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Abstract: The product material footprint (PMF) represents a central instrument to assess the potential
environmental impacts of products and services based on their life-cycle-wide material use. Within
the life cycle impact assessment framework, the indicators raw material input (RMI) and total material
requirement (TMR) have been used for its calculation, but so far, only abiotic materials have been
considered. This research analyses the requirements and indicators for the assessment of the biotic
part of the PMF. The central question is whether the indicators RMI biotic and TMR biotic are suitable
for this purpose or if they need to be adapted. For comparison, the indicator cumulative raw material
demand (CRD) is applied. The indicator concepts of RMI, TMR, and CRD are compared by defining
the system boundaries for determining the biotic parts of the footprint. To test the applicability,
the production of wheat bread is assessed as a case study. The characterization factors of wheat grains
are determined and each of the three indicators is implemented in the software openLCA for use
with the ecoinvent database. The results show that RMI biotic and TMR biotic are suitable indicators
for the quantification and assessment of the biotic part of the PMF. While CRD abiotic provides
the same information as RMI abiotic, both indicators differ regarding the biotic part. The CRD per
definition does not consider biotic inputs from agriculture and forestry and thus conveys insufficient
information on the used and unused biomass extraction for the product LCA. The ratio of RMI biotic

to the net annual increment and TMR biotic to the net primary production could be used for absolute
sustainability assessment.

Keywords: resource use; material flows; life cycle impact assessment; system boundary; agriculture

1. Introduction
1.1. Material Resource Use

The extraction, processing, and use of raw materials for the provision of products,
services, and infrastructures lead to environmental impacts on the input and output side
of the technosphere [1]. Due to global economic growth and a rising world population,
the demand for raw materials is expected to increase in the future [2]. The decoupling
of socio-economic development from resource use is widely regarded as a prerequisite
to reach the Sustainable Development Goals (SDGs), in particular SDG 8 and SDG 12,
and to effectively approach the climate targets [3]. Towards this end, resource and climate
footprints across scales are important indicators for monitoring and policy design [4].
European and national initiatives, such as The European Green Deal [5] or the German
Resource Efficiency Programme [6], have formulated measures to design the production,
use, and recycling of products towards a more circular economy to minimize the use of
primary raw materials extracted from the environment.

Three material input flows are important for assessing the material use for products
and services, each measured according to the intended service per functional unit (FU).
First, the flow of used abiotic and biotic materials in production is assessed. In life cycle
assessment (LCA), the amount of materials are determined during the life cycle inventory
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(LCI) phase, e.g., the amount of copper or sawnwood used in production. Second, the input
flow of abiotic and biotic raw materials, e.g., the amount of copper ore or roundwood,
which is processed to provide the abiotic and biotic materials for production, is assessed.
Third, the flow of primary materials, which are taken from the abiotic material resources,
e.g., a copper ore deposit, or from the biotic material resources, e.g., a tree population in a
forest, is assessed.

The extent of the total extraction of primary materials determines the loss of local in
situ ecosystem services and life-supporting functions [7–11]. After extraction, the primary
material is separated into a used and unused part. The used part comprises the raw
materials, which have an economic value. The unused part of the extracted primary
materials has no economic value and is deposited within nature, e.g., overburden from
copper mining or cut tree branches from logging. The deposition of the unused extraction
changes the state and the condition of the affected natural systems, such as soil, water,
and air [12–15]. Extraction and deposition transform the affected natural ecosystems and
lead to direct and indirect environmental impacts such as landscape changes, destruction
of vegetation, disturbance of the local hydrological state, and biodiversity losses [16–21].

The effects of abiotic primary materials’ extraction during mining may have a limited
horizontal extension, although the transformations are quite profound in the vertical di-
mension. The effects of biotic extraction, in particular by agriculture and forestry, are less
‘deep’ but more extended in the horizontal dimension. Especially, the cultivated landscape
remains significantly changed (standing biomass, carbon content of soils, water-holding ca-
pacity of soils, erosion, evapotranspiration, groundwater level, biodiversity, etc.) compared
to the natural situation without human activities.

1.2. Assessing Material Resource Use in LCA

For many years, there has been an intensive discussion in LCA about which areas
of protection (AoP) should be assessed [22]. While there is a broad consensus on the
consideration of human health and natural ecosystems as AoP, the questions if and why
resources should be considered as an AoP are controversially discussed [23–25].

The following lines of argumentation have been pursued: (A) Resources are worth
protecting per se because every extraction process of a resource is associated with potentially
risky impacts on natural systems; (B) because the increased use of resources reduces the
quality of the existing supply, so that their future extraction is associated with increased
environmental impacts; (C) because of the consequences of temporal or permanent loss
of the functional values of a resource, caused by its use in production; and (D) because
current resource use should not restrict the use for the benefit of future generations [26–34].

Depending on the argument raised, different approaches, target questions, and indi-
cators have emerged for operationalizing the impact assessment of resource use. In LCA,
impact indicators can be defined along the complete cause-effect chain from environmental
pressures and change in the state of the relevant environmental up to the final damage to the
AoP. Endpoint indicators are provided by a damage approach at the level of AoP. All other
indicators that are measured along the cause-effect chain and represent environmental
pressures are referred to as midpoint indicators [35,36].

Although elementary flows are essential elements for the calculation of indicators in
LCA [37], there are many shortcomings in flow clarity, consistency, and extensibility [38].
While elemental flows related to abiotic materials, also referred to as “resources, in ground”,
are already widely considered in LCA databases, elemental flows related to biotic materials
are rarely available. Ecoinvent considers, e.g., roundwood as an elementary flow from
forestry but no flows from agriculture or fisheries [39].

1.3. Product Material Footprint

The product material footprint (PMF) was defined to estimate the impacts on natural
systems caused by primary material extraction and the subsequent impacts caused by the
use of raw materials for products, infrastructures, and services. The PMF indicates the
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quantities of abiotic and biotic primary materials that are extracted from nature, the litho-
sphere, and the biosphere, or moved within it by technological means. The material use is
measured throughout the complete life cycle per FU. The central element of the characteri-
zation model is the extraction, separation, and deposition of primary materials [27]. As the
PMF should account for the use of all abiotic and biotic material resources, all material
flows are considered that are linked to the extraction of primary materials by the help of
technology. Water and air are not accounted for in the PMF as they are not considered
material flows.

The primary materials are the basis for the raw materials, which provide materials
for production and consumption. Therefore, two indicators are applied to determine
the magnitude of the environmental impacts of material resource use, which are the
total material requirement (TMR) and the raw material input (RMI). Both indicators are
derived from economy-wide material flow accounting (ewMFA) [40]. The TMR assesses the
quantities of primary abiotic and biotic material extracted from the material resources and
the RMI assesses the quantities of raw materials used in the economy [41,42]. Thus, TMR
and RMI are turnover-based environmental impact indicators and midpoint indicators in
the sense of LCA. For both indicators, at least the abiotic and biotic material parts should
be calculated separately.

The TMR biotic measures the total amount of biotic primary material required over the
complete life cycle for the provision of the FU, as the sum of all extracted biotic primary
materials by agriculture, forestry, and fisheries:

TMR biotic = TMR agriculture + TMR forestry + TMR fisheries (1)

Only a part of the harvested or caught primary biotic materials, measured by the
TMR biotic, is used in production and consumption. The part of the biotic primary materials,
with no economic value, e.g., husk, tree branches, or bycatch, is separated from the used
extraction and deposited within the environment as unused extraction.

The used part of the primary biotic materials includes the biotic raw materials, which
enter the economy, e.g., crops, fodder crops or grazed biomass, roundwood, or fish, to be
further processed as biotic materials for production and consumption, such as grains,
sawnwood, or fish filet. Therefore, the RMI biotic measures the total amount of biotic raw
materials required over the complete life cycle for the provision of the FU, as the sum of all
biotic raw materials sold by agriculture, forestry, and fisheries:

RMI biotic = RMI agriculture + RMI forestry + RMI fisheries (2)

In LCA, the indicators are calculated based on characterization factors (CFs). The CF TMR
derived for the determination of the TMR represents the allocated amount of primary
materials extracted for the provision of 1 kg of used material. The characterization factor
CF RMI derived for the determination of the RMI represents the allocated amount of raw
materials for the provision of 1 kg of used material.

The TMR measures the total amount of primary materials (used and unused) extracted
along the complete life cycle per FU. The mass turnover of primary material extraction
determines the magnitude of local to regional changes in the natural environment. The RMI
measures the used part of the primary materials, i.e., the input of abiotic and biotic raw
materials for products, infrastructures, and services along the complete life cycle per FU.
The mass input of raw material determines the amount of waste and emissions that will be
generated elsewhere along the production–consumption–recycling–disposal chain and the
associated bundle of environmental impacts on air, water, and soil.

So far, the PMF has been developed as an input-oriented life cycle impact assessment
(LCIA) method to measure the RMI abiotic and TMR abiotic. For the implementation with
the ecoinvent database, the values of the CF RMI abiotic and CF TMR abiotic are assigned to the
elementary flows from “resources, in ground”. The ecoinvent database (version 3.5) has
143 elementary flows “resource, in ground”, covering 78 different abiotic materials [27].
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Another indicator was proposed to determine the life-cycle-wide raw material input,
namely the cumulative raw material demand (CRD) as the ‘total of primary raw materials
including energy raw materials used for the manufacture and transport of a product along
the value chain’ by the association of German engineers [43] (p. 5). Thus, the definition
does not seem to fundamentally differ from that of the RMI. However, the current version
of the guideline excludes ‘agriculturally/horticulturally grown/cultivated or cultivated
biotic raw materials’ [43] (p. 5), which means that, especially, the biotic parts of RMI and
CRD differ greatly in their results.

The aim of this research is to set up a framework for the assessment of the biotic
part of the PMF. This is the first comprehensive analysis comparing different material
input indicators in terms of their interpretation and practicality for the life-cycle-wide
assessment of biotic material resource use. The indicator concepts of TMR, RMI, and CRD
are compared by defining the system boundaries to determine the biotic parts CRD biotic,
RMI biotic, and TMR biotic. The application of the indicators is tested by means of a case
study from agriculture. Forestry and fisheries are basically considered in the defined
conceptual approaches. A simple LCA study is conducted by setting up a process model
for the production of wheat bread. An extended version of the LCIA method PMF is
applied, which considers not only the use of abiotic but also biotic material resources.
The calculation uses the software openLCA with the ecoinvent database to compare the
indicator results.

This research helps to discuss and answer the following research questions:

• How do the three indicators CRD, RMI, and TMR differ with regard to their specific
target questions and system boundaries?

• Which input flows should be taken into account and which could be neglected?
• Which of the three indicators CRD, RMI, and TMR is best suited for calculating the

material footprint considering the biotic materials in life-cycle-wide analyses?

2. Materials and Methods
2.1. Measuring Biotic Material Use

The PMF should measure (1) the amount of extracted abiotic and biotic primary
materials that is taken from the abiotic and biotic material resources and (2) the part of the
extracted material that is separated and transferred into the technosphere as abiotic and
biotic raw material. The biotic material resources are all living organisms in nature, e.g.,
plants, trees, and wild fish, or living organisms cultivated or bred by humans. The primary
biotic material is extracted by harvesting, logging, or catching to provide biotic raw material.
In addition, the biomass that is disturbed by humans, e.g., clearing by slash and burn,
should also be taken into account.

Biotic material resource use covers the extraction of biotic primary materials from
natural and cultivated areas. In agriculture, this includes all crops, including harvest
residues, and all biomass harvested in the form of plants, including fungi, and the fodder
eaten by farm animals [44]. In the forestry sector, the total production of roundwood, which
is divided into coniferous and non-coniferous wood, including the woody forest residues
that remain in the forest, is accounted for. In the fisheries sector, this includes all plants
harvested and animals caught in open water and fish farms, including the bycatch [45].

Regardless of whether biotic material resources are naturally occurring or cultivated,
the extraction of biotic primary materials, the deposition of the unused extraction, and the
production and processing of biotic raw materials are associated with the accumulation of
environmental pressures and should be considered in LCIA.

2.2. System Boundary Options

To delineate an appropriate system boundary, the question has to be answered whether
the PMF should only comprise biomass extraction from the wilderness or also account
for primary biotic materials from cultivated biotic material resources, i.e., biomass culti-
vated by agriculture on open fields. Today, most of the biomass production for food and
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materials takes place on cultivated cropland, pastures, or managed forest land. There are
two major options:

First option: The cultivated biotic resources are considered part of the economy
(Figure 1).
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Figure 1. System diagram with the system boundary to measure the abiotic and biotic material use
with the indicator cumulated raw material demand (CRD). The part of the system boundary that
follows the logic of this indicator is shown as the dashed red line.

In this case, the input flows of the biotic raw materials, harvested from the cultivated
biotic material resources (grey box), do not cross the system boundary between nature
and the economy or technosphere and, therefore, are not accounted for. Only the primary
abiotic materials extracted for the used abiotic materials, e.g., for fertilizer or fuels, and the
biotic raw material, extracted from the natural biotic material resources (green box), would
be calculated. This would argue for the use of the CRD as an indicator.

Second option: All biotic material resources are part of the biosphere and shall be
accounted for (Figure 2).
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In this case, the input flows of all primary biotic material, harvested from the natural
and cultivated biotic material resources, do cross the system boundary between nature
and the technosphere. After separation, the input flows of biotic raw material enter the
economy. This would argue for the use of the TMR and RMI as indicators.

The cultivation of biotic material resources involves both natural and technological
processes. The harvest (i) competes with the production and use of biomass in natural
ecosystems; (ii) represents an important part of nature-based productivity, which is appro-
priated by humans; (iii) is limited in capacity, to a significant extent, by natural growth
factors, which makes it a limited resource; and (iv) is associated with a significant amount
of residues as unused extraction, which have to be included in the overall assessment.

The ewMFA applies the so-called harvest approach by considering all harvested and
captured biotic resources [40]. In agriculture, the amount of plant biomass harvested for
food and animal feed production and for material and energy use is counted. It includes the
harvested biomass itself and all residues that are not further processed. In field cultivation,
these harvest residues can include straw (from wheat, barley, rice, etc.) or stalks (maize,
soya). Other harvest residues are, for example, tree cuttings from fruit tree plantations
or the stalk structure in wine growing. In forestry, the amount of primary biotic material
includes the harvested roundwood and, if applicable, the dug-up stump as biotic raw
material and the harvest residues, i.e., branches, leaves, and, if applicable, bark, as unused
extraction. In fisheries, the amount of biotic primary material includes the plants harvested
(e.g., algae), the animals caught (e.g., fish, crabs, mussels, etc.), and the animals and plants
that were not the target of the catch (bycatch) as unused extraction.

The cultivation of biotic material resources in open fields in agriculture requires soil
cultivation and preparation, seed production, sowing and fertilization, and, increasingly,
artificial irrigation [46]. The processes that serve to remove the biomass from the field
then include harvesting, although weeding can also fall in this category if the weeds are
removed mechanically [47]. Depending on the type of cultivation, these processes can
widely differ. For example, conventional farming uses fertilization with phosphorus and
nitrogen fertilizers, whereas in organic farming, green manuring with nitrogen-fixing plants
such as leguminosae can be applied [48–50].

Therefore, the different processes have to be examined more closely when considering
products from conventional and organic farming in the material footprint to identify the
strengths and weaknesses of both approaches, including the assessment of biotic material
use. Since conventional agriculture still dominates [50], it is considered in the case study
applied for the comparison of the indicators TMR, RMI, and CRD.

2.3. Process Model of Wheat Bread Production

The comparison of the concepts of the indicators CRD, RMI, and TMR was conducted
using an LCA study of wheat bread production. In addition to the agricultural processes
of wheat production, other processes are required as bread production also depends on
industrial processes such as fertilizer, salt, or energy production. The goal and scope of
the LCA is the assessment of the material inputs based on the production of 1 kg of wheat
bread (cradle-to-gate). The process chain includes four processes: (1) wheat production,
including harvest; (2) flour production; (3) bread dough production; and (4) wheat bread
production (Table 1).

The process model is set up with data sets and background data from the ecoinvent
database (version 3.5). The first process is modeled using the ecoinvent dataset ’wheat
production, wheat grain, DE’, representing the production of wheat grains in Germany
with a moisture content of 14.5%. The process considers an input of 0.024 kg wheat grains
as seeds for the production of 1 kg wheat grains. The yield refers to the years 2000 to 2004 in
Saxony-Anhalt (Germany). In this dataset, all agricultural processes that are necessary for
the production of wheat are represented. The necessary infrastructure such as machinery
and halls are also included.
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Table 1. Mass and energy input flows along the process chain of wheat bread production. For dough
production, the water input is additionally shown.

Process Input Flows Amount Unit

wheat production wheat grains (seeds) 0.024 kg
fertilizer 0.036 kg

flour production wheat grains 1.089 kg
electrical energy 0.055 kWh

dough production

wheat flour 0.735 kg
salt 0.022 kg

yeast 0.030 kg
sugar 0.023 kg
water 0.440 kg

bread production dough 1.250 kg
electrical energy 1.300 kWh

The second process is modeled as ‘flour production’ of type 550 flour. The input is
1.089 kg wheat grains, and the grinding degree is 67.5%. The required energy of 0.055 kWh is
provided based on the German electrical energy mix (ecoinvent dataset, reference year 2012).

The third process is modeled as ‘dough production’. A simple bread recipe is assumed,
where only 0.735 kg wheat flour, 0.022 kg salt, 0.030 kg yeast, 0.023 kg sugar, and 0.440 kg
water are used as ingredients for 1.250 kg of wheat bread dough. The production of salt,
sugar, yeast, and water is also modeled based on the ecoinvent datasets.

The fourth process is modeled as ‘bread production’. A baking loss of 20% is assumed,
meaning that 0.250 kg mass of the bread dough is lost as water vapor. The required energy
of 1.3 kWh is provided based on the German electrical energy mix (ecoinvent dataset,
reference year 2012).

2.4. Calculation of Material Input Indicators and Characterization Factors

The calculation of RMI biotic and TMR biotic follows the approach described for the
abiotic part of the PMF. If only wheat is considered, the used biomass is calculated as:

RMI biotic, wheat = CF RMI, wheat grains × m wheat grains (3)

where the RMI biotic is the biotic raw material input measured in kg biotic raw material
per FU, CF RMI, wheat grains is the characterization factor raw material input of wheat grains
measured in kg biotic raw material per kg wheat grains, and m wheat grains is the mass of
wheat grains measured in kg per FU. The total amount of harvested biomass is calculated as

TMR biotic, wheat = CF TMR, wheat grains × m wheat grains (4)

The CF TMR, wheat grains can be calculated by the CF RMI, wheat grains and the unused
extraction coefficient coeff unused extraction, representing the mass ratio of the unused to the
used extraction:

CF TMR, wheat grains = CF RMI, wheat grains × (1 + coeff unused extraction) (5)

where the TMR biotic, wheat is the biotic total material requirement measured in kg biotic pri-
mary material per FU, CF TMR, wheat grains is the characterization factor of the total primary
material requirement of wheat grains measured in kg biotic primary material per kg wheat
grains, and m wheat grains is the mass of wheat grains measured in kg per FU.

The unused extraction from agriculture can be divided into two categories: First,
the parts of the plant, which are deliberately retained on the field, and second, the parts of the
plant that are lost due to the applied harvest method. The second category can be disregarded
if the amounts are insignificantly small due to the use of modern harvesting machines [45].

The ecoinvent processes for crop production consider main products (wheat grains),
co-products (harvested straw), and crop residues. The ecoinvent process ’wheat production,
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wheat grain, DE’ delivers 12,467 kg used extraction, 7567 kg wheat grains (main product),
and 4900 kg straw (co-product) per hectare. The production is associated with 7600 kg
of unused extraction, comprising 5000 kg of remaining straw and chaff and 2600 kg of
stubbles and roots.

By considering economic allocation, 92.5% for wheat grains and 7.5% for straw, the al-
located mass of used extraction for the production of wheat grains is 11,532 kg. The pro-
cess considers a moisture content of 14.5% of harvested biomass. These data result in a
CF RMI, wheat grains of 1.52 kg biotic raw material input per kg wheat grain, a coeff unused extraction
of 0.61, and a CF TMR, wheat grains of 2.45 kg biotic primary materials per kg wheat grain.

The calculation based on LCIA is challenging, as most LCA databases do not yet
specify any or only a few elementary flows for biotic raw materials. In the ecoinvent
database, only wood is considered as a biotic elementary flow. Therefore, a new elementary
flow ‘wheat grains’ with the reference unit mass is added for the calculation of the RMI biotic.

For the calculation of the CRD biotic, only those flows of biomass should be considered
that are taken directly from the natural environment and have grown without human
intervention. If the wheat grains and wheat seeds are considered to be products of the
economy, they are not accounted for in the calculation of the CRD biotic.

It should be noted that the case study results only consider the use of wheat as an
example. To determine the complete biotic part of the material footprint, all biomass inputs
from agriculture, forestry, and fisheries have to be considered across the life cycle, which
requires the calculation of the corresponding CFs for all biotic materials.

3. Results

First, the system diagrams for wheat bread production are shown with the system
boundaries to measure the abiotic and biotic material input using the indicators CRD,
RMI, and TMR. Second, the direct and indirect input flows of wheat bread production
are presented. Finally, the indicator results for wheat bread production, calculated by the
extended impact assessment method PMF, are compared.

3.1. System Diagrams for Wheat Bread Production

The concept of CRD considers agricultural production, in this case the cultivated
wheat plants, as part of the economy (Figure 3).
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According to this understanding, all agricultural processes are economically driven,
and the open fields of wheat production are considered to be within the economy. Con-
sequently, only abiotic raw materials enter the economy and are accounted for by the
CRD, i.e., the inputs of abiotic raw materials, such as crude oil for the diesel of tractors,
phosphorus for fertilizer, and salt as bread ingredients. Although wheat bread production
requires the inputs of biotic raw materials such as wheat grains for flour production, neither
the harvested wheat nor the wheat grains are counted because the cultivation of wheat
plants is considered part of the economy.

There are input flows from the atmosphere, such as CO2 for biomass growth and N2
for fertilizer production [51]. In addition, H2O is taken up by plants from the soil, and there
may be further inputs from the hydrosphere, such as water for irrigation, which are not
shown in the system diagram. These inputs are required for wheat bread production
but are not material input categories in the definition of the CRD and, therefore, are not
counted. The question arises of whether this indicator is incomplete, since the biomass
itself is not counted nor are important input flows from the natural environment required
for its growth.

In contrast, the concept of RMI and TMR considers the agricultural production,
in this case the cultivated wheat plants, as part of the biosphere (Figure 4). The ratio-
nale is that without natural processes in the soil and the atmosphere, determining rainfall,
soil moisture, and nutrient availability, and natural side vegetation, mitigating soil erosion
and hosting pollinators, etc., agriculture in the open field would hardly be possible.

Resources 2022, 11, x FOR PEER REVIEW 10 of 17 
 

 

 
Figure 4. System diagram for wheat bread production with the system boundary to measure the 
biotic material use with the indicator raw material input (RMI) and total material requirement 
(TMR). The system boundary that follows the logic of these indicators is shown as a dashed red line. 

After harvest, the used and unused parts of the wheat plant are separated. The har-
vested wheat is transferred into the economy and further processed as wheat grains and 
straw. The harvest residues, including unused straw and roots, remain on the field and 
support biomass regrowth. 

According to the definition of the TMR, the total amount of harvested wheat, includ-
ing the harvest residues, has to be counted as TMR biotic. The argument behind this is that 
the total extraction determines the degree of human influence on the soil and landscape 
and reflects the pressure on the natural systems due to the extraction of plant biomass 
(otherwise, the primary production would be used within natural ecosystems). 

The TMR abiotic accounts for the amount of extracted abiotic primary materials for the 
provision of the abiotic raw materials required for the production of wheat bread. 

Based on the definition of TMR, the total extraction of primary materials is accounted 
for. While the system boundary for the TMR is based on the demarcation of the natural 
environment (bio-geo-sphere) and the technosphere (also called the anthroposphere), the 
system boundary for the RMI is delineated by the distinction between the economy and 
the non-economic world. 

According to the definition of the RMI, the total amount of raw materials as input 
into the economy is accounted for. Therefore, the total amount of wheat grains is counted, 
which are the wheat grains that are used for flour production and the wheat grains that 
are used as seeds for wheat production. 

As per its definition, the RMI biotic does not account for the unused extraction remain-
ing on the field. If, however, straw is removed from the field and used, e.g., for animal 
bedding, it has to be considered as a co-product and has to be counted as raw materials 
as well. The RMI abiotic accounts for the abiotic raw materials, i.e., crude oil or coal for en-
ergy production, mined phosphorus for fertilizer, and mined salt as a bread dough ingre-
dient. 

The aim of setting up the system diagrams of the different systems was to depict the 
main input flows for bread production and compare them in terms of their consideration 
by the examined indicators CRD, RMI, and TMR. An overview of all input flows directly 
and indirectly considered by the studied indicators is rather revealing (Table 2). 

Figure 4. System diagram for wheat bread production with the system boundary to measure the
biotic material use with the indicator raw material input (RMI) and total material requirement (TMR).
The system boundary that follows the logic of these indicators is shown as a dashed red line.

After harvest, the used and unused parts of the wheat plant are separated. The har-
vested wheat is transferred into the economy and further processed as wheat grains and
straw. The harvest residues, including unused straw and roots, remain on the field and
support biomass regrowth.

According to the definition of the TMR, the total amount of harvested wheat, including
the harvest residues, has to be counted as TMR biotic. The argument behind this is that
the total extraction determines the degree of human influence on the soil and landscape
and reflects the pressure on the natural systems due to the extraction of plant biomass
(otherwise, the primary production would be used within natural ecosystems).

The TMR abiotic accounts for the amount of extracted abiotic primary materials for the
provision of the abiotic raw materials required for the production of wheat bread.
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Based on the definition of TMR, the total extraction of primary materials is accounted
for. While the system boundary for the TMR is based on the demarcation of the natu-
ral environment (bio-geo-sphere) and the technosphere (also called the anthroposphere),
the system boundary for the RMI is delineated by the distinction between the economy and
the non-economic world.

According to the definition of the RMI, the total amount of raw materials as input
into the economy is accounted for. Therefore, the total amount of wheat grains is counted,
which are the wheat grains that are used for flour production and the wheat grains that are
used as seeds for wheat production.

As per its definition, the RMI biotic does not account for the unused extraction remain-
ing on the field. If, however, straw is removed from the field and used, e.g., for animal
bedding, it has to be considered as a co-product and has to be counted as raw materials as
well. The RMI abiotic accounts for the abiotic raw materials, i.e., crude oil or coal for energy
production, mined phosphorus for fertilizer, and mined salt as a bread dough ingredient.

The aim of setting up the system diagrams of the different systems was to depict the
main input flows for bread production and compare them in terms of their consideration
by the examined indicators CRD, RMI, and TMR. An overview of all input flows directly
and indirectly considered by the studied indicators is rather revealing (Table 2).

Table 2. Input flows from the different natural subsystems for the production of wheat bread directly
(x) and indirectly ([x]) considered by the analyzed indicators cumulated raw material demand CRD,
raw material input (RMI), and total material requirement (TMR).

Natural
Subsystem Input Flow

Cumulated Raw Material
Demand

CRD

Raw Material
Input
RMI

Total Material
Requirement

TMR

lithosphere used extraction X X X
used and unused extraction X

biosphere wheat grains X
wheat plant X

atmosphere CO2, N2 [X] [X]
hydrosphere H2O [X] [X]

Upstream flows from the atmosphere or the hydrosphere to the production chain
that are taken up by the extracted or used materials are not accounted for by any of the
indicators. Nevertheless, the CO2 that was taken up during the growth of the plant biomass
accounted for is indirectly considered in the wheat grains by RMI and the whole wheat
plant, including the roots, by TMR. The same applies for the activated N2, which became
part of the protein content of the wheat grains and the whole wheat plant.

Regarding water, it is the complement to CO2 required in the process of photosyn-
thesis, so that at least a (small) part of the water consumed by plant growth is consid-
ered by RMI biotic. As plants transpire much more water than the amount they take up
for photosynthesis, this portion is rather negligible. To account for the water footprint,
an extra analysis of the water scarcity footprint is advisable [52]. Altogether, the CRD seems
to be rather narrowly defined while RMI and TMR account for a broader profile of biotic
input categories.

3.2. Material Footprint of Wheat Bread Production

The calculation results of the abiotic and biotic parts of the compared indicators CRD,
RMI, and TMR for the production of 1 kg of wheat bread are shown in Figure 5.
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Figure 5. Calculation results of the abiotic and biotic parts of the indicators cumulated raw material
demand (CRD), raw material input (RMI), and total material requirement (TMR) for the production
of 1 kg of wheat bread.

The CRD sums up to 1.71 kg raw material per kg wheat bread. According to its
definition, only abiotic but not biotic raw materials are counted as inputs for wheat bread
production. As a result, the CRD biotic is zero and the total CRD is equal to the RMI abiotic.
The RMI biotic results in 1.70 kg biotic raw materials per kg wheat bread, accounting for 50%
of the total RMI. The largest share, amounting to 1.66 kg, is assigned to the wheat grains
and the remaining 0.04 kg to the wheat seed. The TMR biotic results in 2.74 kg biotic primary
materials per kg wheat bread, accounting for around 52% of the total TMR. The actual
values of RMI biotic and TMR biotic are higher because the biotic raw materials for sugar and
yeast production were not calculated in this example.

It can, therefore, be stated that if the PMF only accounts for abiotic materials, an es-
sential part of the material input is missing, and the assessment seems rather incomplete.
This is particularly relevant for production systems where the input of biotic raw materials
plays a major role. As the CRD per definition does not consider inputs from cultivated
biotic material resources, it provides the same information as the RMI abiotic if no inputs
from natural biotic resources are considered. As a result, the CRD conveys insufficient
information on used and unused biomass extraction for product LCA.

4. Discussion

The material footprint is an important indicator for the environmental assessment of
products and services. The results show that the CRD, RMI, and TMR could be calculated
as life-cycle-wide indicators for the impact assessment method PMF, but the application
of the indicators for biotic materials leads to different results and answers different target
questions associated with different system boundaries.

The system boundary used to measure the TMR, the demarcation between nature and
the human system, is in line with the general definition of the system boundary in the sense
of the LCA. The system boundary used to measure the CRD and RMI is defined economi-
cally. It is, therefore, located within the human system, on the demarcation between the
technosphere and economy. According to the definition of the CRD, the cultivated biotic
material resources are within the economy and part of the human system, in contrast to the
RMI. If the product system only requires input from cultivated biotic material resources,
the CRD biotic is zero as it does not measure the biotic inputs of the related agricultural pro-
cesses, although they represent by far the highest share of biomass production. Therefore,
an assessment of the environmental pressures associated with the production and harvest
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of biomass based on the CRD, as it has been defined so far, is basically insufficient and this
indicator might not allow a meaningful evaluation of the environmental impacts based on
material resource use. Additionally, the definition of the CRD biotic might be misleading as
it is often not clearly defined which biotic raw materials are related to cultivated and which
are related to natural areas [43].

With the application of the TMR and RMI based on the harvest approach, the natural
biotic material resources and the cultivated biotic material resources are located within
nature, quite at the boundary with the human system. As the RMI accounts for the part
of the extracted primary materials that is separated and transferred into the economy,
the position of the system boundary for the RMI is identical to that of the CRD. However,
in contrast to the CRD biotic, the RMI biotic accounts for the total amount of utilized biomass
extracted from nature and harvested from agriculture. Thus, the RMI biotic answers the
question: what amount of biotic raw materials are life-cycle-wide processed to comprise
the FU? This serves as a proxy indicator for the related environmental impacts along the
production chain.

The biomass flows accounted for by RMI biotic can also be consistently linked to the
gross input of the anthropogenic stock of materials, in particular, to the carbon-containing
portion that is practiced in economy-wide material flow accounting [51].

Additionally, the total amount of extracted biomass, including timber and caught fish,
should be measured, as it is an intervention in the natural ecosystems. For this purpose,
the system boundary used to measure the CRD and RMI is shifted from the economy to
the demarcation between nature and the technosphere. As a result, the TMR biotic answers
the question: which amount of biotic primary materials are life-cycle-wide taken from the
biotic material resources for the provision of the FU? Thus, the TMR biotic can be interpreted
as a proxy indicator for the magnitude of environmental impacts associated with the total
turnover of utilized and non-utilized biomass, including the subsequent deposition of the
extracted residues within the biosphere.

As the RMI and TMR have been designed to account for the flows of materials, they
should further focus on raw materials and primary materials and not on water or air inputs
for which separate direct or indirect indicators are available. Nevertheless, the extracted
raw materials can have a different water content, whether it is lignite or hard coal, or wood
or grass eaten by animals. A part of the water often evaporates after extraction, for instance,
when cut timber is being stored or grass being dried for hay.

Harvested biomass is mostly calculated as fresh matter but still has a non-negligible
moisture content even after drying. The characterization model for the RMI biotic could
consider the fresh and the dry matter of the biomass, but the application of a standardized
water content is advisable to provide comparable data. In ewMFA, harvested biomass
accounts for its actual fresh weight while a water content of 15% is assumed for fodder
crops and grazed biomass [53,54]. A similar approach could be taken in the PMF.

In analogy to the calculation of the abiotic part of the PMF, the CF RMI biotic is used to
calculate the CF TMR biotic by taking into account the mass ratio of unused to used extraction
represented by the coeff unused extraction. For the CF calculation, the applied definition
of co-products and harvest residues and the allocation approach is of great importance.
As shown, the production of wheat grains (main product) is associated with used straw
(co-product) and with remaining straw and roots as harvest residues, which has to be taken
into account.

Another option to calculate the RMI biotic or TMR biotic is to estimate the total amount of
biomass produced from their carbon content and the amount of CO2 taken up by plants [55].
As CO2 is considered as an elementary flow in most LCA databases, the creation of new
elementary flows is not necessary. The applied CF should consider the amount of biomass
that is produced by the absorption of one kilogram CO2 by taking into account the average
carbon content of the plant. Based on the ratio of the atomic weight of CO2 and carbon,
3.67 kg of CO2 has to be absorbed for the production of 1 kg of carbon. If the carbon
content of wheat is assumed to be 50%, 1 kg of CO2 has to be absorbed for the production
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of 0.545 kg of wheat. This simplified approach accounts only for the net uptake of CO2
and neglects that the gross input of CO2 by plants is larger due to losses by respiration.
Moreover, the content of the minerals in the plant material is neglected by this approach,
and the remaining water content.

The example of wheat bread production shows that system analysis provides a good
framework for the assessment of production processes using biotic materials. The system
diagrams should also be applicable to the products of forestry and fisheries, but they
are still simplified representations. For example, the issue of co-products, e.g., straw,
of additional material inputs, such as sugar and yeast, and water is not addressed in the
system diagrams while it is generally considered in the LCA process model and calculation.
When calculating the indicators for wood-based products, it is often necessary to calculate
the volumes of timber harvest in tons considering the appropriate density values [56].

In general, the analytical framework outlined in this article, the applicability and
interpretation of the three indicators and the advantageousness of RMI biotic and TMR biotic
should pertain for all biotic material resources used for products and services. For some
categories such as fish from the oceans, additional research might be required, for instance,
to quantify the unused extraction associated with ground dredging. When plants are
cultivated in glasshouses, the procedure proposed here would imply not to account for
that biomass in any of the three indicators, as CRD excludes this from the beginning and
RMI biotic and TMR biotic rely on inputs from the open field. Nevertheless, it could be
recommended to report on the greenhouse-based biomass used in a system studied for
additional information, e.g., in the inventory.

5. Conclusions

The most meaningful indicator among CRD, RMI, and TMR in terms of the material
footprint depends on the target question that should be answered. The material footprint
estimates the risk of potential environmental impacts associated with the magnitude of abiotic
and biotic material extraction from the bio-geosphere or the non-economy world, respectively.

The CRD is not able to fully assess the material use as for the CRD biotic, a large share of
biotic raw materials is excluded according to the definition. The RMI biotic and the TMR biotic
are well suited for calculating the material footprint of biotic materials in life-cycle-wide
analyses while answering complementary target questions. Both indicators are turnover-
based input indicators for the related environmental pressures and ecosystem damage
potential. The RMI biotic is related to the production activities using biotic raw materials in
the economy and the TMR biotic is related to the intervention in nature, including cultivation,
harvest, separation, and deposition. There is a certain risk of double counting, as additional
nutrients such as phosphate and potassium, which are part of the biomass, are already
counted in RMI abiotic and TMR abiotic, but this might be negligible in terms of the quantity.

RMI biotic and TMR biotic could also be used for absolute sustainability assessments [57].
The RMI biotic could be used, e.g., to assess the primary timber biomass used for wooden
products related to the net annual increment (NAI) of forests in the spatial scope area of
the analysis. The NAI measures the regrowth of forests in terms of the timber harvest
potential; for agricultural harvests, the total agricultural production could be used as a
proxy reference [58]. The TMR biotic could be related to the actual net primary production
(NPP) or the hypothetical natural net primary production in the area corresponding to the
spatial scope of the analysis [59]. For the CRD, such assessments would not be possible in a
sensible manner.

For policy-making, the material footprint is also of great importance, e.g., regarding
the SDGs, especially SDG 8 and SDG 12 [60]. As the RMI and TMR could play a more
important role as indicators for the material footprint in the future, a more detailed data
and calculation basis for RMI biotic and TMR biotic has to be developed.
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Nomenclature

AoP Area of Protection
CF Characterization Factor
coeff coefficient
CRD Cumulated Raw Material Demand
ewMFA economy wide Material Flow Accounting
FU Functional Unit
LCA Life Cycle Assessment
LCI Life Cycle Inventory
LCIA Life Cycle Impact Assessment
m mass
NAI Net Annual Increment
NPP Net Primary Production
PMF Product Material Footprint
RMI Raw Material Input
SDGs Sustainable Development Goals
TMR Total Material Requirement
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4. Bringezu, S.; Potočnik, J.; Schandl, H.; Lu, Y.; Ramaswami, A.; Swilling, M.; Suh, S. Multi-Scale Governance of Sustainable Natural
Resource Use—Challenges and Opportunities for Monitoring and Institutional Development at the National and Global Level.
Sustainability 2016, 8, 778. [CrossRef]

5. EC. Communication from the Commission to the European Parliament, the European Council, the Council, the European Economic
and Social Committee and the Committee of the Regions: The European Green Deal; EC: Brussels, Belgium, 2019. Available online:
https://ec.europa.eu/info/sites/default/files/european-green-deal-communication_en.pdf (accessed on 7 March 2022).

6. BMUB. German Resource Efficiency Programme II: Programme for the Sustainable Use and Conservation of Natural Resources; Federal
Ministry for the Environment, Nature Conservation, Building and Nuclear Safety (BMUB): Bonn, Germany, 2016. Available
online: https://www.bmuv.de/fileadmin/Daten_BMU/Pools/Broschueren/german_resource_efficiency_programme_ii_bf.pdf
(accessed on 7 March 2022).

7. Gavriletea, M. Environmental Impacts of Sand Exploitation. Analysis of Sand Market. Sustainability 2017, 9, 1118. [CrossRef]
8. Koehnken, L.; Rintoul, M.S.; Goichot, M.; Tickner, D.; Loftus, A.-C.; Acreman, M.C. Impacts of riverine sand mining on freshwater

ecosystems: A review of the scientific evidence and guidance for future research. River Res. Appl. 2020, 36, 362–370. [CrossRef]
9. Blanco, C.F.; Marques, A.; van Bodegom, P.M. An integrated framework to assess impacts on ecosystem services in LCA

demonstrated by a case study of mining in Chile. Ecosyst. Serv. 2018, 30, 211–219. [CrossRef]
10. Barral, M.P.; Villarino, S.; Levers, C.; Baumann, M.; Kuemmerle, T.; Mastrangelo, M. Widespread and major losses in multiple

ecosystem services as a result of agricultural expansion in the Argentine Chaco. J. Appl. Ecol. 2020, 57, 2485–2498. [CrossRef]
11. Mutoko, M.C.; Hein, L.; Shisanya, C.A. Tropical forest conservation versus conversion trade-offs: Insights from analysis of

ecosystem services provided by Kakamega rainforest in Kenya. Ecosyst. Serv. 2015, 14, 1–11. [CrossRef]
12. Gyang, J.D.; Ashano, E.C. Effects of Mining on Water Quality and the Environment: A Case Study of Parts of the Jos Plateau,

North Central Nigeria. Pac. J. Sci. Technol. 2010, 11, 631–639.
13. Pandey, B.; Agrawal, M.; Singh, S. Coal mining activities change plant community structure due to air pollution and soil

degradation. Ecotoxicology 2014, 23, 1474–1483. [CrossRef] [PubMed]

http://doi.org/10.18356/689a1a17-en
http://doi.org/10.1787/9789264307452-en
http://doi.org/10.5281/ZENODO.3542680
http://doi.org/10.3390/su8080778
https://ec.europa.eu/info/sites/default/files/european-green-deal-communication_en.pdf
https://www.bmuv.de/fileadmin/Daten_BMU/Pools/Broschueren/german_resource_efficiency_programme_ii_bf.pdf
http://doi.org/10.3390/su9071118
http://doi.org/10.1002/rra.3586
http://doi.org/10.1016/j.ecoser.2017.11.011
http://doi.org/10.1111/1365-2664.13740
http://doi.org/10.1016/j.ecoser.2015.03.003
http://doi.org/10.1007/s10646-014-1289-4
http://www.ncbi.nlm.nih.gov/pubmed/25017960


Resources 2022, 11, 56 15 of 16

14. Dudka, S.; Adriano, D.C. Environmental Impacts of Metal Ore Mining and Processing: A Review. J. Environ. Qual. 1997, 26, 590–602.
[CrossRef]

15. Bian, Z.; Inyang, H.I.; Daniels, J.L.; Otto, F.; Struthers, S. Environmental issues from coal mining and their solutions. Min. Sci. Technol.
2010, 20, 215–223. [CrossRef]

16. Bruijnzeel, L.A. Hydrological functions of tropical forests: Not seeing the soil for the trees? Agric. Ecosyst. Environ. 2004, 104, 185–228.
[CrossRef]

17. Monjezi, M.; Shahriar, K.; Dehghani, H.; Samimi Namin, F. Environmental impact assessment of open pit mining in Iran. Environ. Geol.
2009, 58, 205–216. [CrossRef]

18. Murguía, D.I.; Bringezu, S.; Schaldach, R. Global direct pressures on biodiversity by large-scale metal mining: Spatial distribution
and implications for conservation. J. Environ. Manag. 2016, 180, 409–420. [CrossRef]

19. Montero, A.; Marull, J.; Tello, E.; Cattaneo, C.; Coll, F.; Pons, M.; Infante-Amate, J.; Urrego-Mesa, A.; Fernández-Landa, A.;
Vargas, M. The impacts of agricultural and urban land-use changes on plant and bird biodiversity in Costa Rica (1986–2014).
Reg. Environ. Chang. 2021, 21, 48. [CrossRef]

20. Chappell, M.J.; LaValle, L.A. Food security and biodiversity: Can we have both? An agroecological analysis. Agric. Hum. Values
2011, 28, 3–26. [CrossRef]

21. Cristiano, W.; Giacoma, C.; Carere, M.; Mancini, L. Chemical pollution as a driver of biodiversity loss and potential deterioration
of ecosystem services in Eastern Africa: A critical review. S. Afr. J. Sci. 2021, 117. [CrossRef]

22. Hirsch, G.; Hofstetter, P.; Jäggi, C.; Kytzia, S.; Jörg Leimbacher, J.; Schaber, P.; Scheringer, M.; Schütz, J.; Seidl, I. Schutzgüter
und ihre Abwägung aus der Sicht Verschiedener Disziplinen: Vorbereitende Unterlagen zum 5. Diskussionsforum Ökobilanzen
vom 17. Oktober 1997 an der ETH Zürich. Available online: http://www.lcaforum.ch/Portals/0/DF_Archive/DF%201%20bis%
2012/df5.pdf (accessed on 22 March 2022).

23. Dewulf, J.; Benini, L.; Mancini, L.; Sala, S.; Blengini, G.A.; Ardente, F.; Recchioni, M.; Maes, J.; Pant, R.; Pennington, D. Rethinking
the area of protection "natural resources" in life cycle assessment. Environ. Sci. Technol. 2015, 49, 5310–5317. [CrossRef] [PubMed]

24. Van Oers, L.; Guinée, J.B.; Heijungs, R.; Schulze, R.; Alvarenga, R.A.F.; Dewulf, J.; Drielsma, J.; Sanjuan-Delmás, D.;
Kampmann, T.C.; Bark, G.; et al. Top-down characterization of resource use in LCA: From problem definition of resource use to
operational characterization factors for dissipation of elements to the environment. Int. J. Life Cycle Assess. 2020, 25, 2255–2273.
[CrossRef]

25. Schulze, R.; Guinée, J.; van Oers, L.; Alvarenga, R.; Dewulf, J.; Drielsma, J. Abiotic resource use in life cycle impact assessment—
Part I- towards a common perspective. Resour. Conserv. Recycl. 2020, 154, 104596. [CrossRef]

26. Rötzer, N.; Schmidt, M. Decreasing Metal Ore Grades—Is the Fear of Resource Depletion Justified? Resources 2018, 7, 88. [CrossRef]
27. Mostert, C.; Bringezu, S. Measuring Product Material Footprint as New Life Cycle Impact Assessment Method: Indicators and

Abiotic Characterization Factors. Resources 2019, 8, 61. [CrossRef]
28. Sala, S.; Benini, L.; Castellani, V.; Vidal-Legaz, B.; Pant, R. Environmental Footprint—Update of Life Cycle Impact Assessment

Methods; DRAFT for TAB (Status: 2 May 2016): Resources, Water, Land. Available online: https://ec.europa.eu/environment/
eussd/smgp/pdf/JRC_DRAFT_EFLCIA_resources_water_landuse.pdf (accessed on 7 January 2022).

29. Sonderegger, T.; Dewulf, J.; Fantke, P.; de Souza, D.M.; Pfister, S.; Stoessel, F.; Verones, F.; Vieira, M.; Weidema, B.; Hellweg, S.
Towards harmonizing natural resources as an area of protection in life cycle impact assessment. Int. J. Life Cycle Assess. 2017, 22,
1912–1927. [CrossRef]

30. Jolliet, O.; Müller-Wenk, R.; Bare, J.; Brent, A.; Goedkoop, M.; Heijungs, R.; Itsubo, N.; Peña, C.; Pennington, D.; Potting, J.; et al.
The LCIA Midpoint-damage Framework of the UNEP/SETAC Life Cycle Initiative. Int. J. LCA 2002, 9, 394–404. [CrossRef]

31. Mancini, L.; De Camillis, C.; Pennington, D. (Eds.) Security of Supply and Scarcity of Raw Materials. Towards a Methodological
Framework for Sustainability Assessment. Available online: https://eplca.jrc.ec.europa.eu/uploads/RawMat-scarcity-of-raw-
materials.pdf (accessed on 22 March 2022).

32. Van Oers, L.; Guinée, J. The Abiotic Depletion Potential: Background, Updates, and Future. Resources 2016, 5, 16. [CrossRef]
33. Bach, V.; Berger, M.; Finogenova, N.; Finkbeiner, M. Assessing the Availability of Terrestrial Biotic Materials in Product Systems

(BIRD). Sustainability 2017, 9, 137. [CrossRef]
34. Klinglmair, M.; Sala, S.; Brandão, M. Assessing resource depletion in LCA: A review of methods and methodological issues. Int. J.

Life Cycle Assess. 2014, 19, 580–592. [CrossRef]
35. EC-JRC. International Reference Life Cycle Data System (ILCD) Handbook: Draft Recommended LCIA Methods; EC-JRC: Ispra, Italy, 2011.
36. Swart, P.; Alvarenga, R.; Dewulf, J. Abiotic Resource Use. In Life Cycle Impact Assessment; Hauschild, M.Z., Huijbregts, M.A., Eds.;

LCA Compendium—The Complete World of Life Cycle Assessment; Springer: Dordrecht, The Netherlands, 2015; pp. 1–16.
[CrossRef]

37. DIN EN ISO 14044; Environmental Management—Life Cycle Assessment: Requirements and Guidelines. Beuth: Berlin, Germany, 2021.
38. Edelen, A.; Ingwersen, W.W.; Rodríguez, C.; Alvarenga, R.A.F.; de Almeida, A.R.; Wernet, G. Critical review of elementary flows

in LCA data. Int. J. Life Cycle Assess. 2017, 2017, 1–13. [CrossRef]
39. Crenna, E.; Sozzo, S.; Sala, S. Natural biotic resources in LCA: Towards an impact assessment model for sustainable supply chain

management. J. Clean. Prod. 2018, 172, 3669–3684. [CrossRef]
40. Fischer-Kowalski, M.; Krausmann, F.; Giljum, S.; Lutter, S.; Mayer, A.; Bringezu, S.; Moriguchi, Y.; Schütz, H.; Schandl, H.;

Weisz, H. Methodology and Indicators of Economy-wide Material Flow Accounting. J. Ind. Ecol. 2011, 15, 855–876. [CrossRef]

http://doi.org/10.2134/jeq1997.00472425002600030003x
http://doi.org/10.1016/S1674-5264(09)60187-3
http://doi.org/10.1016/j.agee.2004.01.015
http://doi.org/10.1007/s00254-008-1509-4
http://doi.org/10.1016/j.jenvman.2016.05.040
http://doi.org/10.1007/s10113-021-01767-1
http://doi.org/10.1007/s10460-009-9251-4
http://doi.org/10.17159/sajs.2021/9541
http://www.lcaforum.ch/Portals/0/DF_Archive/DF%201%20bis%2012/df5.pdf
http://www.lcaforum.ch/Portals/0/DF_Archive/DF%201%20bis%2012/df5.pdf
http://doi.org/10.1021/acs.est.5b00734
http://www.ncbi.nlm.nih.gov/pubmed/25867920
http://doi.org/10.1007/s11367-020-01819-4
http://doi.org/10.1016/j.resconrec.2019.104596
http://doi.org/10.3390/resources7040088
http://doi.org/10.3390/resources8020061
https://ec.europa.eu/environment/eussd/smgp/pdf/JRC_DRAFT_EFLCIA_resources_water_landuse.pdf
https://ec.europa.eu/environment/eussd/smgp/pdf/JRC_DRAFT_EFLCIA_resources_water_landuse.pdf
http://doi.org/10.1007/s11367-017-1297-8
http://doi.org/10.1007/BF02979083
https://eplca.jrc.ec.europa.eu/uploads/RawMat-scarcity-of-raw-materials.pdf
https://eplca.jrc.ec.europa.eu/uploads/RawMat-scarcity-of-raw-materials.pdf
http://doi.org/10.3390/resources5010016
http://doi.org/10.3390/su9010137
http://doi.org/10.1007/s11367-013-0650-9
http://doi.org/10.1007/978-94-017-9744-3_1
http://doi.org/10.1007/s11367-017-1354-3
http://doi.org/10.1016/j.jclepro.2017.07.208
http://doi.org/10.1111/j.1530-9290.2011.00366.x


Resources 2022, 11, 56 16 of 16

41. Eurostat. Economy-Wide Material Flow Accounts and Derived Indicators: A Methodological Guide; Eurostat: Luxembourg, 2001.
Available online: https://ec.europa.eu/eurostat/documents/3859598/5855301/KS-34-00-536-DE.PDF.pdf/bc9e7c32-3c98-49
f5-9d9b-dd58491be36c?t=1414780412000 (accessed on 22 March 2022).

42. OECD. Measuring Material Flows and Resource Productivity. Volume I. The OECD Guide; OECD: Paris, France, 2008. Available online:
https://www.oecd.org/environment/indicators-modelling-outlooks/MFA-Guide.pdf (accessed on 22 March 2022).

43. VDI 4800 Part 2. Resource Efficiency, Evaluation of Raw Material Demand; Verein Deutscher Ingenieure e.V.: Düsseldorf, Germany,
2018; pp. 03.100.01–13.020.01.

44. Eurostat. Economy-Wide Material Flow Accounts Handbook, 2018th ed.; Eurostat: Luxembourg, 2018.
45. Jölli, D.; Giljum, S. Unused Biomass Extraction in Agriculture. For. Fish. 2005, 3, 1–40.
46. Nemecek, T.; Kägi, T. Life Cycle Inventories of Agricultural Production Systems: Data v2.0. 2007. Available online: https:

//db.ecoinvent.org/reports/15_Agriculture.pdf (accessed on 22 March 2022).
47. Cloutier, D.C.; van der Weide, R.Y.; Peruzzi, A.; Leblanc, M.L. Mechanical Weed Management. In Non-Chemical Weed Management:

Principles, Concepts, and Technology; Upadhyaya, M.K., Blackshaw, R.E., Eds.; CABI: Wallingford, UK, 2007; pp. 111–134.
48. Leifeld, J. How sustainable is organic farming? Agric. Ecosyst. Environ. 2012, 150, 121–122. [CrossRef]
49. Seufert, V.; Ramankutty, N.; Mayerhofer, T. What is this thing called organic?—How organic farming is codified in regulations.

Food Policy 2017, 68, 10–20. [CrossRef]
50. EC. Organic Farming in the EU: A Fast Growing Sector; EC: Brussels, Belgium, 2019. Available online: https://ec.europa.eu/info/

sites/default/files/food-farming-fisheries/farming/documents/market-brief-organic-farming-in-the-eu_mar2019_en.pdf
(accessed on 20 March 2022).

51. United Nations. System of Environmental-Economic Accounting 2012: Central Framework; United Nations: New York, NY, USA, 2012.
52. Schomberg, A.C.; Bringezu, S.; Flörke, M. Extended life cycle assessment reveals the spatially-explicit water scarcity footprint of a

lithium-ion battery storage. Commun. Earth Environ. 2021, 2, 11. [CrossRef]
53. Krausmann, F.; Weisz, H.; Eisenmenger, N.; Schütz, H.; Haas, W. Economy-Wide Material Flow Accounting Introduction and Guide:

Version 1.2. Social Ecology Working Paper 151. Available online: https://boku.ac.at/fileadmin/data/H03000/H73000/H73700
/Publikationen/Working_Papers/WP_151_Web.pdf (accessed on 22 March 2022).

54. UNEP. The Use of Natural Resources in the Economy: A Global Manual on Economy Wide Material Flow Accounting. Available
online: https://www.resourcepanel.org/file/2330/download?token=AKG_oFKu (accessed on 17 March 2022).

55. Saurat, M.; Ritthoff, M. Calculating MIPS 2.0. Resources 2013, 2, 581–607. [CrossRef]
56. Mostert, C.; Egenolf, V. Software Supported Calculation of the Product Wood Footprint using Regionalized Characterization

Factors. In Environmental Informatics: Computational Sustainability: ICT Methods to Achieve the UN Sustainable Development Goals:
Adjunct Proceedings of the 33rd Edition of the EnviroInfo; Schaldach, R., Simon, K.-H., Weismüller, J., Wohlgemuth, V., Eds.; Berichte
aus der Umweltinformatik; Shaker: Düren, Germany, 2019.

57. Bjørn, A.; Diamond, M.; Owsianiak, M.; Verzat, B.; Hauschild, M.Z. Strengthening the Link between Life Cycle Assessment and
Indicators for Absolute Sustainability To Support Development within Planetary Boundaries. Environ. Sci. Technol. 2015, 49,
6370–6371. [CrossRef]

58. EC-JRC. DataM—Biomass Estimates (v3): A New Database to Quantify Biomass Availability in the European Union; EC-JRC: Ispra, Italy,
2015. Available online: https://op.europa.eu/o/opportal-service/download-handler?identifier=ce366cbc-737e-4b7a-ac9b-a1
0490510c0a&format=pdf&language=en&productionSystem=cellar&part= (accessed on 22 March 2022).

59. Krausmann, F.; Erb, K.-H.; Gingrich, S.; Haberl, H.; Bondeau, A.; Gaube, V.; Lauk, C.; Plutzar, C.; Searchinger, T.D. Global
human appropriation of net primary production doubled in the 20th century. Proc. Natl. Acad. Sci. USA 2013, 110, 10324–10329.
[CrossRef] [PubMed]

60. Lenzen, M.; Geschke, A.; West, J.; Fry, J.; Malik, A.; Giljum, S.; Milà i Canals, L.; Piñero, P.; Lutter, S.; Wiedmann, T.; et al.
Implementing the material footprint to measure progress towards Sustainable Development Goals 8 and 12. Nat. Sustain. 2022, 5,
157–166. [CrossRef]

https://ec.europa.eu/eurostat/documents/3859598/5855301/KS-34-00-536-DE.PDF.pdf/bc9e7c32-3c98-49f5-9d9b-dd58491be36c?t=1414780412000
https://ec.europa.eu/eurostat/documents/3859598/5855301/KS-34-00-536-DE.PDF.pdf/bc9e7c32-3c98-49f5-9d9b-dd58491be36c?t=1414780412000
https://www.oecd.org/environment/indicators-modelling-outlooks/MFA-Guide.pdf
https://db.ecoinvent.org/reports/15_Agriculture.pdf
https://db.ecoinvent.org/reports/15_Agriculture.pdf
http://doi.org/10.1016/j.agee.2012.01.020
http://doi.org/10.1016/j.foodpol.2016.12.009
https://ec.europa.eu/info/sites/default/files/food-farming-fisheries/farming/documents/market-brief-organic-farming-in-the-eu_mar2019_en.pdf
https://ec.europa.eu/info/sites/default/files/food-farming-fisheries/farming/documents/market-brief-organic-farming-in-the-eu_mar2019_en.pdf
http://doi.org/10.1038/s43247-020-00080-9
https://boku.ac.at/fileadmin/data/H03000/H73000/H73700/Publikationen/Working_Papers/WP_151_Web.pdf
https://boku.ac.at/fileadmin/data/H03000/H73000/H73700/Publikationen/Working_Papers/WP_151_Web.pdf
https://www.resourcepanel.org/file/2330/download?token=AKG_oFKu
http://doi.org/10.3390/resources2040581
http://doi.org/10.1021/acs.est.5b02106
https://op.europa.eu/o/opportal-service/download-handler?identifier=ce366cbc-737e-4b7a-ac9b-a10490510c0a&format=pdf&language=en&productionSystem=cellar&part=
https://op.europa.eu/o/opportal-service/download-handler?identifier=ce366cbc-737e-4b7a-ac9b-a10490510c0a&format=pdf&language=en&productionSystem=cellar&part=
http://doi.org/10.1073/pnas.1211349110
http://www.ncbi.nlm.nih.gov/pubmed/23733940
http://doi.org/10.1038/s41893-021-00811-6

	Introduction 
	Material Resource Use 
	Assessing Material Resource Use in LCA 
	Product Material Footprint 

	Materials and Methods 
	Measuring Biotic Material Use 
	System Boundary Options 
	Process Model of Wheat Bread Production 
	Calculation of Material Input Indicators and Characterization Factors 

	Results 
	System Diagrams for Wheat Bread Production 
	Material Footprint of Wheat Bread Production 

	Discussion 
	Conclusions 
	References

