input-output table for material m, as illustrated in Table 2.

The manufacturing quantity centers’ losses are forwarded to the recycling quantity
centers. The input of the product recycling quantity center j includes the provisional
product waste rwpj and the final reject raj of product j from all manufacturing quantity
centers. The quantities of these inputs can be derived from the material flow model.
The output of the product recycling center consists of recycled materials and products
rcmm,j and rcpk,j as well as the material and product losses rvmm,j and rvpk,j. These

Table 2 Material-oriented input-output table of manufacturing quantity center j

Input Output

Primary material demand rmp
m;j Efficient material demand

Secondary material demand rms
m;j + Provisional production yield rm0

m;j

Inefficiency-reducing material demand

+ Reworked products v�
m;j

Inefficient material demand

+ Final rejects vˇ
m;j

+ Provisional waste v˛
m;j

Material demand rmm;j Material demand rmm;j
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Table 3 Product-oriented input-output table of product recycling quantity center j

Input Output

Provisional product waste rwpj Recycled

Final rejects raj Products k D 1; : : : ;J rcpk;j

Materials m D 1; : : : ;M rcmm;j

Losses

Products k D 1; : : : ;J rvpk;j

Materials m D 1; : : : ;M rvmm;j

quantities can be calculated using the recycling-related production coefficients arm;�
m;j

and arp;�
k;j as well as the recycling rates �rm

m and �
rp
k :

rcmm;j D �rm
m � arm;�

m;j � .rwpj C raj/ (24)

rcpk;j D �
rp
k � arp;�

k;j � .rwpj C raj/ (25)

rvmm;j D .1 � �rm
m / � arm;�

m;j � .rwpj C raj/ (26)

rvpk;j D .1 � �
rp
k / � arp;�

k;j � .rwpj C raj/ (27)

The inputs and outputs of a product recycling quantity center can be summarized
in a product-oriented input-output table, illustrated in Table 3.9

To transform the product-oriented input-output-tables into material-oriented ones,
we must derive the corresponding material demand of the input and output. To
calculate the input of material m of the recycling center of a product, we multiply
the quantities of the provisional product waste and final rejects with the efficient
total material demand coefficient brm0

m;j . The product recycling quantity center’s output
includes the inefficiency-reducing and inefficient material demand. The recycled
products and materials belong to the inefficiency-reducing material demand. This
is related to the product and material losses. The material demands of the recycled
products and the loss of products are calculated by multiplying (25) and (27) with the
efficient total material demand coefficient brm0

m;k. The material demand corresponding
to recycled materials and material losses are already presented in Table 3. This leads
to the material-oriented input-output table of a product recycling quantity center for
a material, illustrated in Table 4.

The input of material recycling quantity center m includes only the material
waste rwmm. Its output can be subdivided with the recycling rate �rm

m into the quan-
tities of the recycled material and the material losses, representing the inefficiency-
reducing and inefficient material demand, illustrated in Table 5.10

9 The product-oriented input-output table can be expanded if the additional recycling-related material and
product demand are integrated into the material flow model.
10 The additional recycling-related material and product demand can also be integrated into the material-
oriented input-output table of the material recycling quantity center.
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Table 4 Material-oriented input-output table of product recycling quantity center

Input Output

Secondary material demand Inefficiency-reducing material demand

+ Recycled products k= 1,..., J

+ Recycled materials

Inefficient material demand

+ Loss products k= 1,..., J

+ Loss materials

Material demand Material demand

Table 5 Material-oriented input-output table of a material recycling quantity center

Input Output

Secondary material demand Inefficiency-reducing material demand

+ Recycled material

Inefficient material demand

+ Loss material

Material demand Material demand

Next, the material and product losses are discarded in separate disposal quantity
centers with no further transformation processes. Therefore, we can turn to deter-
mining the material demand of product units.

3.5 Determination of the Material Demand at the Product Unit Level

To calculate the material demand of a product unit, we must allocate the material
demand from the manufacturing, recycling, and disposal quantity centers to the
product units. We start with allocating the efficient, inefficient, and inefficiency-
reducing material demand of the manufacturing quantity centers. We can determine
the efficient total material demand coefficient already known from Sect. 3.2 by
dividing the efficient material demand of manufacturing quantity center j by its
provisional production yield (Dierkes and Siepelmeyer 2019):

brm0
m;j D rm0

m;j

rpj � rvj
(28)

In a multi-stage transformation process, the production of product j occurs not
only in manufacturing quantity center j, but also in other manufacturing quantity
centers whose intermediate products go into product j. Therefore, we calculate
a separate allocation rate for each manufacturing quantity center for waste, rejects,
and reworking. The provisional waste-related allocation rate ar˛m;j is calculated by
dividing the waste-related material demand of a manufacturing quantity center by
its production quantity. To provide separate information at the product unit level
on the reject-related material losses and the reworking-related material savings, we
calculate with arˇC�

m;j and ar�m;j, a provisional reject- and reworking-related allocation
rate. The reject-related allocation rate represents the quantity of the provisional
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reject-related material losses without reworking. It is determined by dividing the
sum of the final reject- and reworking-related material demand from (23) by the
production quantity. In contrast, the reworking-related allocation rate discloses the
material savings related to the reworking activities of a manufacturing quantity
center. This allocation rate is calculated by dividing the reworking-related material
demand of a manufacturing quantity center by its production quantity:

ar˛m;j D v˛
m;j

rpj
arˇC�

m;j D vˇ
m;j C v�

m;j

rpj
ar�m;j D v�

m;j

rpj
(29)

To allocate material demand of the product recycling quantity centers to the
product units, we must determine the recycled quantity of material m per unit of
product j. Here, we must consider three components: First, the rejects of manufac-
turing quantity center j are recycled in the product recycling quantity center j. The
recycled material demand can be calculated based on the recycling-related direct pro-
duction coefficients arm;�

m;j and arp;�
k;j , the efficient total material demand coefficient

brm0
m;k, and the recycling rates �rm

m and �
rp
k . Second, the provisional product waste

caused by the production of product j is recycled in product recycling quantity cen-
ters to recover materials and products. Third, the material waste m of manufacturing
quantity center j is recycled in material recycling quantity center m, whereby the
quantity of the recycled materials is determined by multiplying the recycling rate of
material m with the provisional material waste of manufacturing quantity center j. If
we sum up the three components of the recovered materials and products, we obtain
with v�

m;j the recycling-related material demand of manufacturing quantity center j,
where symbol h is another product and quantity center index with h= 1,..., J:

v�
m;j D�rm

m � arm;�
m;j � raj C

XJ

kD1
brm0
m;k � �

rp
k � arp;�

k;j � raj
„ ƒ‚ …

product recycling quantity center j

C
XJ

kD1
�rm
m � arm;�

m;k � rwpk;j C
XJ

kD1

XJ

hD1
brm0
m;h � �

rp
h � a�

h;k � rwpk;j
„ ƒ‚ …

product recycling quantity centers kD1;:::;J

C �rm
m � rwmm;j„ ƒ‚ …

material recycling quantity center m

(30)

Dividing the recycling-related material demand by the production quantity of
manufacturing quantity center j yields a recycling-related allocation rate ar�m;j, which
can be further disaggregated in separate allocation rates according to (30):

ar�m;j D v�
m;j

rpj
(31)

After calculating the waste-, reject-, reworking-, and recycling-related allocation
rates, we can determine the material demand of a product unit. Taking the production
relationships among the manufacturing quantity centers into account, we multiply
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the allocation rates with the total demand coefficients brpk;j from the total production
matrix to receive the total material demand brmm;j that we already know from (19):

brmm;j D brm0
m;j C

XJ

kD1
ar˛m;k � brpk;j C

XJ

kD1
arˇC�

m;k � brpk;j �
XJ

kD1
ar�m;k � brpk;j

�
XJ

kD1
ar�m;k � brpk;j

D brm0
m;j„ƒ‚…

efficient
material demand

C brm;˛
m;j„ƒ‚…

provisional waste-related
material demand

C brm;ˇC�
m;j„ ƒ‚ …

provisional reject-related
material demand

� brm;�
m;j„ƒ‚…

reworking-related
material savings„ ƒ‚ …

final reject-related
material demand

� brm;�
m;j„ƒ‚…

recycling-related
material savings

(32)

According to (32), we can disaggregate the total material demand per product
unit into the efficient material demand brm0

m;j , the impacts of waste and provisional

reject brm;˛
m;j and brm;ˇC�

m;j as material demand increasing factors as well as reworking

and recycling brm;�
m;j and brm;�

m;j as the environmental protection measures’ material
demand reducing factors.

3.6 Example

The use of the developed material flow model is illustrated by a simple multi-stage
transformation process with one material (m= 1), two manufacturing quantity centers
with one product each (j= 1,2), and three recycling quantity centers: one for the
material and two for the products. As the disposal quantity centers are unproblematic
regarding the material demand, we do not take them into account in the example.
The direct production coefficients and the sales volumes are given in Fig. 2. As
inefficiency factors, we assume waste-related direct production coefficients for the
material ˛rm

1;1 D 0:1 and ˛rm
1;2 D 0:2 and reject rates of the products ˇ1 D 0:05 and

ˇ2 D 0:01. The environmental protection measures include reworking and recycling.
The reworking rates of products 1 and 2 are �1 D 0:3 and �2 D 0:2. In the recycling
process, the final reject of product 1 is decomposed into two units of material
according to the production structure (arm;�

1;1 D 2). Regarding the decomposition of
the final reject of product 2, we assume that 40% is decomposed into product 1
and the material, and 60% is completely decomposed into the material. Considering
the material demand coefficients, this leads to recycling-related direct production
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Manufacturing
Quantity Center 1

j = 1

Manufacturing
Quantity Center 2

j = 2

Material
m = 1

Recycling Centers
for m = 1 and j = 1,2

; 

; 

Fig. 2 Transformation process of the example

coefficients arm;�
1;2 D 3:4 for the material and arp;�

1;2 D 0:8 for product 1.11 The
recycling rates of the material and product 1 are assumed to be �rm

1 D 0:2 and �
rp
1 D

0:3.12 All information on the transformation process of the example is summarized
in Fig. 2.

The efficient material demand and product demand can be determined with Eqs. 1
and 2: rp0

2 D 2000, rp0
1 D 2 � 2000 C 1000 D 5000 and rm0

1 D 2 � 5000 C 1 � 2000 D
12;000. Determining the efficient material and product demand using the matrix of
the efficient total production coefficients is included in Appendix B. Furthermore,
the equation system, the direct demand matrix, and the total demand matrix to de-
termine the material demand and production units of products 1 and 2 are provided
in Appendices C and D. The material demand amounts to rm1 D 13;093:18. Sub-
tracting the efficient material demand from this material demand determines the
inefficient material demand v1 D 1093:18. According to Sect. 2.4, the efficient and
inefficient material demand can be assigned to the quantity centers with a differen-
tiated reporting of the impacts of waste, reject, reworking, and recycling. Tables 6

11 The decomposition of one unit of the final reject of product 2 yields under consideration of the efficient
total demand coefficient for the material to 0.6 � 5= 3 units of the material. The other 0.4 units of product 2
are decomposed in 0.4 � 2= 0.8 units of product 1 and 0.4 � 1= 0.4 units of the material. As result, we obtain
the recycling-related direct production coefficients 3+ 0.4= 3.4 for the material and 0.8 for product 1.
12 The recycling rate for product 2 is not necessary because every unit of the final reject of product 2 is
decomposed into the material and product 1.
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and 7 illustrate the material-oriented input-output tables of the manufacturing quan-
tity centers 1 and 2. The product-oriented input-output-tables of the manufacturing
centers and the product- and material-oriented input-output-tables of the recycling
centers are listed in Appendix E.

The differentiated determination of material demand at the quantity center level
enables the corresponding differentiation at the product unit level. We obtain the
efficient total material demand coefficients of the two products according to Eq. 28:
brm0

1;1 D 9900:45
5210:76�260:54

D 2 and brm0
1;2 D 9979:84

2016:13�20:16
D 5. The inefficient material

demand for waste and reject as well as the inefficiency-reducing material demand
for reworking and recycling can be assigned to the product units with the allocation
rates according to Eq. 29. The allocation rates are listed in Table 8.

Using the total demand coefficients of the total material demand coefficients
matrix enables, using Eq. 32, the differentiated determination of the material demand
on the product unit level provided in Table 9.

For example, we obtain the waste-related inefficient material demands per product
unit by using the provisional waste-related allocation rates and the total demand
coefficients of the products in the total demand coefficient matrix in Appendix D:
1:0363 � 0:1 D 0:1036 for product 1 and 2:0872 � 0:1 C 1:0081 � 0:2 D 0:4103 for
product 2.

The example illustrates the usefulness of the material flow model for determining
the material demand at the company, quantity center, and product unit levels. In

Table 6 Material-oriented input-output table of manufacturing quantity center 1

Input Output

Primary material demand 10,942.60 Efficient material demand

Secondary material demand 0 + Provisional production yield 9900.45

Inefficiency-reducing material demand

+ Reworked products 156.32

Inefficient material demand

+ Final rejects 364.75

+ Provisional waste 521.08

Material demand 10,942.60 Material demand 10,942.60

Table 7 Material-oriented input-output table of manufacturing quantity center 2

Input Output

Primary material demand 2419.35 Efficient material demand

Secondary material demand 8064.52 + Provisional production yield 9979.84

Inefficiency-reducing material demand

+ Reworked products 20.16

Inefficient material demand

+ Final rejects 80.65

+ Provisional waste 403.87

Material demand 10,483.87 Material demand 10,483.87
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Table 8 Waste-, reject-, reworking-, and recycling-related allocation rates

Manufacturing quan-
tity center k

1 2

Provisional waste-related allocation rates

ar˛
1;k D v˛

1;k
rpk

ar˛
1;1

D 521:08
5210:76

D 0:1 ar˛
1;2

D 403:23
2016:13

D 0:2

Reject-related allocation rates

arˇC�
1;k D vˇ

1;kCv�
1;k

rpk
arˇC�

1;1 D 156:32C364:75
5210:76

D 0:1 arˇC�
1;2 D 20:16C80:65

2016:13
D 0:05

Reworking-related allocation rates

ar�1;k D v�
1;k
rpk

ar�1;1 D 156:32
5510:76

D 0:03 ar�1;2 D 20:16
5510:76

D 0:01

Recycling-related allocation rates

ar�
1;k D v�

1;k
rpk

ar�
1;1

D 104:22C72:95
5210:76

D
177:17

5210:76
D 0:0340

ar�
1;2

D 80:65C18:71
2016:13

D 99:35
2016:13

D
0:0493

For the determination of the recycling-related material demand in the calculation of the recycling-related
calculation rates see the material-oriented input-output tables of the recycling quantity centers in Ap-
pendix E.

Table 9 Differentiated calculation of the material demand per product unit

Product j 1 2

Efficient material demand per product unit 2.0000 5.0000

Inefficient material demand per product unit

Waste 0.1036 0.4103

Reject 0.1036 0.2591

Sum 0.2073 0.6695

Inefficiency-decreasing material demand per product unit

Reworking 0.0311 0.0727

Recycling 0.0352 0.1206

Sum 0.0663 0.1933

Material demand per product unit (resp. total material de-
mand coefficient)

2.1409 5.4761

practical application, the material flow model must be implemented in an IT system
with an automatized solving procedure. Based on the material flow model, we can
now develop an MFCA system.

4 Development of the Material Flow Cost Accounting System

4.1 Assumptions and Structure of the Material Flow Cost Accounting System

The MFCA system should provide sustainability management with differentiated
information on product costs as well as the cost of material and product losses. We
make the following basic assumptions in our MFCA system:
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� Cost type, cost or quantity center, and cost unit accounting
The common cost accounting systems consist of a cost type, cost center, and cost
unit accounting. We assume the same structure for the MFCA system to facilitate
its integration into other cost accounting systems and the organization of com-
panies. Cost centers usually include more than one quantity center (Dierkes and
Siepelmeyer 2019; Günther et al. 2017; ISO 2011).

� Full cost accounting system
MFCA is primarily described as a full cost accounting system (e.g., Chompu-in-
wai et al. 2015; Dekamin and Barmaki 2019; May and Günther 2020). Therefore,
we also design a full cost accounting system and do not differentiate between
variable and fixed costs.13

� Determination of the costs of the products as well as material and product losses
The MFCA focuses on determining the costs of the products as well as the costs
of the material and product losses (Schmidt and Nakajima 2013; Schmidt 2015;
Schrack 2016). To provide management with differentiated information on a com-
pany’s environmental impacts and environmental protection measures, we distin-
guish between the costs of the product-, waste-, reject-, reworking-, recycling-,
and disposal-related material flows at the quantity center and product unit levels.

� Cost planning at the quantity center level
We plan the costs of each cost type at the quantity center level, although cost bud-
geting has hardly been discussed in MFCA. For cost planning, we can resort to
the procedures known from other cost accounting systems (Bhimani et al. 2019;
Coenenberg et al. 2016; Datar and Rajan 2018; Ewert et al. 2023). If cost budget-
ing is not possible at the quantity center level for technical or economic reasons,
it should be done at the cost center level. In this case, the cost center costs must be
subdivided among the quantity centers based on suitable allocation criteria.

� Aggregation of the cost types into cost categories
The different cost types of a quantity center, such as material costs, wages, de-
preciation, and other costs, are aggregated into four cost categories: material, en-
ergy, system, and waste management costs (Bux and Amicarelli 2022; ISO 2011;
Kawalla et al. 2018).

� Application of the material distribution key
The material distribution key is used in MFCA to subdivide the energy and system
costs on the basis of the material quantities between the products and the mate-
rial and product losses (Behnami et al. 2019; Günther et al. 2017; Schmidt and
Nakajima 2013). Accordingly, we use this allocation criterion in our more differ-
entiated MFCA system for each allocation of costs to material flows and thus also,
for example, to allocate waste management costs to different material flows.

� Allocation of the efficient costs between the manufacturing quantity centers
In our material flow model, we do not allocate the materials between the quantity
centers relating to the material and product losses. Accordingly, we assign only the
products’ costs among the manufacturing quantity centers (Günther et al. 2015; Ho
et al. 2021; ISO 2011). The costs of the provisional waste and the final reject, as

13 For MFCA as a marginal cost accounting system, see Dierkes and Siepelmeyer (2019).
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well as the ones for recycling and disposal, are assigned from the quantity centers
to the product units.

Based on the assumptions, we obtain the structure of the MFCA system illustrated
in Fig. 3.

After presenting the central assumptions and structure of the MFCA system, we
explain the single cost budgeting steps in the next section.

4.2 Quantity Center Accounting

The costs of a manufacturing quantity center are divided into the costs of the
four categories material, energy, system, and waste management costs, which can
be further subdivided into primary and secondary costs (Dierkes and Siepelmeyer
2019). Using the material flow model and the material distribution key, these costs
can be allocated to products as well as to the material and product losses. The product
costs can be separated into the costs of provisional production yield and reworked
products. Accordingly, the costs of the material and product losses can be divided
into the cost of final rejects and costs of provisional waste. Furthermore, we can split
the costs of provisional waste into the costs of provisional material and intermediate
product waste, with the material costs including only the primary and secondary
costs, respectively. Additionally, we must consider the costs for the reworking-
related material demand (Keilus 1993; Letmathe 1998), which we did not include
in the material flow model. The waste management costs consist only of primary
costs because no inefficient costs are allocated between the manufacturing quantity
centers. The primary energy, system, and waste management costs are assigned with
the material distribution key (MDK) to the material flows (Ho et al. 2021; ISO 2011;
Kawalla et al. 2018). The cost planning in a manufacturing quantity center can be

cost type accounting

appropriate structure of the primary cost types

cost and quantity center accounting

disassembling of the cost centers into manufacturing, recycling, and disposal quantity centers

identification of the cost drivers and planning of the costs per cost type

assignment of the costs to material, energy, system, and waste management costs

allocation of the material costs to the products and the material and product losses based on the material 

flow model

assignment of the energy, system, and waste management costs to the products as well as material and 

product losses with the material distribution key

allocation of the efficient costs between the manufacturing quantity centers

determining separate cost rates for the costs of the products as well as material and product losses

cost unit accounting

calculation of the product unit costs differentiated by the costs of the products and the costs of the material 

and product losses

Fig. 3 Structure of the material flow cost accounting system
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summarized in a cost calculation scheme, shown in Fig. 4 For allocating the costs to
the product units, we use the allocation bases according to the material flow model
in Sect. 3.5. Therefore, the provisional production yield costs are allocated based
on the faultlessly manufactured products rpj � rvj. The manufacturing costs of the
other elements are distributed based on the production volume rpj.

The costs of the product recycling quantity centers are structured into the costs
of their outgoing material flows and the four cost categories. The material costs can
be divided into primary and secondary costs. Energy, system, and waste manage-
ment costs include only primary costs, because we do not allocate inefficient costs
other than material costs from the manufacturing quantity centers to the recycling
quantity centers. The product recycling quantity centers’ costs are subdivided among
the recycled products and materials as well as the recycling-related materials and
the material and product losses. We separate the costs of the recycling-related ma-
terials from the costs of recycled products and materials to determine the opposing
economic effects of the recycling measures at the quantity center and product unit
levels, as it is common in environmental cost accounting (Diaz et al. 2022; Keilus
1993; Letmathe 1998). The costs of the material flows are allocated based on the
production quantities of the manufacturing quantity centers to the product units ac-
cording to the material flow model in Sect. 3.5. The result of the cost planning in
a product recycling quantity center is summarized in Fig. 5.

As the cost calculation schemes of the material recycling quantity centers and
those of the product and material disposing quantity centers are structured accord-
ingly, we will not go into greater detail here. As a result, we have all the necessary
cost rates of the quantity centers for cost unit accounting.

4.3 Cost Unit Accounting

In cost unit accounting, we calculate the product unit costs consisting of the effi-
cient, inefficient, and inefficiency-reducing costs of the manufacturing, recycling,
and disposal quantity centers. We develop a flexible designed product unit cost cal-
culation scheme to allocate waste, rejects, reworking, and recycling costs for single-
and multi-dimensional analyses to provide sustainability management with decision-
useful cost information.

To determine the product unit costs, we must allocate the costs of the different
material flows from all manufacturing, recycling, and disposal quantity centers to
the product units (Dierkes and Siepelmeyer 2019). We must multiply the cost rate
of each material flow of the quantity centers by the corresponding total material
demand coefficient and sum up the cost amounts over all material flows, cost cate-
gories, and quantity centers. Thus, we obtain the calculation scheme for the product
unit costs listed in Table 10, with the manufacturing, recycling, and disposal costs
per product unit. Each of the three elements can be further subdivided. The manu-
facturing quantity center costs per product unit can be split into the efficient, waste-,
reject-, and reworking-related manufacturing costs as well as the reworking-related
manufacturing costs saving per product unit. The recycling costs per product unit
can be disaggregated into the recycling-related material cost savings per product
unit, the recycling-related material costs increase per product unit, and the loss-
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Cost categories Recycled Losses Sum
Products Materials Recy-

cling-re-
lated ma-

terials

Products Materials Sum

Material costs (1)
Primary costs

+ Secondary 

costs

= Sum

Energy costs (2)
Primary costs Plan

System costs (3)
Primary costs Plan

Waste management costs (4)
Primary costs Plan

Recycling costs (1)+(2)+(3)+(4)
Primary costs

+ Secondary 

costs

= Sum

Cost allocation 
base j

rp
j

rp
j

rp
j

rp
j

rp

Cost rate

MDK

MDK

MDK

Fig. 5 Cost calculation scheme of the product recycling quantity center

related costs per product unit. To calculate these costs, we assign the costs of the
material flows from all product and material recycling quantity centers to the prod-
uct unit. To determine the disposal costs per product unit of a product, we allocate
the disposal costs of the material and product losses in the disposal quantity centers
caused by a product unit. As the disposal quantity centers include only one material
or product, we forego further separation in the following calculation scheme of the
product unit costs.

Furthermore, the product unit costs can be disaggregated according to other anal-
ysis criteria, such as cost categories, quantity centers, primary and secondary costs,
efficient, inefficient, and inefficiency-reducing costs, materials and products, and

Table 10 Cost calculation scheme of the product unit costs

+ Efficient manufacturing costs per product unit

+ Waste-related manufacturing costs per product unit

+ Reject-related manufacturing costs per product unit

– Reworking-related manufacturing cost savings per product unit

+ Reworking-related manufacturing cost increase per product unit

= Manufacturing costs per product unit (1)

– Recycling-related material cost savings per product unit

+ Recycling-related cost increase per product unit

+ Loss-related costs per product unit

= Recycling costs per product unit (2)

Disposal costs per product unit (3)

= Product unit costs (1)+ (2)+ (3)
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material types. This variety of analysis dimensions allows for adjusting product
unit costs to the sustainability management’s information needs. In additional multi-
dimensional analyses, we can combine the analysis dimensions, for example, the
criteria cost categories and quantity centers, which provide insights into the cost
structure of the quantity centers and their cost contributions to the product unit costs
(Bhimani et al. 2019; Coenenberg et al. 2016; Datar and Rajan 2018). Moreover,
changing the analysis criteria sequence provides additional insights into the product
unit costs.

4.4 Effects and Alternatives to the Use of the Material Distribution Key

The material distribution key is used in MFCA to distribute the energy and system
costs between the products and the material and product losses (Bux and Amicarelli
2022; Ho et al. 2021; Kawalla et al. 2018). Accordingly, products are charged with
higher costs the higher their material demand, which can be interpreted as penalty
costs for material consumption. Consequently, quantity center owners or product
managers are incentivized to reduce the material demand of the product, especially
the material and product losses. This is sensible from a sustainability perspective,
as a company’s efforts are directed towards reducing material demand, but this
procedure does not take sufficiently into account the cost drivers for system, energy,
and waste management costs (ISO 2011; Wagner 2015).

If MFCA is used to provide decision-useful information, the material distribution
key often leads to an unjustified allocation of costs to products as well as material
and product losses. In addition, the use of the material distribution key results in
problems in integrating MFCA into other cost accounting systems, since they usually
allocate the costs according to the principle of cost causation or demand (Coenenberg
et al. 2016; Datar and Rajan 2018; Kilger et al. 2012). To provide decision-useful
information and to increase the connectivity of MFCA with more established cost
accounting systems, we should use these allocation criteria to allocate costs to the
products and the material and product losses. Compared to the material distribution
key, these allocation criteria are more closely related to the production processes
of a quantity center, such as the production quantities, manufacturing minutes, or
number of processes (Bhimani et al. 2019; Guan et al. 2009; Kilger et al. 2012).
Moreover, the focus on the corporate transformation processes leads to the idea of
an activity-based expansion of MFCA. In this case, the costs in quantity centers
are allocated based on the activities among the products as well as the material
and product losses, as it is known in activity-based costing (Cooper and Kaplan
1988; Jing and Songqing 2011; Schweitzer et al. 2016). This results in even more
precise cost allocation, but one must weigh the related benefits against the additional
information costs.

5 Conclusion

Sustainability management requires differentiated cost information about the eco-
logical and economic consequences of a company’s transformation processes. As it
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separately determines the costs of the products and those of the material and product
losses, one suitable cost accounting system for this purpose is MFCA (Kitada et al.
2022; Nishitani et al. 2022; Wagner 2015). However, MFCA has paid less attention
to different causes of material and product losses and related costs. Accordingly,
the consequences of waste and reject as inefficiency factors, and reworking and
recycling as inefficiency-reducing factors, remain unclear.

We developed an MFCA system for budgeting the costs of the products and the
costs of the material and product losses. We designed a production theory-based ma-
terial flow model considering the effects of waste and rejects as inefficiency factors,
as well as reworking and recycling as inefficiency-reducing factors, on a company’s
material demand for any transformation process. Moreover, we analyzed the mate-
rial flows of a company’s manufacturing, recycling, and disposal quantity centers.
We allocated the material demands from the quantity centers to the product units
and differentiated between the material increasing and decreasing effects. Based on
the material flow model, we presented the assumptions and structure of an MFCA
as a full cost accounting system. Its main characteristic is the possibility to analyze
the impacts of waste, rejects, reworking, and recycling on product costs and the
costs of material and product losses at the company, quantity center, and product
unit levels. Therefore, MFCA provides sustainability management with relevant cost
information; but it is important to consider the consequences of using the material
distribution key, which results in cost charges according to the material demand.
Although this leads to a desirable incentive to reduce material losses from a sus-
tainability perspective, it does not necessarily correspond to cost causation. For this
reason, we discussed alternative cost allocations resulting in improved decision-
useful cost information.

The presented MFCA system can be expanded in several ways. We have excluded
inventory changes, sales volumes of materials as well as recycling-, and disposal-
related additional material demand from the material flow model, which can be inte-
grated into the model. Furthermore, further inefficiency factors, such as throughput
speed, human error, or material quality can be included (Kilger et al. 2012; Schmidt
2015). In addition, the cost accounting system can be expanded from a single com-
pany to a product’s entire value chain, which thereby helps to measure the product-
and material loss-related costs at each value-added stage considering company’s
external recycling (Günther et al. 2015; Schmidt et al. 2015; Schrack 2016). The
external costs of the business activities can also be included in the MFCA system
to provide sustainability management information on the costs of all environmental
impacts of a company’s products as well as material and product losses. Finally, the
material flow model provides the theoretical basis for a differentiated analysis of
CO2 emissions caused by the material and energy flows. Therefore, it would be of
special interest to further develop the material flow model for analyzing Scope 1, 2,
and 3 CO2 emissions of a firm.
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6 Appendix A: List of symbols

arm0
m;j efficient direct demand of material m per unit of product j

arp0
j;k efficient direct demand of product j per unit of product k

arm;�
m;j recycling-related direct production coefficient of material m per unit of

product j
arp;�
j;k recycling-related direct production coefficient of product j per unit of

product k
ar˛m;j waste-related allocation rate of material m for product j

arˇC�
m;j provisional reject-related allocation rate of material m for product j

ar�m;j reworking-related allocation rate of material m for product j

ar�m;j recycling-related allocation rate of material m for product j

brm0
m;j efficient total demand of material m per unit of product j

brm;˛
m;j provisional waste-related demand of material m per unit of product j

brm;ˇC�
m;j provisional reject-related demand of material m per unit of product j

brm;�
m;j reworking-related savings of material m per unit of product j

brm;�
m;j recycling-related savings of material m per unit of product j

raj final reject of product j
rcmm recycled materials of material m
rcmm,j recycled materials of material m caused by product j
rcpj recycled products of product j
rcpk,j recycled products of product k caused by product j
rm0

m efficient material demand of material m
rmm material demand of material m
rmm,j material demand of material m caused by product j
rnj reworked products of product j
rp0

j efficient product demand product j
rpj product demand of product j
rpk,j product demand of product k caused by product j
rumm reusable materials of material m
rupj reusable products of product j
rvj provisional rejects of product j
rvmm disposed materials of material m
rvmm,j disposed materials of material m caused by product j
rvpj disposed products of product j
rvpk,j disposed products of product k caused by product j
rwmm provisional waste of material m
rwmm,j provisional waste of material m caused by product j
rwpj provisional waste of product j
rwpk,j provisional waste of product k caused by product j
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vm inefficient material demand of material m
vm,j inefficient material demand of material m caused by product j
v˛
m;j waste-related material loss of material m caused by product j

vˇ
m;j final reject-related material loss of material m caused by product j

v�
m;j reworking-related material savings of material m caused by product j

v�
m;j recycling-related material demand of material m caused by product j

xaj sales volume of product j
˛rm
m;k waste-related demand of material m per unit of product k

˛
rp
j;k waste-related demand of product j per unit of product k

βj reject rate of product j
�rm
m recycling rate of material m

�
rp
j recycling rate of product j
τj reworking rate of product j

Indices and Subscripts

0 efficient demand
h,j,k product indices; h,j,k= 1,..., J
m material index; m= 1,..., M
p primary demand
rm related to materials
rp related to products
s secondary demand
α related to waste
β related to reject
λ related to recycling
τ related to reworking

7 Appendix B: Determination of the Efficient Material and Product
Demand with the Matrix of the Total Production Coefficients

� Efficient direct production coefficients matrix

A0 D
0

@
0 2 1

0 0 2

0 0 0

1

A
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� Efficient total production coefficients matrix

B0 D
0

@
1 2 5

0 1 2

0 0 1

1

A

� Efficient material and product demand

r0 D
0

@
rm1

rp1

rp2

1

A D
0

@
1 2 5

0 1 2

0 0 1

1

A �
0

@
0

1000

2000

1

A D
0

@
12;000

5000

2000

1

A

8 Appendix C: Equation System of the Material Flow Model

� Material demand

rm1 D 2 � rp1 C 1 � rp2 C rwm1 � rcm1

� Product demand

rp1 D 2 � rp2 C rwp1 C rv1 � rn1 � rcp1 C 1000

rp2 D rv2 � rn2 C 2000

� Material waste (no product waste in the example)

rwm1 D 0:1 � rp1 C 0:2 � rp2

� Provisional reject

rv1 D 0:05 � rp1

rv2 D 0:01 � rp2

� Reworked products

rn1 D 0:3 � rv1

rn2 D 0:2 � rv2

� Final reject

ra1 D rv1 � rn1

ra2 D rv2 � rn2
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� Reusable material and products (no reusable units of product 2 in the example)

rum1 D 2 � ra1 C 3:4 � ra2

rup1 D 0:8 � ra2

� Recycled materials and products

rcm1 D 0:2 � rwm1 C 0:2 � rum1

rcp1 D 0:3 � rup1

� Final waste material and product

rvm1 D .1 � 0:2/ � rwm1 C .1 � 0:2/ � rum1 D 0:8 � rwm1 C 0:8 � rum1

rvp1 D .1 � 0:3/ � rup1 D 0:7 � rup1

9 Appendix D: Determination of the Material and Product Demand
with the Matrix of the Total Production Coefficients

� Direct production coefficient matrix

A D

0

BBBBBBBBBBBBBBB@

0 2 1 1 0 0 0 0 0 0 0 0 �1 0 0 0
0 0 2 0 1 0 �1 0 0 0 0 0 0 �1 0 0
0 0 0 0 0 1 0 �1 0 0 0 0 0 0 0 0
0 0:1 0:2 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0:05 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0:01 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0:3 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0:2 0 0 0 0 0 0 0 0 0 0
0 0 0 0 1 0 �1 0 0 0 0 0 0 0 0 0
0 0 0 0 0 1 0 �1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 2 3:4 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0:8 0 0 0 0 0 0
0 0 0 0:2 0 0 0 0 0 0 0:2 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0:3 0 0 0 0
0 0 0 0:8 0 0 0 0 0 0 0:8 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0:7 0 0 0 0

1

CCCCCCCCCCCCCCCA

The dimension of the symmetrical matrix is 16 times 16 lower than 5 �MC8 � J D
5 �1C8 �2 D 21, because we have no waste of both products, no reusable product 2,
no recycled product 2, and no waste of product 2 in the example.
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� Total production coefficient matrix

B D

0

BBBBBBBBBBBBBBBBBBBBBBBB@

1 2:1409 5:4761 0:8 1:2187 3:4258 �1:7409 �4:2823
0 1:0363 2:0872 0 0:7254 1:4708 �1:0363 �1:8385
0 0 1:0081 0 0 0:8065 0 �1:0081
0 0:1036 0:4103 1 0:0725 0:3084 �0:1036 �0:3855
0 0:0518 0:1044 0 1:0363 0:0735 �0:0518 �0:0919
0 0 0:0101 0 0 1:0081 0 �0:0101
0 0:0155 0:0313 0 0:3109 0:0221 0:9845 �0:0276
0 0 0:0020 0 0 0:2016 0 0:9980
0 0:0363 0:0731 0 0:7254 0:0515 �1:0363 �0:0643
0 0 0:0081 0 0 0:8065 0 �1:0081
0 0:0725 0:1735 0 1:4508 2:8449 �2:0725 �3:5561
0 0 0:0065 0 0 0:6452 0 �0:8065
0 0:0352 0:1168 0:2: 0:3047 0:6307 �0:4352 �0:7883
0 0 0:0019 0 0 0:1935 0 �0:2419
0 0:1409 0:4671 0:8 1:2187 2:5226 �1:7409 �3:1533
0 0 0:0045 0 0 0:4516 0 �0:5645

� � �

� � �

�0:4 �1:1938 �0:2 �0:6423 �1 �2:1409 0 0
0 �0:2487 0 �0:3109 0 �1:0363 0 0
0 0 0 0 0 0 0 0
0 �0:0249 0 �0:0311 0 �0:1036 0 0
0 �0:0124 0 �0:0155 0 �0:0518 0 0
0 0 0 0 0 0 0 0
0 �0:0037 0 �0:0047 0 �0:0155 0 0
0 0 0 0 0 0 0 0
1 �0:0087 0 �00109 0 �0:0363 0 0
0 1 0 0 0 0 0 0
2 3:3826 1 �0:0218 0 �0:0725 0 0
0 0:8000 0 1 0 0 0 0

0:4 0:6715 0:2 �0:0106 1 �0:0352 0 0
0 0:2400 0 0:3000 0 1 0 0

1:6 2:6862 0:8 �0:0423 0 �0:1409 1 0
0 0:5600 0 0:7 0 0 0 1

1

CCCCCCCCCCCCCCCCCCCCCCCCA

� Determination of the demand vector

r D

0

BBBBBBBBBBBBBBBBBBBBBBBBBB@

rm1

rp1

rp2

rwm1

rv1

rv2

rn1

rn2

ra1

ra2

rum1

rup1

rcm1

rcp1

rvm1

rvp1

1

CCCCCCCCCCCCCCCCCCCCCCCCCCA

D B �

0

BBBBBBBBBBBBBBBBBBBBBBBBBB@

0

1000

2000

0

0

0

0

0

0

0

0

0

0

0

0

0

1

CCCCCCCCCCCCCCCCCCCCCCCCCCA

D

0

BBBBBBBBBBBBBBBBBBBBBBBBBB@

13;093:18

5210:76

2016:76

924:30

260:54

20:16

78:16

4:03

182:38

16:13

419:59

12:90

268:78

3:87

1075:12

9:03

1

CCCCCCCCCCCCCCCCCCCCCCCCCCA
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10 Appendix E: Product- and Material-oriented Input-output Tables of
the Quantity Centers

Table E.1 Product-oriented input-output table of manufacturing quantity center 1

Input Output

Material 10,942.60 Products

Intermediate products 0.00 Sales volume 1000.00

+ Intermediate products 4028.39

= Final production yield 5028.39

Rejects

Provisional rejects 260.54

– Reworked products 78.16

= Final rejects 182.54

Provisional waste

Material 521.08

Products 0.00

Table E.2 Product-oriented input-output table of manufacturing quantity center 2

Input Output

Material 2419.35 Products

Intermediate product 1 4032.26 Sales volume 2000.00

+ Intermediate products 0.00

= Final production yield 2000.00

Rejects

Provisional rejects 20.16

– Reworked products 4.03

= Final rejects 16.13

Provisional waste

Material 403.23

Products 0.00

Table E.3 Material-oriented input-output table of material recycling quantity center

Input Output

Secondary material demand Inefficiency-reducing material demand

From product 1 521.08 Recycled material from product 1 104.22

From product 2 403.23 + Recycled material from product 2 80.65

= Recycled material 185.86

Inefficient material demand

+ Loss material 739.44

Material demand 924.30 Material demand 924.30
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Table E.4 Product-oriented input-output table of recycling product quantity center 1

Input Output

Provisional product waste 0.00 Recycled

Final reject product 1 182.38 Products 0.00

Material 72.95

Losses

Products 0.00

Material 291.80

Table E.5 Material-oriented input-output table of recycling product quantity center 1

Input Output

Secondary material demand 364.75 Inefficiency-reducing material demand

+ Recycled products 0.00

+ Recycled materials 72.95

Inefficient material demand

+ Loss products 0.00

+ Loss materials 291.80

Material demand 364.75 Material demand 364.75

Table E.6 Product-oriented input-output table of recycling product quantity center 2

Input Output

Provisional product waste 0.00 Recycled

Final reject product 2 16.13 Product 1 3.87

Material 10.97

Losses

Product 1 9.03

Material 43.87

Table E.7 Material-oriented input-output table of recycling product quantity center 2

Input Output

Secondary material demand 80.65 Inefficiency-reducing material demand

Recycled material product 1 7.74

+ Recycled material 10.97

= Sum 18.71

Inefficient material demand

+ Loss product 1 18.06

+ Loss material 43.87

Material demand 80.65 Material demand 80.65
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