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Preface

The provision of products (goods and services) rises environmental challenges on a
life cycle perspective, i.e. from cradle to grave. Life cycle assessment (LCA) is a
system analysis methodology developed to ease the inventorization and evaluation
of both the material and energy demanded as well as the emissions generated by
product systems throughout their supply chain, usage and end-of-life stages.

While the methodology is fairly comprehensive, it still needs additional research
and development to further increase robustness and reliability. The more we
understand the ‘planetary boundaries’ the more we realize that LCA should become
a methodology for everyone, allowing the evaluation of environmental impacts in
different application areas.

As the interest on the methodology steadily increases, the number of open
questions and possible directions for future research grows as well. Topics of
discussion such as issues of uncertainty, variability, regionalization, accessibility,
homogenization of inventory modelling approaches, interpretation and, last but not
least, data representativeness, quality and modelling, are persistently seen as pos-
sible methodological pitfalls within the LCA research community. In this regard,
discussion platforms to enable an exchange between different research groups and
the dissemination of scientific findings and results are essential drivers of innova-
tion. The Ökobilanzwerkstatt (LCA workshop) intends to contribute to this
objective. The present work, Progress in Life Cycle Assessment, summarizes the
findings and scientific results of the latest research activities in the field of LCA
presented at the 13th Ökobilanzwerkstatt jointly organized by the Technische
Universität Darmstadt and the Technische Universität Braunschweig.

Darmstadt, Germany Prof. Dr. rer. nat. Liselotte Schebek
Braunschweig, Germany Prof. Dr.-Ing. Christoph Herrmann
Braunschweig, Germany Felipe Cerdas, M.Sc.
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Part I
Introduction



State of the Art and Future
Developments in LCA

Tobias Viere

Abstract This essay serves as a preface to the contributions from young LCA
researchers that participated in the 13th Ökobilanzwerkstatt (“LCA workshop”)
at Braunschweig’s Technical University. It explains the basic idea of LCA and
briefly explores some of themost important future developments and related research
demands.

Keywords LCA · Ökobilanzwerkstatt

1 Introduction

Resource scarcities, environmental pollution and the need for renewable energies
have been in the centre of interest for a few decades already. As early as in the 1970s
researchers and decision makers were interested in the resource use and environmen-
tal damage implications of particular products and packaging options. This has been
the starting point for the development of the Life Cycle Assessment (LCA) method-
ology, which is nowadays the most established and widely used method to assess the
environmental impacts of products, services and technologies. This essay explains
the basic idea of LCA and its current state in business practice. It explores some of the
most important future developments and related research demands. The essay is part
of a book that summarizes contributions from young LCA researchers that partici-
pated in the 13th Ökobilanzwerkstatt (“LCA workshop”) at Technische Universität
Braunschweig, Germany, in September 2017. Hence, the essay finally elaborates the
role of the Ökobilanzwerkstatt for progressing LCA research and practice.

Most useful references to LCA and its developments can be found in textbooks
(e.g. Hauschild et al. 2018), standards and guidelines (e.g. ISO 14040 and 14044

T. Viere (B)
Institute for Industrial Ecology, Pforzheim University,
Tiefenbronner Str. 65, 75175 Pforzheim, Germany
e-mail: tobias.viere@hs-pforzheim.de
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4 T. Viere

and EC-JRC 2010), and journals (International Journal of Life Cycle Assessment,
Journal of Cleaner Production, and Journal of Industrial Ecology, to name a few).

2 LCA in a Nutshell

Life Cycle Assessment (LCA) is used to assess environmental impacts of product
and service systems over the whole life cycle from raw material extraction to end of
life. LCA is used for decision making on various levels and within different func-
tions and organizations including product comparisons and technology evaluations
on corporate levels up to political and macro-scale studies on the effects of envi-
ronmental policies. The common LCA approach following ISO 14040 and 14044
distinguishes four essential process steps required in all types of studies: goal and
scope, life cycle inventory, life cycle impact assessment, and interpretation, all of
which are elaborated in an iterative manner.

Goal and scope defines the framework of a study including spatial, temporal and
technical requirements and system boundaries. Furthermore, it defines the study’s
functional unit, which describes the product or service system’s benefit. All products
or technologies under comparison and their impacts as well as different scenarios of
the same product systems are scaled to the same functional unit in order to ensure
comparability. The Life Cycle Inventory (LCI) records all material and energy flows
(rawmaterials, emissions, intermediates etc.) that flow into or out of the system under
assessment. While some LCI data for very important and focal steps of the life cycle
is measured and gathered directly, much data for life cycle processes further up or
down the chain is derived from generic LCI databases. Within Life Cycle Impact
Assessment (LCIA) the LCI records are assessed according to their contribution
to certain environmental impact categories such as global warming, eutrophication,
resource depletion, or land use change. The Interpretation step within LCA evaluates
the results further and discloses uncertainties and insufficiencies of previous steps in
order to improve the overall assessment.

3 LCA Development

Since its early daysmore than 40 years ago, LCA has constantly developed and diver-
sified. For instance, the well-known carbon footprint follows LCA procedures with
its LCIA focusing on one particular environmental impact only, namely the global
warming potential. Instead of product and services, corporate carbon footprints and
organization’s environmental footprints extent the idea of LCA to organizations and
their performance over time. Besides environmental impacts, LCA is also capable
of considering economic and social aspects in life cycle cost assessments or Social
LCA respectively. This diversification and extension of the initial LCA ideas is
accompanied by an increasing level of standardization. For instance, so called prod-
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uct category rules define frameworks for particular groups of products like dairy in
order to ensure comparability of LCA studies in that group. Environmental prod-
uct declarations are the standardized documents of such assessments. The before
mentioned developments are consequences of academic progress and the continuous
growth of LCA within business. Nowadays, large car manufacturers, chemical com-
panies, plastics associations or the construction sector use and disclose LCA studies
(or excerpts thereof) routinely and therefore require a feasible degree of standardiza-
tion. At the same time, LCA-related service companies (consulting, software etc.)
are established parts of the global business world. LCA is taught at universities and
has become a core expertise of academic faculties, institutes, and think tanks in fields
such as industrial ecology, sustainability assessment, environmental engineering and
so forth. In larger research settings, especially within EU funding schemes, LCA
studies are often mandatory and an integral part of accompanying research.

Concluding that LCA is therefore fullymatured appears to be exaggerated, though.
Within the core methodology issues such as allocation, uncertainty analysis, or com-
parison and weighting of environmental impact categories leave room for further
improvement. Data gaps and data quality can still be troubling, especially when it
comes to geographically distinct information. Social LCA and the integration of
environmental, social, and economic LCA to form a sustainability LCA are in their
early stages. The search for the best system representation in large-scale settings has
led to discussions of attributional vs. consequential modeling. The digitalization and
big data age raises questions of automated LCA and full integration into enterprise
resource planning systems and other IT tools. Paradigms like circular economy and
cradle-to-cradle match life cycle thinking well, but the exact interplay leaves room
for further research and development.

4 Role of Research and Young Researcher Networks

While further standardization is industry’s consequence to the challenges above,
increased research activities are an obvious academic response. LCA research neces-
sitates interdisciplinary approaches, which is true for the fundamental and method-
ological challenges as well as for the challenges in direct application contexts.
Accordingly, LCA research does not only take place at a few specialized institutes for
life cycle thinking or industrial ecology, but at many rather different organizations
and institutes, of which some focus on thermodynamics and process engineering
while others are rooted in sociology or forestry. LCA is common ground for some
of their research activities and provides opportunities for mutual learning. In many
of such cases, LCA knowledge acquisition happens on-the-job or “on-the-PhD”, so
that peer groups to discuss ideas and challenges are highly important.

One such peer group is the “Ökobilanzwerkstatt” (translates to “LCAworkshop”,
see http://www.oekobilanzwerkstatt.tu-darmstadt.de). This workshop gathers PhD
students and further young LCA researches from German-speaking countries and
provides room for in-depth discussions of their ongoing research including inputs

http://www.oekobilanzwerkstatt.tu-darmstadt.de
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fromsenior experts andpractitioners in thefield.CoordinatedbyDarmstadtTechnical
University, 13 annual workshops took place since 2005 at various universities and
institutes. These activities have supported interdisciplinary LCA research within
German-speaking countries tremendously and initiated the development of further
regional and informal LCA researcher networks. Gathering experience in publishing
peer-reviewed LCA papers is a further goal of the network. For instance, previous
workshop organizers edited a special issue of the journal Sustainability Management
Forum (SMF 2016) to publish the participants’ short papers after a peer-review
process. This current book comprises peer-reviewed contributions from the 2017
Ökobilanzwerkstatt at Technische Universität Braunschweig and demonstrates the
interdisciplinarity and diversity of LCA research.

References
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Using Network Analysis for Use Phase
Allocations in LCA Studies
of Automation Technology Components

Mercedes Barkmeyer, Felipe Cerdas and Christoph Herrmann

Abstract This article discusses the consideration of the use phase of automation
technology components (ATCs) in Life Cycle Assessment (LCA). It aims to con-
tribute to the LCA methodology by exploring a relevance-based allocation method
for assessing ATCs and pneumatic components respectively. Although the environ-
mental impact of ATCs in the use phase is rather insignificant when analyzed as
a single component, its interaction with other components within an application
implies further leverages to the impact caused by the system in the use phase. The
social network analysis is an interdisciplinary method that is used in empirical social
research and well likely to close the gap between micro level and macro level. This
article transfers the social method to automation technology components aiming at
estimating the specific contribution of each component to the overall system impact
in the use stage.

Keywords LCA · Sustainable components · Allocation use phase
Interaction · Network analysis

1 Introduction

Life Cycle Assessment (LCA) is a system analysis methodology that allows the
quantification of potential environmental impacts of product systems (Hauschild
et al. 2018). One important challenge when applying LCA for the assessment of
complex products is that the environmental impact (e.g. the global warming poten-
tial) is only attributed to the actively energy consuming components of the system

M. Barkmeyer (B)
Festo AG & Co. KG, Ruiter Straße 82, 73734 Esslingen, Germany
e-mail: mercedes.barkmeyer@festo.com; m.barkmeyer@tu-braunschweig.de
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10 M. Barkmeyer et al.

(e.g. a pneumatic cylinder). While this simplifies the assessment of the influence of
the product during the use phase, a more detailed analysis of the contribution of par-
ticular parts to the overall performance of the product as a system might contribute
enhancing product design and development and might result in a fairer assessment
of the individual components.

A complex product architecture can be considered as a network of components
that sharing technical interfaces so as to deliver a particular functionality (Sosa et al.
2007). For the case of ATCs, the impact of the use phase of pneumatic components is
of high interest because almost 80% of the environmental burdens are caused in this
life cycle phase (Festo AG & Co. KG 2015). Components are designed to interact
with others. Understanding these interfaces can result inmeaningful insights thatmay
contribute to adopt different perspectives for sustainable innovations and business
models. The followingpaper presents a concept how touse the social network analysis
in LCA to analyze the contribution of specific component to the overall performance
of the system during the use phase. An important advantage of the social network
analysis is, that it provides quantitative indicators, that can be integrated as factors
in order to allocate the impacts of the use phase to each particular component of the
product architecture.

2 Network Analysis

Network analysis is an interdisciplinary method with explanatory power for prop-
erties at the macro level and breaks them down to the micro level. Supervising
individuals at the micro level is possible—however, this basis is not sufficient to
draw reliable conclusions about the society because the interactions of individuals
are not considered. At the macro level additional properties, in other words, interac-
tion between individuals exist (emergent properties). A sentence that is often used to
describe this fact is: “The whole is more than the sum of its parts” (Jansen 1999). Due
to its hybrid position between individuals and society, the social network analysis
is generally well suited to close the gap between any micro and macro level (see
Fig. 1). For this reason, the method can be applied to analyse emergent properties
of applications (in the sense of production systems/composed systems of various
components).

3 Concept

As part of research for sustainable components, a framework is already set up by
(Barkmeyer et al. 2016), which includes the perspectives of stakeholders (company,
customer, society). Integrating this with two general approaches “reduction of envi-
ronmental damage” and “provide environmental value added”, this leads to six cat-
egories which can be seen in Fig. 2. Based on this understanding a component
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with a good LCA result (minimizing damage) that is sold into an industry sector
that produces endproducts with controversy environmental and social impacts (dirty
business) is not sustainable yet. To achieve the status of a sustainable component, all
six categories (Fig. 2) must be considered. Suppliers of components (company) are
in a responsible position within industrial automation because their innovations and
decisions have transformative potential for production systems (customer) and the
produced end-products (society) consequently. As a basis for the category “Target
zero damage” (see Fig. 2), the proposed allocation method in this concept helps to
describe the environmental damage for a component in the customer’s application.
The method contains five steps that are described in the following.

Fig. 1 Transfer of social network analysis to components

Fig. 2 Framework with six categories for defining sustainable components
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Fig. 3 Exemplary application as use case and modeling of the application

3.1 Step 1—Modeling of the Application

Step 1 covers the modeling of the connections in an application. This is explained
based on the example of a simple pneumatic application (see Fig. 3 left). The pneu-
matic application contains a compressor (Co), a 5,2-way-valve (V), two throttle check
valves (T) and a cylinder (C). During use phase current and air enter the compressor
where air pressure is generated and passes the pneumatic 5/2-way-valve (contains
five connections and two switches). The air passes a hose (neglected here) and enters
the throttle check valve, that modifies the flow rate of the system. Finally, the air
flows into the cylinder, pushes the piston and causes a movement.

Which connections exist in an application is based on technical-physical under-
standing, which the user of the method must consider oneself. For this reason, this
step reminds of the life cycle inventory of the LCA method.

When selecting the components, the nodes in the modeling of the application
are directed in the opposite direction. The system sizes are the same. Therefore,
in modeling, arrows are going in both directions that can be named as reciprocal
relations. The lifetime of each component is assumed as equal and therefore neglected
here.

3.2 Step 2—Ecological Relevance of System Sizes
and Component (ERSS, ERC)

In step two the system sizes of the connection modeling are weighted due to their
ecological relevance (ERSS). This is primarily based on engineering understanding.
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Table 1 Weighting of ecological relevance of system sizes (ERSS)

System size Ecological relevance
of system size (ERSS)

System size Ecological relevance
of system size (ERSS)

Force (F) 1 Distance (s) 1

Pressure (p) 2 Cycle time (t) 1

Current (I) 2 Flow velocity (c) 2

Density (ρ) 1 Flow volume (v) 2

Fig. 4 Transferring ecological relevance of system sizes (ERSS) to ecological relevance of com-
ponent (ERC)

Force, distance, cycle time und air density have small ecological relevance,
whereas flow velocity, air pressure, volume flow, current can be assumed with high
ecological relevance due to their direct influence on energy demand (Table 1).

For further calculations, an adjacency matrix (see Fig. 4, left) is set up. The
adjacency matrix describes whether a connection exists (aji � 1) or not (aji � 0).
After that, each system size is multiplied with its ecological relevance of system size
(ERSS) and summed up per connection (e.g. ERSS(F)*1 + ERSS(s)*1 � 2). The
sum per column is the ecological relevance per component (ERC) (see

∑
Fig. 4,

right matrix) and can that way be related to the component.

3.3 Step 3—Importance of the Component (IC)

As the third step, the interdisciplinary method social network analysis is used to
identify the importance of the component within the system. To determine the quan-
titative indicators of the social network analysis, various programs can be used (e.g.
UCINET, SONIS, R software) (Jansen 1999). For this case study the statistical analy-
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Fig. 5 Calculation of ecological importance of the component (EIC)

sis was performed usingR software. Themost suitable indicator of the social network
analysis, which indicates the importance of each component based on the number
of connections is the eigenvector centrality. For the calculation of the eigenvector
centrality per component, the adjacency matrix, that was generated after modeling
the connections between the components in step 2, serves as input data.

3.4 Step 4—Ecological Importance of the Component (EIC)

For allocating the environmental impact of the application to each component, the
ecological importance of the component (EIC) is defined as an allocation factor. This
factor can be determined by multiplying the ecological relevance of the component
(ERC)with the importance of the component in the application (IC). EIC�ERC* IC.
Knowing that the application (cylinder, valve, throttle check valves and compressor)
causes 80 kg CO2eq (as an exemplary assumption) during use phase, the ecological
importance can be calculated by applying the rule of three. The 80 kg CO2eq can be
split accordingly to the allocation factor and the EIC respectively. This procedure is
illustrated for the exemplary use case in Fig. 5.
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Fig. 6 Comparison of exemplary results of LCA status quo versus LCA allocation method

4 Results

The results of the employed allocation method are presented in Fig. 6. The differ-
ences between the LCA status quo and the allocation method become obvious. The
LCA status quo allocates the environmental impact of the air pressure demand only
to the active component, the cylinder (80 kg CO2eq), whereas the throttle check
valves and the way-valve have no environmental impact during use phase. Using the
here introduced allocation method and considering the interactions of the compo-
nents, each component is responsible for a certain environmental impact proportional
depending on its ecological importance within the system (EIC): each throttle check
valve mathematically contributes with 15.52 kg CO2eq to the environmental impact
of the application; the way-valve contributes with 9.55 kg CO2eq. This implicates,
that research and system innovation should focus on the most environmental relevant
connection during use phase.

5 Conclusion

This article provides an allocation method to allocate environmental burdens in the
use phase of passive components which has not been found in current LCA stud-
ies yet. The relevance of the assessment of connections and interactions is clearly
highlighted by the results. In order to understand the performance of one component
in an application it is necessary to analyze the whole system. For this purpose, the
social network analysis was used. Overall, this study strengthens the approach that
the network analysis is a suitable methodology to offer new perspectives in life cycle
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assessment. Since the conceptual allocation method is descriptive, hot spots for fur-
ther research and potential system innovation can be found. Recommendations for
design improvements cannot be concluded. More broadly, further research is needed
to determine the weighting of the relevance of the systems sizes in the social and
economic dimension of sustainability. In this context a sensitivity analysis must be
conducted to hedge the method and the weighting of the relevance of the system
sizes.
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Eco-indicators of Machining Processes

Sandra Eisenträger and Ekkehard Schiefer

Abstract Products have a variety of environmental impacts throughout their life
cycle. To conserve resources and to protect the environment these impacts should
be reduced to a minimum. The easiest way to reduce the environmental impacts of
a product is to do it at an early point of the product development process because
at this time there are many opportunities to change something without increased
costs. At this time, however, it is often too complex to carry out a complete life cycle
assessment (LCA) of the product to identify the ecological weak points. Therefore,
EcoDesign-methods are used during product development to assess the expected
environmental impacts to minimize them over the whole product life cycle. In the
research project EcoScreen manufacturing processes were investigated to generate
a reliable database for their life cycle inventory (LCI). These LCI datasets were
used to generate simple to use eco-indicators to estimate the environmental impacts
without carrying out a complete LCA. For the first time, such eco-indicator values,
considering all the relevant environmental effects that are generated during these
processes, have been created for the machining of parts.

Keywords LCA · Ökobilanzwerkstatt · EcoDesign · Eco-indicators
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1 Life Cycle Inventory (LCI) of Machining Processes

ACNCmachine tool must be supplied with electrical power, cutting fluid, pressured
air, cutting tools and needs a manufacturing infrastructure. In addition, the work
station must be supplied with light, heat, fresh air and various equipments. During
machining waste like oily equipment, metal chips and used cutting fluid, as well
as emissions are generated. Most of these flows have upstream and downstream
processes, i.e. production, cleaning, conditioning and waste treatment of cutting
fluid.

The parametric life cycle inventory (LCI) model of machining processes is based
on a LCImethod formachining processes described by Schiefer (Schulz and Schiefer
1998, 1999a, b; Schiefer 2001; Abele et al. 2005). This LCI model contains the in-
and outputs of the machining process and all necessary sub processes (before, after
and duringmachining), likewastewater treatment, treatment of oily scrap, production
of machine tools and cutting tools, cleaning of the part after machining, transporta-
tion inside the factory, as well as the complete manufacturing infrastructure. The
quantity of the different energy, material, waste and emission flows were defined
as functions of geometry and process parameters. Factory layout and process plan-
ning were setup in terms of technical feasibility, economical reasonability and work
regulation aspects. The modeling principles, the containing in- and outputs and the
structure of this parametric LCI model are described in Schiefer et al. (2017). The
parametric LCImodel was created using the professional software openLCA (Green-
Delta GmbH, Berlin). Datasets from the ecoinvent database (ecoinvent Association,
Zürich, CH)were used for the background operation, i.e. the generating of electricity.

2 EcoDesign

The product development has an important influence on the environmental effects of
a product, due to the basic characteristics/properties of the product and its produc-
tion processes they are directly and indirectly defined during this phase. If product
designers would have a practicable and simple tool to compare variants of a part or
different production strategies of the same part, they could more easily choose the
ecologically compatible one. This would avoid, that ecological weak points occur
later on and could prevent additional costs and engineering time. It is important to
have indicators that are simple to handle and interpret. In this study the eco-indicator(
EI

[
points

])
, formed according to the single score indicator of the ReCiPe-method

[develop by (Goedkoop et al. 2013)], was chosen to indicate the environmental effects
of the processes. The normalization is calculated using the hierarchist perspective
with average weightings (Goedkoop et al. 2013).
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The following description contains only the ecological investigation of the
machining of metal parts on CNC turning centers that allows turning, milling and
drilling. Machining centers that are primarily used for milling are still being inves-
tigated. They have different energy, pressured air and tool consumption as well as
other process parameters and strategies.

During the computer aided design of a product and its workpieces the weight of
the metal part

(
mBT

[
kg

])
, the weight of removed metal

(
mSP

[
kg

])
and the surface

of the final part
(
ABT

[
dm2

])
can easily be derived.

A complete process planning is necessary to define the other parameters, as will
be discussed hereinafter.

3 Application of the Parametric LCI Model of Machining
Processes to Generate Eco-indicators

The amount of all in- and outputs of the LCI model are variable depending on the
geometry and material of the workpiece and the process times. Different materials
need different process parameters like cutting speed (vc[m/min]), feed per revolution
(f [mm]), and depth of cut

(
ap[mm]

)
, which form the volume removal rate. Most

material is removed from a workpiece by roughing with high values for feed per
revolution and depth of cut. The last cut, called finishing, removes less material
with low feed per revolution to get a good surface quality and dimensional accuracy.
As a first approximation it can be assumed that the complete surface generated by
machining is finished after roughing.

The environmental effects, which were calculated with the parametric LCImodel,
depend on the chosen material and the process defining parameters. These param-
eters are the weight of the metal part

(
mBT

[
kg

])
, the weight of the removed metal(

mSP
[
kg

])
, the surface of the final part

(
ABT

[
dm2

])
, the transport volume of the blank

part
(
VRT

[
dm2

])
, the stock removal energy (Eth[MJ]), the cutting time (th[min]), the

running time of the machine including times for tool change, fast movement and
movement without cutting

(
tg[min]

)
and the time the machine is occupied including

setup and handling times (tb[min]). Figure 1 shows one of the exemplary workpieces
with all mentioned parameters generated by carrying out a complete planning of the
machining process.

The eco-indicators (EI) can be calculated bydefining these parameters and running
the LCI-model in the professional software openLCA. This is done with the impact
assessment method ReCiPe and normalization with hierarchic weightings.
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Fig. 1 Example workpiece “gear shaft” with all relevant parameters used in the parametric LCI
model

Table 1 Conversion factors for machining of an unalloyed steel (E295)

Conversion
factors

a b c d e f g h

E295 0.001 0.0222 0.4450 0.6863 0.0266 0.0024 0.0064 0.0006

Unit points
dm2

points
MJ

points
kg

points
kg

points
min

points
min

points
min

points
dm3

4 Investigation of Parameters

Only the material, the weight of the part, the weight of the removed metal and the
surface of the final part are known without doing a complete process planning of the
machining process. Therefore, the number of parameters had to be reduced to make
the eco-indicators applicable during the product development.

By applying the LCI model to different workpieces, a functional relation between
the geometry of the workpiece and its environmental effects (eco-indicators) can
be identified. This is especially caused by the functional relationship between the
geometry of the workpiece and the process times.

The amount of eco-indicators is calculated by Eq. (1). The characters a to h
are conversion factors to convert parameters into the eco-indicators (EI). They were
defined through parameter studies in the parametric LCI model in openLCA for each
investigated material. Table 1 shows the amount of the conversion factors for the
unalloyed steel E295 and thereby the environmental impact of the geometry and
process parameters for this material.

EI � a · ABT + b · Eth + c · mBT + d · mSP + e · tb + f · tg
+ g · th + h · VRT [points] (1)
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The surface of the final part
(
ABT

[
dm2

])
, the weight of the part

(
mBT

[
kg

])
and the

weight of the removedmetal
(
mSP

[
kg

])
can be easily extracted while using computer

aided design and, can therefore, be easily used in the equation. The stock removal
energy (Eth[MJ]) per kg removed metal is nearly a material specific constant for each
investigated material (unalloyed steel, low-alloyed steel, chromium steel 18/8, cast
iron, aluminium alloy). For example, for unalloyed steel (E295) the arithmetic aver-
ages of the investigated workpieces are 0.47 MJ per kg metal removed by roughing
and 0.55 MJ per kg metal removed by finishing.

The total cutting time (th[min]) is the sum of the cutting time for roughing(
throu [min]

)
and the cutting time for finishing

(
thfin [min]

)
. The cutting time per kg

removed metal depends mainly on the generated surface and the total removed metal
for both roughing and finishing. In each case the minimal value for the cutting time
per kg removed metal is reached when a lot of metal is removed to generate a work-
piece with minimal surface area. To take these relations into account Eq. (2) can
roughly estimate this for each material, either for roughing or for finishing. The
equation deduced from investigations of different reference workpieces and their
process plans.

throu/fin � f (x) � αrou/fin · (x)2 + βrou/fin · x + γrou/fin [min]

α, β, γ :� material specific values [min] (2)

The variable x represents the ratio of the generated surface to the mass of the
removed material. It is also the mass ratio of the material removed by roughing
(mSProu ) and the total removed material (mSP) and can be calculated by Eq. (3), which
only depends on the geometry parameters ABT and mSP and the material specific
parameters depth of cut for finishing (apfin ) and the density of the material (ρ).

x � 1 − ρ · apfin · ABT

mSP
� mSProu

mSP
[−] (3)

The other process times (tb, tg) consist of the cutting time and a time slice that
is approximately constant for the investigated materials. This is a rough estimation
to include auxiliary times like tool changing times, handling times and machine set-
up times. Figure 2 shows the value of eco-indicator points per kg removed metal
according to the mass of the removed metal and the generated surface using the
described relation and the previously described Eq. (3).

These calculated relations could already be used in the product development pro-
cess. However, the environmental impacts of the manufacturing operation are only
one part of the total environmental effects generated by the production of the part.
Not yet included in the equation is the production of the not removed material — the
weight of the final product. Table 2 containing the eco-indicator values per kg work-
piece for three of the investigated materials can be used to take this into account.
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Fig. 2 Relation between the mass of the removed material, the surface, and the resulting eco-
indicator points for E295

Table 2 Eco-indicator points for material production and forming per kg of the final product
depending on the type of material (generated using ecoinvent data)

Material Points
kg workpiece

E295 0.44

1.4301 2.18

42CrMo4 0.63

The final result representing the environmental influence for the production of the
part is the summation of the values fromTable 2multipliedwith theweight of the part
and values taken from the Figs. 3, 4 and 5 depending on the material. These figures
show the EI points per kg removed material for the machining process depending on
the surface area.

5 Example

In the following, the principle procedure is shown by using three simple work-
pieces. They are quite similar in terms of section modulus of torsion Wt(
Wt,1 � 5300 mm3; Wt,2 � Wt,3 � 5200 mm3

)
and consist of unalloyed steel
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Fig. 3 Eco-indicator points for the machining of unalloyed steel (E295)

Fig. 4 Eco-indicator points for the machining of stainless steel (1.4301)

(E295). The first one is a shaft, the second one and the third one are hollow shafts.
All three have constant diameters over the entire length. Table 3 shows the relevant
properties.
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Fig. 5 Eco-indicator points for the machining of low-alloyed steel (42CrMo4)

Table 3 Overview of the three example workpieces (E295)

No. Final part Unprocessed part Removed

Diameter
(mm)

Length
(mm)

Mass (kg) Machined
surface(
dm2

)

Diameter
(mm)

Length
(mm)

Mass (kg)

1 d � 30 200 1.12 2.03 d � 32 205 0.16

2 da � 40
di � 35

200 0.46 4.77 da � 42
di � 32

205 0.47

3 da � 40
di � 35

200 0.46 2.57 da � 42
di � 35

205 0.22

The eco-indicators for production of the material, which is not removed, are
calculated by multiplying the mass of the final part with the material specific points
shown in Table 2. The effects of the machining process are determined using Fig. 4
with the information of the mass of the removed metal and the generated surface.

Table 4 is a summary of the results of the examples. The shaft (1) has the highest
score inmaterial production caused by theweight of the final part, but the lowest score
in machining caused by the less removed material and the less generated surface.
The hollow shaft with the machined inner surface (2) has a lower score in material
production, however, it has a higher score in machining caused by the high values
for machining of both sides. The values for machining the hollow shaft without
machining the inner surface (3) are more similar to the shaft (1) values, but the
production of the not lost material has less eco-indicator points. In addition, it is the
part with the lowest environmental impact.
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Table 4 Summary of the results

Eco-indicator points

Shaft (1) Hollow shaft (2) Hollow shaft (3)

Material production (excl.
removed material)

0.5 0.2 0.2

Machining (incl. production of
removed material)

0.45 0.9 0.5

EI total 0.95 1.1 0.7

6 Prospects

The generated method to estimate the environmental impact of machined parts is
simple to handle and is based on detailed investigations of the machining processes
and economical reasonable process planning. The parametric structure of the LCI
model allows investigations of other materials or of the influence of the number of
same pieces.

In the future, other manufacturing processes like welding, forging, water jet or
laser cutting, assembling and disassembling, different types of moulding are going
to be investigated to generate a database with many different options for production
of a product or component.

If the database will contain more processes and different materials, it could allow
the comparison of a lot of different variations of geometries and manufacturing pro-
cesses or production strategies. By applying the method to the product development
process, the environmental impact could be reduced efficiently without a distinct
increasing of development costs and time.
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Enhancing the Water Footprint Method
to a Region Specific Management Tool

Natalia Finogenova, Markus Berger and Matthias Finkbeiner

Abstract Water Footprint (WF) is broadly applied as a method to quantify impacts
associated with the water use throughout the value chain of products, nevertheless
the need for a more temporally and spatially explicit evaluation has recently been
highlighted. In this paper a region specificWF inventory andmidpoint impact assess-
ment for the cotton-textile value chain in Pakistan is introduced. The locally relevant
parameters are identified and included into the water consumption inventory and
water availability database. The results are applied to a numerical model for the cot-
ton cultivation. For the water consumption, the introduced region specific parameters
are position on the irrigation channel, water source (distinguishing between surface
and groundwater), use of the storage reservoirs and water trade between farmers for
the inventory. Parameters groundwater level, and salinity and distinguishing between
surface and groundwater are included into the water availability database. The calcu-
lated WF demonstrates that the separate assessment of the surface and groundwater
in both inventory and impact assessment is essential on a regional level. Evaluating
local conditions play the vital role for a robust quantification of the WF. Further
development of the region specific impact assessment is needed in particular for the
endpoint impact assessment for the areas of protection human health, ecosystems
and freshwater resources.

Keywords Water footprint · Region specific impact assessment
Cotton-textile value chain

1 Introduction

Freshwater is essential for human well-being and ecosystems. However, more than
40% of the world’s population is living nowadays under acute water stress (OECD
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2012). According to the Organisation for Economic Co-operation and Development
(OECD 2012) the global water demand will increase by 55% between 2000 and
2050, driven by the population growth and industrial development, in particular in
emerging and developing countries. Growing European demand for the water inten-
sive products, e.g. crops and ores, is aggravating pressure on the water resources in
exporting countries (Ercin et al. 2016). Increasing water scarcity and water quality
alteration cause severe health effects, whereas low and middle income level popula-
tion groups are affected in particular (WHO2003, 2009). Althoughwater availability
is a global issue, distribution of the water resources is characterized by significant
regional differences. As demonstrated by Loubet et al. (2013), water availability
and effects of water consumption can significantly vary even between different sub-
watersheds within one river basin. For some regions, temporal variation is the most
crucial factor for water availability, e.g. monsoon and dry seasons in Asia. Thus, to
evaluate water scarcity impacts adequately, a regional or even local perspective has
to be applied (Berger and Finkbeiner 2010, 2013; Quinteiro et al. 2017; Wichelns
2017).

Water Footprint (WF) has been widely applied to evaluate environmental impacts
associated with the water consumption and degradation (pollution) since decades
(Berger and Finkbeiner 2010; Aivazidou et al. 2016). The method allows to evaluate
potential water use related impacts under the life cycle perspective (DIN 2016). The
impacts are quantified by multiplying the water consumption and degradation with
the characterization factors (CFs) and are expressed in H2O-eq..1 The CFs consider
the regional water availability, whereas a number of WF models exist providing the
CFs on a country or watershed level (Pfister et al. 2009; Berger and Finkbeiner 2010;
Kounina et al. 2013; Berger et al. 2014; Pfister and Bayer 2014; Boulay et al. 2017).

So far, the water footprint studies have been conducted for a broad range of goods,
including agricultural products, e.g. tomatoes (Chapagain and Orr 2009) and cotton
(Hoekstra et al. 2006; Pfister et al. 2009), ores (Northey et al. 2014; Buxmann et al.
2016) and complex industrial products like a car (Berger et al. 2012).

Despite the broad application of WF, some authors claim that the current WF
models are insufficient to address water related problems and identify hotspots on
the local level (Hess et al. 2015; Wichelns 2017). Several methodological challenges
of the water footprint approach have been identified and discussed recently (Berger
and Finkbeiner 2010; Quinteiro et al. 2017), in particular the need for the temporally
and spatially explicit water consumption inventories and characterization factors.

In order to address some of these challenges, a region specific water footprint
is introduced. First, a region specific WF database is established. For this purpose,
locally relevant aspects are investigated and included into the database alongside
other parameters commonly used for the WF studies. In the next step the WF impact
assessment is adapted to a region specific perspective. Within this paper one aspect
relevant for the regional impact assessment is investigated—a separate evaluation of
the surface and groundwater. The results are demonstrated by means of a numeric
model for the cotton production in Pakistan.

1Here only the water scarcity footprint is described.
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The method development is conducted within the project InoCottonGROW.
InoCottonGROW is a collaborative project of 26 partners from Germany, Pakistan
and Turkey sponsored by BMBF. The project aims at contributing to a sustainable
water use along the cotton-textile value chain in Pakistan by enhancing the Water
Footprint method to a region specific management tool.

2 Method

2.1 Development of the Region Specific WF Databases

The region specificWF database is split into thewater consumption inventory and the
water availability database. First, the commonparameters used for calculating theWF
on a country or watershed level are considered based on the existing WF models.
The latter are, for example, evapotranspiration, water withdrawal and discharge,
fertilizers application and cotton yield for the water consumption inventory. The
parameters included in the water availability database are, among others, surface
runoff, groundwater recharge and human water consumption.

In the next step, locally relevant parameters are identified and included into the
databases. For the water consumption inventory, they are derived by means of the
on-site farm visits in the province Punjab in Pakistan. The aspect identified as mostly
relevant is the position of the farm on an irrigation channel. The irrigation systems
leads to an unequal distribution of water, so that the farmers on the head of the
irrigation channel get more water than farmers on the tails. Further locally relevant
aspects are water trade between farmers and usage of the water storage reservoirs;
compensation of the surfacewater scarcity by using the groundwater; loss of yield due
to saline groundwater. For these aspects corresponding parameters are included into
the database. The results are presented in Fig. 1. For the water availability database,
the relevant aspects are determined based on the existing literature concerning water
resources in Pakistan. It was identified that the groundwater level and salinity are the
limiting factors for the water availability. Furthermore, the water demand is strongly
water source specific depending on the user: while agriculture withdraws the surface
water, industrial and domestic sectors use only the groundwater. The corresponding
parameters included into the water availability database are presented in Fig. 2.

2.2 Region Specific Impact Assessment Model

To evaluate the influence of the region specific parameters introduced in the water
consumption inventory and water availability database, the impact assessment is car-
ried out. For this purpose, a simplified numeric model for the product system cotton
cultivation is established. The product system belongs to the water user agriculture
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Fig. 1 The numeric model for the calculation of the region specific water footprint for the cotton
cultivation including: Water consumption of the product system (cotton cultivation); water con-
sumption of the water users in the study area (agriculture, industry, domestic); water availability in
the study area

and withdraws surface (V1) and groundwater (V2) for irrigation, whereas part of the
applied water percolates and rercharges the groundwater aquifer (V3) (Fig. 2). To
evaluate the influence of the parameter position on the irrigation channel, the water
consumption inventory is modelled for the position on the head of the channel (farm
1) and tail (farm 2). Thus, the first farm gets more surface water and the second farm
has to apply more groundwater (see Sect. 2.1). The percolation rate of the water
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Fig. 2 The region specific water consumption database. The bold frames indicate the introduced
region specific parameters

applied to the field is assumed as 30%. The model also includes the users industry
and domestic, which are withdrawing only the groundwater as described in Sect. 2.1.

The water footprint is calculated for each water source (surface or groundwater)
by multiplying the water consumption from this water source (WCi) with the char-
acterization factor (CFi) for the surface or groundwater, repectively (see Eq. 1). The
CF is calculated as the consumption-to-availability ratio. The water consumption of
the agricultural, domestic and industrial users is considered.

WFi � WCi ∗ CFi � WCi ∗
(
WCagriculture

i +WCindustry
i +WCdomestic

i

)

Water availabilityi
(1)

The total water footprint is then calculated at the sum of the water footprint for the
surface and groundwater use. The results are compared to the averageWF calculated
without distinguishing between different water sources.

The results are presented in the next chapter.
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3 Results and Discussion

3.1 The Region Specific WF Database

The parameters included in the water consumption inventory are presented in Fig. 2.
The inventory is divided into three data blocks: farm attributes, water consumption
and water pollution aspects. In the following, the introduced region specific param-
eters are described. The farm position on the irrigation channel is included as a new
parameter into the block farm attributes, since it significantly influences water avail-
ability on a farm level as described in Sect. 2.1. Water consumption is divided into
the surface (from the irrigation channel) and groundwater, which allows consider-
ing different availability of the surface and groundwater in the impact assessment.
Furthermore, local measures such as using the water storage tanks and water trade
between farmers to balance the water availability are included into the inventory.

The parameters included in the water availability database are presented in Fig. 3.
The database is divided into three blocks: area attributes, water availability and
water consumption aspects. The introduced region specific parameters are ground-
water level and salinity. Both parameters are the limiting factors for groundwater
availability in particular for the agricultural sector, on the one hand, due to the high
energy costs for water pumping, on the other hand, due to the damage of the saline
water when using for the irrigation purposes. The water consumption is divided
into the surface and groundwater to consider the different water sources used by the
agricultural, industrial and domestic sectors.

3.2 The Region Specific Impact Assessment

The results of the numeric model are presented in Fig. 4 and demonstrate how dis-
tinguishing between the surface and groundwater influences the WF. The CF for the
groundwater availability (0,75) is three times higher than for the surface water (0,25),
thus groundwater is three times more scarce than the surface water in the region. This
result is caused by the high demand for the groundwater compared to its resources.
The average CF (0,35) is significantly lower than the CF for the groundwater and
slightly higher than the CF for the suface water. This can lead to over- or under
estimation of the water scarcity, in particular when a user, e.g. industrial sector, is
consuming water from only one source.

The average WF is equal for both farms (3,9 H2O-eq.), while, when evaluating
surface and groundwater separately, it sums up to 3,3 H2O-eq. for the first farm and
4,8 H2O-eq. for the second (Fig. 4). The reason is, that the farmer on the head of
the irrigation channel (farm 1) applies mainly surface water, while the farmer on the
tail (farm 2) applies more groundwater due to the lack of the irrigation water. Since
water scarcity of the groundwater is higher than of the surface water, the WF of the
farm 2 is higher as well.
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Fig. 3 The region specific water availability database. The bold frames indicate the introduced
region specific parameters

4 Conclusion and Outlook

This paper introduces a water consumption inventory and a water availability
database for calculating the region specific water footprint on example of cotton
cultivation in Pakistan. Five regional parameters are identified and included into
the water consumption database: position on the irrigation channel, distinguishing
between the surface and groundwater consumption, usage of the water storage tanks
and water trade between farmers. For the water availability database the new con-
sidered parameters are groundwater level and quality as well as separate evaluation
of the surface and groundwater availability. The method is applied to a numerical
model. The results demonstrate that water scarcity and thus water footprint can sig-
nificantly vary for surface and groundwater, which might lead to an under- or over
estimation of the water footprint.

The data availability might be a limitation factor for calculating a region specific
WF. Further steps include development of the region specific cause-effect chains for
the endpoint impact assessment for human health, freshwater resources and ecosys-
tems. Furthermore, the linkages between the WF results and the Sustainable Devel-
opment Goals indicators might be established to provide monitoring and decision
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Fig. 4 CFs for the water availability and WF for the surface water use, groundwater use and the
average WF (not distinguishing between surface and groundwater) for the farm on the head (farm
1) and on the tail (farm 2) of the irrigation channel

support for political decision makers. A robust approach to include the water quality
parameters into the WF method needs to be established.
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Product System Modularization in LCA
Towards a Graph Theory Based
Optimization for Product Design
Alternatives

Chris Gabrisch, Felipe Cerdas and Christoph Herrmann

Abstract In light of current environmental challenges, industrial companies are
increasingly required to reduce their individual environmental impact. As these com-
panies face economic constraints, the reduction of the specific impacts needs to be
achieved in the most cost-efficient manner. This is leading to trade-offs between the
potential environmental improvements driven by particular measures and the costs
of these measures. Due to the inherent complexity of product systems many different
measures to alter the products properties exist, leading to a high number of possible
combination alternatives in the foreground system and consequently to many dif-
ferent product system set-ups and LCA results. Modular LCAs are an approach to
calculate these results by performing separated LCAs for all individual life cycle
modules, which afterwards are reconnected again to form the LCA results for all
possible module combinations. However, when the LCA result of one of these mod-
ules is influenced by interactions with other modules, the consideration of these
influences leads to a fast rise in the data demand for a modular LCA. Modelling
such an optimization problem via graph theory can be a possible way to address
interdependencies between modules while still being able to provide the necessary
data demand through a systematic graph design.

Keywords LCA · Optimization in LCA · Graph theory · Data demand

1 Introduction

To reduce the human interventions with the ecosphere, political agreements regard-
ing the decrease of environmental pollution or global warming have been passed.
The Agreement of Paris by the United Nations is a demonstration of the worldwide
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understanding for the need to limit the rise of the global mean temperature to well
below 2 °C compared to the pre-industrial level (United Nations 2015). For com-
mercial organisations with business activities or products related to high greenhouse
gas emissions, it therefore becomes necessary to reduce the environmental impact of
their products or services. As the companies are competing in an economic-focused
market, it becomes more and more reasonable to decrease the specific impacts in
these areas of operation, where it is cheapest (Poppe 2001).

Companies that produce goods with a complex life cycle (e.g. long supply chain,
diverse mix of materials and/or energy-intense use phase) therefore need to assess a
cost minimal configuration of their product over the whole life cycle which reduces
their environmental impact to a given limit. This typical life cycle consists of a
production phase, a use phase and an end of life phase of the product (Broch 2017).

To optimize this life cycle for a given environmental target, e.g. regarding the
emissions of greenhouse gases, different approaches can be possible. One approach
could be a single emission reduction measure in one of the three phases or a combi-
nation of multiple measures throughout the whole life cycle.

To identify this ideal configuration of the products life cycle, an optimization
algorithm is necessary, which identifies this ideal set of measures for a given envi-
ronmental target. Such an algorithm needs information about the individual potential
of greenhouse gas emission reduction and costs of each measure. These input data
can e.g. be provided via life cycle costing and an environmental impact analysis
based on the ISO Norm 14040.

2 Modularization of Product Systems in LCA

With a growing complexity of the analyzed product, the calculation of an LCA
becomes a bigger effort. If the product should be improved regarding the environ-
mental properties, many different alternatives can occur across every phase of the
products life cycle. A high diversity of possible measures to reduce the greenhouse
gas emissions leads to a high demand of LCA-results, as each possible life cycle,
which is the result of a unique combination of measures, needs to be assessed sepa-
rately (Herrmann et al. 2013).

If a given products life cycle can be altered with exemplary 75 different measures
aiming for environmental improvement, which can be combined in any possible
way, the LCA demand reaches with more than 3.78 ∗ 1022 possible combinations
extremely high numbers. The established method of “modular LCA” can help to
reduce the calculation effort back to an individual LCA for each of the initial 75
measures. A modular LCA of a product system is based on the concept of dividing
the life cycle into clearly separable modules, which are then assessed individually
(Jungbluth 2000). The LCAs of the individual modules added up result in the LCA
of the whole product system. With a high number of alternative modules (which can
be combined in many different ways), the effort to analyze the environmental impact
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Fig. 1 Modular life cycle model

of only the modules is far lower than it would be to evaluate the whole life cycle
each time (Cerdas et al. 2018; Steubing et al. 2016).

Figure 1 shows an exemplary product system with six different life cycle stages
(A to F) and one to three different modules per stage.

In total, 36 combinations or alternative life cycles are possible for this example
and thus possibly 36 different LCA results for the final product.With modular LCAs,
this effort can be reduced to twelve LCAs (one for each module), which can then
be combined in all possible ways afterwards. Modular LCAs are therefore a smart
approach to reduce the amount of necessary LCAs to compare many different life
cycle alternatives.

3 Interdependencies Between Measures

A modular LCA approach might lead to wrong results, when the individual LCA
of each module is assumed to be static, but actually depends on the modules, it is
combinedwith.Whenmeasures are sensitive to the combinationwith othermeasures,
the initial concept of modular LCAs cannot be applied, as a measure does not have a
fixed or static individual LCA result anymore but multiple values, depending on the
combination context with other measures. The ongoing calculation with fixed values
for interchangeable measures would then lead to incorrect results. This phenomenon
can be described as “interdependencies” between measures, respectively modules.
(Herrmann et al. 2013)

Referring back to the example of the 75measures, the calculation of only 75 LCAs
and an utilisation of these results in a modular LCA approach cannot be applied, if
possible interdependencies shall be considered. If a measure interacts with other
measures, than each measure can possibly have an individual value for each possible
combination of measures in which it takes part.

On the left side of Fig. 2, an exemplary life cyclewith two stages and threemodules
for stage A (A1 to A3) and two modules for stage B (B1 and B2) is displayed.

In total, six alternative life cycles are possible (A1B1, A1B2, A2B1, A2B2, A3B1,
A3B2), which can be assessed with only five LCAs (one for each module) via mod-
ular LCA. On the right side of Fig. 2 is the same exemplary life cycle depicted.
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Fig. 2 Interdependencies between LCA modules

The difference is that possible interdepencies are considered. For example, module
A1 can be combinedwith eithermodule B1 ormodule B2. If the LCA result ofmodule
A1 depends on the exact combination with a certain module of stage B, than module
A1 can have two different LCA results, one for the combination with module B1

and one for the combination with module B2. The same logic applies to the other
modules. The total number of possible modules which need to be analyzed with an
LCA to apply a modular LCA therefore rises from five to twelve for the same six
possible life cycles. Hence, the number of necessary modules surpasses the number
of possible life cycles. For larger networks, the difference between the amount of
alternative life cycles and the necessary data demand for individual modules growths
quickly.

This example shows that the consideration of interdependencies between individ-
ual modules within a modular LCA leads to an enormous data demand regarding
individual LCAs for each module. This leads to the need for a strategy to reduce the
data demand for individual modules below the number of possible life cycles without
losing the level of detail, which the consideration of the interdependencies provides
for the final results.

4 Data Demand Reduction Strategies

The depiction of the modular LCA and the complexity of interdependencies in the
previous sections have been explained via graph theory, as this form of problem
representation is very suitable to exemplify the logical and combinatorical relations
of life cycle stages. Since the interdependencies between these modules arise due to
certain combinations within the chain of life cycle stages, changes in the design of
the graph are a helpful approach for the reduction of the data demand. The detailed
modifications to these graphs are explained in the following chapter.

The number of existing individual modules considering the possible interdepen-
dencies can be calculated with Eq. (1):
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N � y ∗ (
n1 ∗ n2 ∗ . . . ∗ ny

)
(1)

N=Number of individual Modules
y=Number of life cycle stages
ny �Number of alternatives for each life cycle stage

To reduce the result of this equation, either the number of alternatives per stage
or the number of stages needs to be reduced. One effective way of reducing the data
demand for a network of a whole life cycle therefore is the principle of forming sep-
arated subgraphs, which are afterwards connected again. A subgraph in this context
is a graph G’, where the vertices (V’) and edges (E’) are all part of the vertices (V)
and edges (E) of the main graph G (Domschke et al. 2015). If it is possible to divide
a given graph G into two subgraphs G1’ and G2’, the number of possible individ-
ual modules reduces quickly, as fewer possible connections appear that lead to the
existence of individual modules in G1’ and G2’.

The top graph in Fig. 3 would have a total amount of 4374 individual modules
[see Eq. (2)], while the two separate subgraphs in the bottom have a data demand for
81 individual modules each [see Eq. (3)].

4374 � 6 ∗ (3 ∗ 3 ∗ 3 ∗ 3 ∗ 3 ∗ 3) (2)

81 � 3 ∗ (3 ∗ 3 ∗ 3) (3)

If every combination of the bottom two graphs are afterwards combined with
each other, than both (the top and the bottom) networks offer 36 � 729 possible
combinations or alternative life cycles. While the top network needs 4374 individual
modules to provide correct results for the LCAs with interdependencies, it becomes
also feasible to calculate these results with only 162 individual modules from the
bottom network, if it is possible to split the network in half and calculate separated
results. This separation of subgraphs leads to a reduction of −96.3% of necessary
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Fig. 4 Excluded stage of interdependencies

individual modules. While the data demand in the top network exceeds the number
of possible combinations, the number of individual modules in the bottom network
is below that value.

This method is helpful to reduce the necessary LCA data input for a complex life
cycle where many, but not all, measures interact. But this approach only helps to
reduce the number of individual modules, when multiple subgraphs are combined.
Depending on the size of a subgraph, the number of individual modules can also
become very large within a single subgraph, which makes it necessary to reduce
the amount of data demand not only for the whole life cycle graph, but also within
a subgraph itself. The need for the high number of individual modules is based
on the possibility of interdependencies between combined measures regarding their
specific potential of CO2-reduction. The source of these emissions, e.g. in the context
of a vehicle can be split into the emissions of the production of a measure and the
influence of these measures on the emissions during the use phase of the product, if
these measures interact.

An additional way of reducing the amount of needed individual modules therefore
is to summarize and exclude all the information of interdependencies into one addi-
tional stage at the end of the graph. In Fig. 4 on the right side, the graph grows by the
stage N, the modules N1 to N6 hereby represent the six different interdependency-
possibilities of the network. The basic modules A1 to A3 and B1 to B2 now do not
have to be assessed for each interdependency individually, as these basic modules
now only store the information of their specific production phase, where the LCA
result does not change with further connection of additional measures in this exam-
ple, while their influence on the use phase are all combined in the newly added stage
N. This way, the whole network can provide the result for all combinations including
the interdependencies with eleven modules (right side of Fig. 4) instead of twelve
modules (left side of Fig. 4). This strategy applied to the two subgraphs in Fig. 3
leads to a number of individual modules of only 36 per subgraph instead of 81, which
results in a number of individual modules of 72 for the whole network with a total
of 729 possible combinations.
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5 Example

An example for the need of environmental optimization within a complex product
can be e.g. found in the automotive industry.With the possibility of adapting different
materials, light weight design, powertrains and recycling concepts, many different
measures can be applied to a cars life cycle. Interferences between life cycle modules
hereby can e.g. be different fuel reduction values for a mass reduction of e.g. 100 kg
(possibly by a light weight designed carbody) for different powertrains (Koffler and
Rohde-Brandenburger 2010). Transferred to the life cycle graph, at some point the
stage “carbody” needs to be combined with the stage “powertrain”. Due to the dif-
ferent fuel reduction values, the emission reduction potential of the same carbody
varies for every powertrain it is combined with. These different emission reduction
potentials arise due to the different specific emissions of each powertrain for the
provision of 1 kWh of energy. While the weight reduction of 100 kg influences the
energy demand in kWh for both powertrains in the same amount, the different pow-
ertrains save different amounts of CO2-emissions due to the reduced energy demand
in kWh (Rohde Brandenburger 2013). An additional aspect is the recuperation of
energy of electric vehicles, which allows heavier vehicles to retrieve more energy
during brake-processes (Vetter 2017). This is why the same lightweight designed
carbody has a specific CO2-influence for every powertrain that it is connected with.

A possible use case for subgraphs, e.g. in the context of vehicles is the separation
of the whole graph into one subgraph that contains measures that influence the vehi-
cles characteristic properties of the vehicle itself (weight, aerodynamics, powertrain,
…) and one subgraph for measures that only influence aspects outside of the vehi-
cles properties, e.g. logistic alternatives. While the LCA-influence of a powertrain
e.g. intereferes with measures that influence the energy demand of the vehicle, the
transportation of the final vehicle afterwards does not influence the vehicle itself and
therefore does not need to be included into the subgraph of the vehicle-properties.

6 Conclusions and Outlook

Interferences between modules within a modular LCA can cause wrong results,
making it important to consider interdependencies between measures. When these
possible interdependencies should be considered, the number of individual modules
rises quickly to a point, where it surpasses the number of possible combinations,
making the idea of modular LCA not suitable anymore. To enable the concept of
modular LCA again, without losing the level of detail, that the integration of interde-
pendencies between modules provides, two concepts of data demand reduction have
been introduced. The first one is the forming of independend subgraphs for groups
of modules that only influence separated properties of the product. The second one is
the summarizing and excluding of the interdependency scenarios of all modules into
a new additional stage, where all interdependencies for each scenario are combined
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into onemodule.With these approaches to a systematic graph design, the demand for
individual modules can be reduced far below the number of possible combinations.

As the representation of the problem and the reduction of the data demand were
both realized using the methods of graph theory, the following optimization of the
created input data could also be performed using graph theory based algorithms like
shortest path approaches, where the edges represent green house gas emissions. The
shortest path through the network therefore would represent the combination of mea-
sures with the lowest level of emissions. The advantages of such an algorithm are e.g.
the identification of the ideal solution, the simple elimination of technically illogical
combinations by cutting out connecting edges and the possibility of expanding the
optimization from single vehicles to fleet optimizations by the integration of upper
boundaries on the given edges.

Alternative optimization strategies like heuristics or simulation based optimiza-
tion strategies could also be applied, if the problem size becomes to big for graph
theory approaches. The performance of these strategies is yet to be evaluated.
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Abstract The transition of automotive manufacturing towards sustainability
becomes more relevant when new product technologies as lightweight and elec-
tric powertrains shift environmental impacts from the use phase to the production
phase. Therefore, a systemic assessment and an ecological optimization of novel
production processes is necessary before implementation in factories. Furthermore,
product design choices pre-determine the environmental performance of produc-
tion processes. Based on a brief literature analysis of sustainable manufacturing, a
framework is developed that integrates production processes with product develop-
ment processes in an ecological context. The identification of ecologically-relevant
core processes represents the basis for the framework development and explains,
why the integration of life-cycle considerations in product development processes
is decisive. Aim of the framework is to contribute to a holistic understanding of
drivers that generate environmental impacts in automotive production. Furthermore,
it establishes a life-cycle approach for production, which is crucial to evaluate the
ecological relevance of individual resource flows to, within and from the system.
The applicability of the framework is critically discussed concerning scope of the
assessment, data requirements, functional unit and potential allocations problems.
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1 Introduction

Since early the industrialization in the 19th century, industrial production has sig-
nificantly accelerated the accumulation of societal welfare, but as well caused an
increasing damage to the environment. The transformation of natural resources in
industry to goods and services generates by-products and emissions, which impact
locally and globally on the environment (Herrmann et al. 2015). Climate change,
water and air pollution, resource depletion and biodiversity loss represent the main
environmental impacts, which are associated with industrial activities. Recent scien-
tific findings show that anthropogenic interference has exceeded some of the plane-
tary boundaries (Rockströmet al. 2009).Global production and consumption systems
need to be “re-tuned” to avoid a strong impact on human livelihoods described as
“sustainable development” by the Brundlandt Commission (WCED 1987).

In automotive production, the variety of applied processes, used materials and
required to produce a conventional car is great (Schmidt et al. 2004; Rivera and
Reyes-Carrillo 2016). Current developments in automotive engineering imply a
shift towards electric powertrains and lightweight car bodies (Tagliaferri et al. 2016;
Schmidt et al. 2004). These transformations will induce new production technologies
and processes to the factories and potentially change the ecological performance of
car manufacturing as especially battery production is associated with high energy
demands (Romare and Dahlöf 2017; Notter et al. 2010). However, transformative
processes in manufacturing are multi-dimensional, dynamic, complex and are often
not comprehensively designed due to lack of understanding (Moldavska 2016). The
aim of this article is to provide a systemic approach, how vehicle manufacturing pro-
cesses can be systematically described and ecologically assessed. For this purpose,
a framework is developed and critically discussed concerning its applicability.

2 Methodological Approach for Framework Development

The development of the framework merely focuses on the understanding of the
ecological dimension of automotive manufacturing. This is due to the fact that—-
following an advanced understanding of sustainability by Rockström (2015)—the
environmental dimension of sustainability represents the foundation for social and
economic activity. The development of a framework is based on a brief literature anal-
ysis and divided into four steps (see Table 1): (1) a summary of the current state of
sustainable manufacturing categories; (2) the adaptation of these categories on auto-
motive production to identify core processes of the framework; (3) the determination
of relevant elements (factors, determinants) of the core processes that determine
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Table 1 Methodological approach for framework development

Step Step 1 Step 2 Step 3 Step 4

Content Literature analysis
and identification of
sustainable
manufacturing
categories

Identification of
ecologically-
relevant core
processes of
automotive
production

Subdivision of core
processes into
system components

Identification of
relationships among
system components
and framework
development

system components; (4) the identification of (inter-)relationships of these system
components as well as system boundaries to establish a framework.

Literature analysis to identify categories and principles of sustainablemanufacturing

First, of existing approaches to and relevant aspects of sustainable manufacturing
are analyzed: automotive production, sustainable manufacturing, industrial ecology,
Life Cycle Engineering (LCE) and Life-Cycle Assessment (LCA). Aim of the anal-
ysis is to evaluate definitions, concepts, frameworks and methods that represent a
foundation for the first purpose of this study to identify “categories” of sustainable
manufacturing.

Adaptation of sustainable manufacturing on automotive production to identify core
processes

Hence, the identified categories and principles of sustainable manufacturing are
related to automotive production to identify “core processes” of the framework.
These determine key relationships of relevant elements and layers of manufacturing
for the development of a systemic understanding and for the definition of system
boundaries.

Determination of system components and framework development

The previously defined core processes are divided into their relevant “system com-
ponents”. These represent steps, parts or evolutionary phases and can be described
as information or resource flows. Finally, the logical relationships of the individual
system components are identified to establish the framework. Therefore, it is crucial
to understand, how individual system components are (inter-)related.

3 Results

3.1 Categories of Sustainable Manufacturing

Sustainable manufacturing represents an urgent but as well a very broad research
field. As of 2017, various approaches concerning sustainable manufacturing exist.
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The definition by the U.S. Department of Commerce is commonly applied (Mol-
davska and Welo 2017):

[Sustainable manufacturing is the] creation of discrete manufactured products that in fulfill-
ing their functionality over their entire life-cycle cause a manageable amount of impacts on
the environment (nature and society) while delivering economic and societal value.

Despite ongoing research for decades, most scientific contributions have been iden-
tified being published since 2010 (Hartini and Ciptomulyono 2015; Moldavska and
Welo 2017). Current research highlights various definitions, frameworks, measur-
ability, metrics and methods to grasp the multi-dimensional and inter-disciplinary
challenge (Haapala et al. 2013). Moldavska and Welo (2017) have conducted an
extensive literature review and point out relevant categories (see Table 3) , which
define sustainable manufacturing in its complexity. According to their analysis, sus-
tainable manufacturing approaches the production of products/services from both a
triple-bottom-line and life-cycle perspective. Sustainability in manufacturing should
be integrated in business models (not vice versa) and is understood in a two-fold-
manner—to produce in a sustainable manner and to produce sustainable products.

3.2 Core Processes of Automotive Production in the Context
of Sustainable Manufacturing

The application of a life-cycle perspective on automotive manufacturing leads to the
production life-cycle, which enables a description of relevant resource flows during
each life-cycle phase. Applied reduction strategies as cleaner production (UNEP
2001), symbiotic use and closed loop, resource re-utilization/recovery (Chertow
2007) can be systematically assessed concerning their influence on the environmental
impact. The categories “integrating perspective” as well as the “relationship between
sustainability and manufacturing” can be understood as the biosphere-technosphere
relationship of automotive production. Sustainability should be integrated in pro-
duction processes to produce in a sustainable manner (Moldavska and Welo 2017).
This relationship has been conceptually described through the concept of Industrial
Ecology (IE) which aims to provide tools and methods to understand their complex
relationship (Ehrenfeld 1997). The categories “domain”, “potentials to enhance” and
“potentials to decrease” canbe related to the product-production relationship. Product
design decisions have an impact on the ecological performance of production pro-
cesses as a specific product design implies discrete manufacturing processes (Götze
et al. 2014). The Integrated Framework for Life-Cycle Assessment (Hauschild et al.
2017) has been developed to relate product/production engineering activities to an
absolute sustainability context. This implies the recognition of planetary boundaries
as defined in by Rockström et al. (2009). The framework is considered useful, as
it enables assessments, from both the technology level (bottom-up) and the global
sustainability level (top-down).
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3.3 System Components

The previously identified core processes are subdivided into system components,
which are relevant for the framework development. The system components repre-
sent sub-processes and can be considered as variables that influence the ecological
performance of production.

Product-production relationships

The integratedLCE-framework (Hauschild et al. 2017) is considered valid to describe
the (inter-)relationship between product design and production in a factory context as
it differentiates between different engineering life-cycle phases. Kaluza et al. (2016)
present and apply this framework and highlight four relevant stages of automotive
product development. Their distinction in “product specification”, “concept devel-
opment”, “detailed development” and “production preparation” (Kaluza et al. 2016)
will be used to describe the product/production-relationship.

Production life-cycle

Applying life-cycle thinking on production, the understanding of each life-cycle
phase differs when comparing it to products (see Table 2). The first phase “raw
materials” represents the material/energy requirements. The “production” phase rep-
resents the production of process material (pre-chains). The “use phase” of a product
comprehends energy andmaterial requirements for the production process in the fac-
tory. Finally, “end-of-life” represents the disposal/recycling phase, which describes
the impacts of by-products such as airborne emissions, wastewater, waste or other
by-products.

Biosphere-technosphere relationship

The biosphere-technosphere relationship of manufacturing is conceptually evalu-
ated by concepts as Industrial Ecology (Ehrenfeld 1997) and Industrial Symbiosis
(Chertow 2007) which describes the exchange of material and energy flows from
ecosystems to industries and back. The biosphere represents a mandatory pre-
condition for the technosphere, as it provides natural resources and represents the

Table 2 Distinction between product and production life-cycles

Life-cycle Raw materials Production Use phase End-of-life Functional unit

Product Product
materials and
energy

Manufacturing
process

Energy and
material
requirements
for utilization

Product recy-
cling/disposal

A discrete
good/service

Production Energetic,
organic and
abiotic
resources

Pre-chain
process of
process
materials

Manufacturing
process

Emissions
Waste
Waste water

A discrete
manufacturing
result
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sink for undesired production outputs (emission, wastewater, waste). The relation-
ship of both spheres can be described as a system boundary with “natural resources”
(input) and “emissions, waste, wastewater” (output) on the biospheric side, while the
transformation of these resources to pollution occurs within the technosphere.

Resource flows (input-transformation-output)

The transformation of natural resources in industrial processes to (undesired) emis-
sions or pollutions requires a clear distinction for. Rawmaterials are transformed into
pre-products,which are hence transformed in the productionprocesses to by-products
and might finally become an emission, a waste or concentrations in wastewater. IS
enables the consideration of recovery/secondary utilization or closed loop of these
flows among partners in industries to enable a secondary use of by-products (Chertow
2007). Six system components concerning natural-industrial material flows are iden-
tified as “natural resource demands”, “production pre-chain (process inputs)”, “pro-
duction”, “by-products (process outputs)”, “energy/material recovery” and “emis-
sions, waste, wastewater” (Table 3).

3.4 Identification of Relationships and Framework
Development

Product development-production preparation

The product-production relationship describes an engineering process that connects
product development with subsequent production planning (Kaluza et al. 2016).
Product design choices pre-determine ecological impacts of the production as the
product design defines the planned production machinery and process (e.g. the
number of welding points). Relevant product information is therefore necessary
to describe the subsequent production process comprehensively. Approaching the
product development from an LCE perspective, the relationship between product
and production is represented through evaluating future (ecological) impacts of the
production process (Hauschild et al. 2017) (Fig. 1).

Production life-cycle, resource flows and biosphere-technosphere relationship

The production life-cycle is characterized through a transformation of natural
resources into finished goods and undesired by-products. To ensure transparency
within the factory, the production is divided into “unit process”, “process chain” and
“facility/technical building services” according to the multi-level factory perspec-
tive of Duflou et al. (2012). To supply the production with the necessary resources,
resource flows from production pre-chains represent the necessary inputs. Down-
stream, the process generates by-products (excess energy or undesired process out-
puts) which represent either input flows back to the production (recovery)/to other
industries (secondary use) or leave the technosphere. as airborne emissions, waste
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Table 3 Categories of sustainable manufacturing and their adaptation on automotive production
Sustainable
manufacturing
category

Content Automotive
production

Core process System components

Life-Cycle
perspective

Total life-cycle as
perspective for
product assessment

Total life-cycle as
perspective for
production
assessment

Production
life-cycle

Natural resources
Production pre-chain
Production
Emissions, waste, waste water

Time perspective Not extensively
discussed, but both
short- and
long-term thinking
is mentioned in
some publications

Short- and
long-term

Depending on case or scope

Integrating
perspective

TPL as a concept
to combine
economic,
environmental and
social dimensions
of manufacturing

Integration of
sustainability in
production
processes (not vice
versa)

Biosphere-
technosphere
relationship

Natural resources (input)
emissions, waste, wastewater
(output)

Relation between
sustainability and
manufacturing

Description in a
two-fold manner:
1. Manufacturing
for sustainability
(of sustainable
products)
2. Sustainability of
manufacturing
(produce in a
sustainable manner

Sustainability of
automotive
production
(produce in a
sustainable
manner)

Domains Product, process,
community,
customers,
employees

Product and
process (product
design and
production
planning
processes)

Product-process
relationship (as
information
process)

Product specification
Concept development
Detailed development
production preparation
Production preparation

Potentials to
enhance

Economic benefits,
natural
environment,
safety

Integrated
engineering and
planning processes

Potentials to
decrease

Resources
(non-specified),
energy, materials,
pollution
(non-specified),
wastes, toxic
materials,
pollution to air

Cleaner
production,
recovery/recycling,
closed loop,
symbiotic use

Resource flows
(input-
transformation-
output)

Natural resource demands
Pre-chain (process inputs)
Production
By-products (process outputs)
Energy/material recovery
Emissions, waste, wastewater

Moldavska and Welo (2017) Own adaptation
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Fig. 1 Framework to measure the ecological performance of production technologies

or waste water. Therefore, the technosphere-biosphere relationship is characterized
through a system boundary, whereas natural resource demands and emissions, waste
and wastewater are on the biosphere side while their utilization in the production
process occurs in the technosphere.

4 Discussion

The framework enables an iterative engineering process, which evaluates future eco-
logical impacts of the manufacturing life-cycle due to a specific automotive product
design. Once conducted, the derived information can be used to optimize the prod-
uct life-cycle until an optimum has been reached. A detailed impact analysis of each
input or output flow concerning their ecological relevance and type of impact (human
health, ecosystem, resources) is possible. Depending on the scope, the production
can be evaluated concerning upstream (Cradle-to-Gate), in-factory (Gate-to-Gate),
downstream (Gate-to-Grave) or the entire life-cycle (Cradle-to-Grave) impacts. In
Gate-to-Gate assessments, a distinction of impacts between unit process, process
chain and facility/technical building services is possible. Furthermore, the frame-
works enables a holistic comparative assessment of different production process vari-
ants through applying it to different process designs. Problem-shifting, as a common
engineering phenomenon, can be excluded as the framework is based on life-cycle
considerations.

This implies a careful and distinct definition of the scope and the functional unit as
well as a thorough process understanding including up- and downstream processes.
The framework enables a narrow (unit process) or a wide scope (entire factory).
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Therefore, cut-offs need to be carefully selected der to avoid double counting or
excluding relevant resource flows. This implies the availability of data or profound
assumption, which might lead to greater uncertainties in the results. The choice and
definition of the functional unit, which should relate to the desired outcome of the
production, represents a critical process. Depending on the time perspective, the
functional unit could represent a single process result (short-term) or the accumula-
tion of process results of an annual production (long-term). The results might differ
due to the allocation of indirect resource flows as e.g. the factory heating. Further-
more, allocation problems need to be solved, when different products are produced
on one production line. Therefore, multi-functionality of production systems has to
be taken into account when applying the framework on entire factories or in a long-
term time perspective. The allocation of impacts could be solved through averaging
(per produced item/product) or specification: per production output (produced num-
ber of specific product/total number of produced product), per required production
space (area per specific product/total area), per economic considerations (revenue per
specific product/total revenue) or per produced time (production time per specific
product/total production time).

5 Conclusion

Automotive manufacturing represents a complex process as it requires complex pro-
cess chains and applies a variety of processes to produce cars of a certain quality
within a set time frame. A transformation towards ecological sustainability repre-
sents therefore a multi-dimensional process, which requires a holistic and systemic
frame to include all relevant aspects that influence the ecological performance. This
work focuses on the ecological dimension as it represents the basis for a sustainable
socio-economic development. Based on a literature analysis of sustainable manufac-
turing and its categories, this paper identifies core processes of automotive production
that impact on the environment. These core processes are evaluated concerning their
relationships to establish a framework that enables a systematic and holistic impact
assessment of automotive production processes. It furthermore enables the estima-
tion of production impacts due to product design processes and is therefore useful to
support LCE approaches in automotive engineering. Current changes in car technolo-
gies (e.g. lightweight, electric powertrains) induce changes in production processes
and therewith the ecological performance of factories, too. Therefore, a thorough and
holistic evaluation of these new production technologies is necessary and urgent. We
propose the aim to generate an early and thorough ecological understanding of new
manufacturing process before they are integrated into automotive factories.
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Hydrothermal Carbonization (HTC)
of Sewage Sludge: GHG Emissions
of Various Hydrochar Applications

Fabian Gievers, Achim Loewen and Michael Nelles

Abstract Sewage sludge contains valuable nutrients like phosphorus (P) as well as
a whole series of harmful substances. Therefore, conditioning should be designed
to remove those pollutants. In Germany sewage sludge is treated mainly at thermal
facilities such as sewage sludgemono-incineration plants, cement plants or coal fired
power plants. However, ecological impacts of new treatment methods like hydrother-
mal carbonization (HTC) remain unknown. In the study presented in this paper, the
complete life cycles of the carbonization process of sewage sludge (5% dry matter)
with associated auxiliary flows (e.g. electricity and naturals gas) and different appli-
cations of the produced char were modelled. In order to identify the environmentally
most promising and sustainable application, four different scenarios of hydrochar
utilization as fuel or fertilizer were analyzed. The resulting global warming poten-
tials (GWP) after ReCiPe midpoint methodology were calculated. Results show that
the best scenario in environmental terms has savings of 0.074 kg CO2 eq/kg. The
highest emissions were observed for the agricultural use of hydrochar as a substitute
for NPK-fertilizer with 0.025 kg CO2 eq/kg, which even outnumbers the emissions
of the benchmark process chain of sewage sludge mono-incineration (0.013 kg CO2

eq/kg). Results underline the sustainability of hydrothermal carbonization of sewage
sludge as compared to sewage sludge mono-incineration.
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1 Introduction

The growing demand for fertilizers due to a growing world population increases the
pressure on limited natural nutrient resources. In particular, the supply routes of phos-
phorus, a non-renewable resource that could be depleted in 50 to 100 years, need to be
reconsidered (Cordell et al. 2009; Sartorius et al. 2011). Recycling of materials with
high phosphorus contentmust therefore be improved in order to secure the livelihoods
of future generations. Sewage sludge is an important natural and locally available
phosphorus source (Cordell andWhite 2011; Schoumans et al. 2015;Klinglmair et al.
2015). Existing treatment methods such as co-combustion in the cement industry or
co-incineration in lignite-fired power plants reduce the P concentration in the ash
and thus make phosphorus extraction more difficult and expensive. An ideal technol-
ogy should offer maximum P-recovery rates, removal and destruction of potentially
hazardous substances such as heavy metals, organic micropollutants and pathogens,
good fertilising properties of the product, a good profitability and low environmen-
tal risks. (Egle et al. 2016; Leinweber et al. 2018). Therefore the Hydrothermal
Carbonization (HTC) of sewage sludge is investigated as a promising approach for
implementing a circular economy for nutrients (Brookman et al. 2016; Heilmann
et al. 2014; Zhao et al. 2017) and a sustainable energy generation (Stucki et al. 2015;
Libra et al. 2011; Titirici et al. 2007) with simultaneous decrease of pathogens and
other organic pollutants (Vom Eyser et al. 2015, 2016; Weiner et al. 2013). HTC is
a thermochemical process in aqueous phase under saturated pressure and tempera-
tures between 160 and 250 °C. Typically, over several hours biomass is converted
into a valuable solid coal (hydrochar), partially dissolved fractions in the aqueous
phase and a small amount of gases (usually CO2) (Berge et al. 2011; Bergius 1932;
Kruse et al. 2013; Funke and Ziegler 2010). In recent years, there has been a growing
interest in industrial applications of HTC as a waste treatment method and in the
usability of the produced hydrochar (Hoekman et al. 2013; Buttmann 2011; Stucki
et al. 2015). To evaluate the sustainability of this new approach, life cycle assessment
(LCA) studies of HTC of different biomass feedstocks were performed (Owsianiak
et al. 2016; Benavente et al. 2017; Liu et al. 2017; Stucki et al. 2015; Berge et al.
2015). In this study, an LCA of HTC of sewage sludge digestate and four different
hydrochar applications were carried out an the results were compared to the usual
process chain of sewage sludge mono-incineration with subsequent ash landfilling.
The main goal was to identify the best utilization for hydrochar from sewage sludge
characterised by the lowest CO2 footprint in comparison to the benchmark process
of mono-incineration.
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2 Methods

2.1 Material and Energy Flows

A model was set up for the HTC process and used to examine the carbonization of
sewage sludge with a dry matter (DM) content of 5% (organic solids content in dry
matter (oDM): 48%) after anaerobic digestion in an existing wastewater treatment
plant (WWTP) (Table 1).

Hydrothermal Carbonization Parameters:

The process parameters of the HTC were set to the following values in the model
(Table 1):

Material flows:

Every sewage sludge comeswith a certain load of inorganics and heavymetals.While
organic compounds react during the process, heavy metals cannot be destroyed and
accumulate in the solid fraction (Yue et al. 2016). Since their accumulation has a
toxic risk potential, the concentrations of heavy metals have to be carefully observed
(Libra et al. 2011). Beside inorganic hazardous substance sewage sludge contain
organic pollutants such as polychlorinated dibenzo-dioxins (PCDD) and polychlo-
rinated dibenzo-furans (PCDF), polychlorinated biphenyl (PCB), pharmaceuticals
or pesticides. These substances can be degraded or reformed, regenerated and accu-
mulated in certain fractions through hydrothermal process conditions (Weiner et al.
2013; Tirler and Basso 2013). Therefore, hydrothermal carbonsiation is a good way
to treat sewage sludge in order to destroy harmfull organics while saving the avail-
ability of nutrients, such as N, K and P. In this study flows and accumulation of heavy
metals, organic pollutants and valuable nutrients were modelled to identify the best
utilization of hydrochar from sewage sludge. Carbonization of sewage sluge with
very high amounts of water mainly results in process water, which contains soluable

Table 1 Model parameters for sewage sludge and carbonization conditions

Parameter Unit Value

Sewage Sludge

Dry matter (DM) (%) 5

Organic dry matter (DM) (% of DM) 48

Specific heat capacity (kJ kg−1 K−1) 4.58

Sludge input temperature (°C) 38

Hydrothermal Carbonization

Carbonization temperature (°C) 220

Duration (h) 4
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organics, nutrients and inorganics. In the model, the treatment of the generated pro-
cess liquid in a WWTP, characterized through investigated concentrations of C, N
and P, was implemented.

Energy flows:

The thermochemical modelling of the energy flows of the carbonization process
was carried out with a mathematical modelling approach. Initially, the specific heat
capacities of the individual parts of the sewage sludge (water, organic and inorganic
substances) were used to determine the energy requirements for the carbonization
process. The results were confirmed with literature data. Other energy flows, such as
the electricity required for the dewatering process, were also taken from the literature.
The aggregated processes of system extension to include emission credits have been
taken from the above-mentioned databases. The data for the benchmark process of
mono-incineration was taken from generic data by econinvent.

2.2 Life Cycle Assessment

The LCA was conducted in accordance with the requirements of the ISO standard
14044:2006 (DIN EN ISO 14044 2006).

Functional Unit:

The main function of the hydrothermal carbonization of sewage sludge is to stabilise
the sludge produced. In order to compare the HTC of sewage sludge with mono-
incineration, the functional unit was defined as follows:”Treatment of 1 kg of sewage
sludge from anaerobic digestion with a dry matter content of 5%”.

System Boundaries:

The boundary of the system includes the carbonization of digested sewage sludge,
possible transportation and storage, power and heat generation and char application.
For comparisonpurposes the benchmarkprocess of sewage sludgemono-incineration
was also investigated. The examined carbonization of sewage sludge covered the con-
struction and decommissioning of the HTC-plant, the actual carbonization process of
the sludge, linked energy and equipment provisions as well as the separation, storage
and transportation of hydrochar by truck to the respective location considered in the
four different scenarios. The energy for the HTC and the filter press for separating
hydrochar from process water were provided as electricity for pumping the sludge
and natural gas combustion for providing the necessary process-heat. Treatment of
HTC process water was performed in a WWTP on side, characterized by C, N and
P-content. The utilization of hydrochar as fuel or fertilizer was compared to combus-
tion and application of fossil-based products: NPK-fertilizer, peat, municipal solid
waste (MSW) and lignite. Therefore, the avoided burden approach was performed to
consider the emissions of processes replaced by theHTCprocess chains. Substitution



Hydrothermal Carbonization (HTC) of Sewage … 63

Fig. 1 Different ulitizations scenarios of hydrochar with system boundaries of process chains and
benchmark scenario

of lignite and municipal solid waste (MSW) was balanced by the energy content of
the hydrochar for co-combustion in power plants using existing incineration capac-
ities. For avoided NPK-fertilizer application the nutrients content of hydrochar was
taken into account. Credits for peat in horticulture were calculated as substitution
by weight. Altogether, four different utilization paths were analyzed and compared
regarding emissions of appropriate benchmark processes (Fig. 1).

Geographic scope:

Although sustainable nutrient recycling is not bound to a specific region, Germany
served as a model region for the assessment. All data concerning hydrochar and
sewage sludge characterization were taken from different former studies located in
Germany. The background processes such as electricity mix or natural gas supply,
which were taken from the database of GaBi, were also based on german backround
processes. If background data were not available for Germany, either European or
Swiss data were used.

Modeling Framework:

Since HTC is not yet a market-penetrating technology for treating sewage sludge,
and the production and use of hydrochar as a fuel or substrate is unlikely to result in
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any structural changes in the near future, an attributional approach was applied in the
assessment for the foreground system of HTC. In cases of processes with substitution
of commodities, credits were accounted.

LCA-software:

The product systems were modeled in the LCA software GaBi 8.1 (thinkstep AG,
Leinfelden-Echterdingen, Germany).

Life Cycle Inventory (LCI) data:

The LCI datasets provided by GaBi and ecoinvent (v3.3) (Wernet et al. 2016) were
used as data background. Some data concerning theHTC-Process and some auxiliary
flowswere either estimated, calculated or taken from literature. For example, process
parameters ofHTC-plantwere first determined based on thermodynamic calculations
and then reconciled with data of two pilot scale HTC plants.

Life Cycle Impact Assessment (LCIA):

Life Cycle Impact Assessment (LCIA) was performed using the ReCiPe midpoint
methodlogy 2016, as implemented in GaBi TS. In this paper the focus was on gobal
warming potential (GWP) measured in kg CO2 eq (excl. biogenic carbon) with a
Hierarchist (H) perspective, which is based on the most common policy principles
and uses a medium time frame of 100 years (Huijbregts et al. 2017).

Assumptions and limitations:

Due to the lack of data fromHTCplants and hydrochar users on an industrial scale, the
material flows (including transport routes and the weighting and use of modifications
from generic data) were determined on the basis of reasonable assumptions and data
from pilot plants and literature. In addition, the geographical scope only includes
energy data from Germany and there were only four scenarios modelled for the use
of hydrochar.

3 Results and Discussion

Benchmark Process:

The benchmark process of sewage sludge digestate mono-incineration was based on
a process from the generic ecoinvent database: [Jungbluth, N., treatment of digester
sludge, municipal incineration, future, CH, Substitution, consequential, long-term,
ecoinvent database version 3.3]. The functional unit of the process refers to themono-
incineration of 1 kg of wet sludge with 95%water and is therefore comparable to the
results of theHTCmodel. For themono-combustion of sewage sludge, 0.013 kgCO2-
equivalent/kg of sewage sludge were determined as benchmark emissions. In this
process, all relevant flows were considered, in particular the dewatering of the sludge
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Fig. 2 Distribution of GHG emissions for HTC process

and all auxiliary flows associated with the sludge treatment. Credits were giving for
energetic output of the incineration process (electricity mix of Germany). As the
current state of commercial HTC has not reached market penetration, a process with
future energy demands and emission reductions has been chosen for the benchmark
process.

Emissions associated with HTC:

The distribution of emissions for the entire HTC process was analyzed to identify
the processes with the highest environmental impact (Fig. 2). The generation of
electricity for running the HTC plant and auxiliary processes lead to the main part
of total CO2 eq emissions (63%). In addition to power demand, the heat supply by
natural gas resulted in 28% of the emissions. These results underline the importance
of the water content of sewage sludge for optimizing the environmental performance
of HTC plants. The energy consumption for heating up the carbonization process and
the energy for pumping increases with the water content of the feedstock (Owsianiak
et al. 2016). Furthermore, a broad spectrum of energy consumption of dewatering
technologies can be observed, also for the same technology (Yoshida et al. 2013).
Therefore, further investigations in large-scale HTC plants should determine the
optimal process parameters for dewatering before or after the carbonization process.
One option would be the firing of HTC reactors with biogas from the wastewater
treatment plant to replace natural gas. A further energetic optimisation of the HTC
would be to increase the dry matter content of sewage sludge before carbonization.
The third relevant source of CO2 eq emissions of HTC is the treatment of the process
water (9%). By changing the process water treatment from aerobic to anaerobic,
emissions could be further reduced (Wirth et al. 2012). Overall, the treatment of
sewage sludge with HTC resulted in emissions of 0.051 kg CO2 equivalent per kg
of sewage sludge (Fig. 3).

Hydrochar utilization scenarios:

The net emissions derived from HTC, application of the hydrochar and credits are
distributed as follows (Fig. 3): The first scenario of agricultural use of hydrochar has
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Fig. 3 Greenhousegas emissions of examined scenarios

total emissions of 0.025 kg CO2 equivalent per kg of sewage sludge. The credits are
the lowest of all scenarios due to the relatively low nitrogen content of hydrochars.
By substituting NPK fertilizers in agriculture, the greatest greenhouse gas emissions
could be saved by the avoided production of artificial nitrogen fertilizers. In addition,
the agricultural use of hydrochar causes the highest emissions of all application-
related CO2 emissions. However, in comparision to the HTC emissions and the
credits these emissions are relatively low and mainly derive from transportation,
storage and handling activities. The second scenario leads to a saving of 0.0024 kg
CO2 equivalent per kg of sewage sludge, mainly from credits for the substitution of
peat in commercial horticulture. For the third scenario of co-firing of hydrochar in
waste incineration overall savings of 0.015 kg CO2 eq per kg of sewage sludge were
observed. These savings mainly depend on the substitution of fossil-based fractions
of municipal solid waste such as plastics. Finally, co-firing of hydrochar in lignite
power plants leads to the highest savings of 0.074 kg CO2 eq per kg of sewage sludge.

4 Conclusion

The LCA results of HTC of sewage sludge showed that substituting fossil based
fuel (lignite and parts of MSW) with hydrochar had the highest potential to reduce
global warming potential (GWP) of sewage sludge treatment. In comparison to the
benchmark process of mono-incineration, it is even possible to achieve negative
emissions. In general, the use of hydrochar for energy purposes had a higher GHG
saving potential than their use in agriculture or horticulture. An improvement in
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the process design of sludge treatment with HTC would be the implementation of
phosphorus extraction, which could enable phosphorus recycling even in the case of
energetic use of hydrochar and therefore be helpful to boost the hydrothermal car-
bonization of sewage sludge. However, HTC process optimization should also take
other LCIA categories into account. In addition, improvements in LCIA methodol-
ogy are needed in order to evaluate benefits of the sludge treatment process, such
as pathogen reduction and recycling of organic matter and nutrients back to agricul-
tural or horticultural soil. Overall, the results show that there is a more sustainable
alternative to the mono-incineration of sewage sludge.
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Uncertainty Information
in LCI-Databases and Its Propagation
Through an LCA Model

Alexandra Opitz and Christof Menzel

Abstract This article deals with uncertainties in particular with the uncertainty of
inventory data analysis. Uncertainties cannot be avoided in LCA studies. Therefore,
they should be analysed and interpreted. One problem is that in many LCA stud-
ies uncertainties are not noted. In ecoinvent, which is an example for an inventory
database, the lognormal distribution is choosen as the dataset’s standard distribution
type. One reason is that many quantities found in nature can only take positive values.
In most cases, however, the normal distribution can as well be taken as the default
distribution type. In this article the uncertainty information of the ecoinvent datasets
is explained and uncertainty analysing methods like the Monte Carlo simulation, der
pedigree matrix or the sensitivity analysis are described. Furthermore, the convolu-
tion is mentioned as a method for analyzing the sucsessive uncertainty propagation
through an LCAmodel. For using the convolution, the LCA data should be indepen-
dent, continuous and normal distributed. In addition to that the LCAmodel should be
a linear and not a complex system. Since the convolution is a new approach further
research will be required.

Keywords LCA · Uncertainties · Uncertainty propagation · Monte carlo
simulation · Pedigree matrix · Ecoinvent · Lognormal distribution
Normal distribution · Convolution

1 Introduction

Thematic origin of the research was a bachelor thesis in which the environmental
impact of 48 g protein out of tofu and pork was compared. Many LCI databases (in
particular ecoinvent) data were used. Furthermore, several scenarios, for example
best case andworst-case scenarios, weremodelled. The environmental impact results
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varied depending on themodel.With regard to these results, themain research during
the subsequent master studies dealt with the structure and uncertainty information
in ecoinvent and the uncertainty propagation and analysis methods in life cycle
assessment (Opitz 2016).

The following paper provides an overview of the uncertainty problem in LCA
models. The focus is on the uncertainty information in LCI databases, e.g. ecoin-
vent, in general and its inclusion in LCA results. At the end of the paper a well-known
method for determining the probability densitiy of a sum of random variables—the
convolution—is described. The advantage of thismethod is that the probability densi-
tiy function of an impact assessment factor can be calculated exactly, if the probability
density function of each elementary and product flow is known. At the aim of using
the convolution is that the uncertainty propagation through an LCA model can be
analysed step by step and the uncertainty hotspots can be identified.

2 Uncertainties in LCA

Three types of uncertainties affect the outcome of an LCA model. First, there is
the variation of input and output data, which can be characterized by probability
distributions. Second, there is the choice of a method for calculation. Third, there is
the choice of a scenario. The latter two are influenced by the author of the LCA case
study. The uncertainty due to the variation of the inventory data originates from the
author of the data set and can be found in the database entry (Huijbregts et al. 2004;
Hauschild and Huijbregts 2015).

The focus of our work is on the uncertainty of inventory analysis data, which
can be characterized by probability distributions. The main question is: “At which
point do the uncertainties mainly enter the LCA model, and how do they propagate
through the model?” This focus was chosen for two reasons:

(1) In many LCA case studies, the variation of inventory data is not mentioned in
the interpretation phase and consequently not evaluated.

(2) The distribution type of the probability distribution for inventory data is merely
a presumption.

Uncertainties cannot be avoided. Therefore, they should always be taken into consid-
eration and interpreted in a LCA study. The interpretation of uncertainties is crucial
to comparative studies as well as to models which serve as an essential basis for
decisions (DIN EN ISO 14044:2006–2010; DIN EN ISO 14040:2009–2011).
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3 Uncertainty Information in LCI-Databases

Uncertainty information of LCI databases is illustrated with the ecoinvent dataset
“wheat grain, feed production, organic [CH]”. The uncertainty information to be
found in the ecoinvent database is shown in Fig. 1.

The details and terms are explained in the following paragraph:

Lognormal: This characterizes the probability density type of a dataset (here: lognor-
mal distribution). Datasets can also have other distribution types, for instance normal
or triangular distribution.
Geometric mean (μ∗): This is a parameter of the lognormal distribution. Here it
describes the deterministic value of the output material “wastewater, average”.
Variance of log-transformed data (σ 2

(oPedMa)): This is a parameter of the lognormal
distribution. It is the estimated or calculated variance of the output, also called basic
uncertainty. In case of ecoinvent, the estimated variance can be found in the table
“Default basic uncertainty (variance σ 2

b of the log transformed data, i.e. the under-
lying normal distribution) applied to intermediate and elementary exchanges when
no sampled data are available; c: combustion emissions; p: process emissions; a:
agricultural emissions”, which is published in Weidema et al. (2013), p. 75.
Arithmetic mean of log-transformed data (μ): This entry describes the arithmetic
mean of the log-transformed data and is calculated by Eq. (1). ln () means natural
logarithm.

μ � ln
(
μ∗) (1)

Variance of datawith pedigree (σ 2
(wPedMa)): This parameter characterizes the complete

variance of the output. It contains the variances of the corresponding pedigree matrix
values (here 3|3|3|3|4) and the basic uncertainty. The former is also called additional
uncertainty.
Standard deviation (σ ∗2

(oPedMa)): It describes the half range of the confidence interval
(without values of the pedigree matrix). It is defined by Eq. (2). The constant emeans
Euler’s number.

Fig. 1 Illustration of uncertainty information of an ecoinvent dataset (“wheat grain, feed produc-
tion, organic [CH]”). In the category “uncertainty” we read: Uncertainty: Lognormal (Geometric
mean = 3.8E-05, Variance of log-transformed data = 0.04, Arithmetic mean of log-transformed
data = −10, 18, Standard deviation = 1.4918, CI/2wP, half range of confidence interval = 1.7897,
Variance of data with pedigree = 0.0847) Pedigree matrix: 3 3 3 3 4 (Weidema et al. 2013)
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CI/2wP, half range of confidence interval (σ ∗2
(mPedMa)): This parameter describes the

half range of confidence interval (the values of the pedigreematrix are now included).
It is determined by Eq. (3).

σ ∗2
(wPedMa) � e

(√
basic + additional uncertainty

)2

� e
(√

σ 2
wPedMa

)2

(3)

In the example mentioned the lognormal distribution is adopted as distribution type.
An analysis of a number of ecoinvent datasets reveals that many datasets are assumed
to be lognormally distributed. This distribution type, however, is quite frequently not
deduced from data.

In the literature, the following reasons are stated to justify the assumption that the
lognormal distribution is the standard distribution type for ecoinvent datasets (when
not enough deterministic values are available):

Many quantities found in nature can take positive values only. Hence, they can
be characterized by a right-skewed and asymmetric distribution. In addition they are
multiplicative instead of additive, which due to the central limit theorem results in a
lognormal distribution (Weidema et al. 2013; Koch 1966; Bourgault 2016; Limpert
et al. 2001a, b).

The lognormal distribution as standard distribution type is the simplest way to
describe uncertainties in datasets that are based on a few data only, because of the
use of an estimated variance as basic uncertainty plus the pedigree matrix. The
values of the pedigree matrix are also lognormally distributed datasets. They have
the value zero as geometric mean and the valuementioned within the pedigree matrix
as standard deviation (Weidema et al. 2013;Muller et al. 2016;Mutel 2013; Suh et al.
2016).

Negative values cannot be generated during a Monte Carlo Simulation (which
is described in Sect. 4), since a lognormal distribution takes positive values only
(Bourgault 2016; Feck 2007; Publication Office of the European Union 2010).

A study of Qin and Suh (2016) shows, that many datasets follow a lognormal
distribution rather than other distribution types (Qin and Suh 2016).

Although there are many reasons that support the lognormal distribution as stan-
dard distribution type, the normal distribution could as well be taken as the default
one. If the normal distribution is the standard distribution type, statistical methods
can be applied easier and uncertainty propagation through an LCAmodel can as well
be calculated in an unsophisticated way (see Sect. 5).

Depending on the position of the expectation value of the normal distribution, the
probability of obtaining a negative value for the variable in question tends towards
zero. In addition, further developments of the pedigree matrix allow introducing
other distribution types (Muller et al. 2016).



Uncertainty Information in LCI-Databases and Its Propagation … 73

Many datasets are based on a few, or even one, sample. Because of this, the
dataset’s variance, the variance of data with pedigree, is estimated with the basic
uncertainty and the pedigree matrix. In addition, lognormally distributed elements
take positive values only. Therefore, it is assumed that the lognormal distribution is
arbitrarily chosen as standard distribution type. Nevertheless if there is no detailed
information about the dataset’s original distribution type, the lognormal distribu-
tion may not be the best way to describe the dataset’s variability (Bourgault 2017;
Hedderich and Sachs 2015).

In the sequel, the normal distribution is chosen as standard probability density
function type formethodological and technological simplifications. In a next step, the
determined results should be transferred to other distribution types, e.g. lognormal,
uniform or triangular distribution.

4 Methods for Analysing Uncertainties in LCA

There are several methods for calculating uncertainties in LCI data and LCA results.
Threemainmethods, theMonte Carlo simulation, the pedigree approach (an example
for data quality indicators), and the sensitivity analysis (commonly used in LCA
practice) are described in the following section.

Whenperforming aMonteCarlo simulation, the characterizingprobability density
functions for each in- and output of an LCI/LCA model are used. The in- and output
values are taken as random numbers, and then the LCI is calculated. This procedure
is repeated many times, the so-called iterations. The LCI result is stored for each
iteration. Hence, the probability density function of the results can be estimated
and the confidence interval can be calculated. There are two disadvantages to this
approach, though: First, the result’s distribution is estimated only, based on a random
number generator, second, this method requires a lot computation time (Feck 2007;
Goedkoop 2016).

When estimating the data uncertainty with the pedigreematrix, five categories and
scores are used. The pedigree matrix values determine (part of) the flow’s variance.
This method is not used for uncertainty estimations within the LCI- or LCIA results,
but it can be used supplemental to the Monte Carlo simulation method (Weidema
et al. 2013).

The sensitivity analysis is generally used to investigate model and scenario uncer-
tainties. Individual parameters or decisions within an LCA/LCI model can be modi-
fied, the result is calculated and the effect on the outcome is observed. This method is
in particular used for the estimation of differentmodeling assumptionswhile the other
methods mentioned are used for the estimation of data variability. (Norm DIN EN
ISO 14040:2009–2011; Norm DIN EN ISO 14044:2006–2010).
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5 Convolution as an Approach

This approach is based on the fact, that the probability density function of the sum of
two, independent, continuous random variables is the convolution of the probability
density functions of each variable. Equation (4) shows the calculation, where t is
the independent variable of the resulting function, u is the integration variable, f X
is the probability densitiy function of the first in-/output and f Y is the probability
density function of the second in-/output. The convolution ofmore than two elements
can be computed successively because of the fact that the convolution is associative
(Holzmann et al. 2011; Weyerhäuser 2005).

fX+Y (t) � (fX ∗ fY )(t) � +∞∫
−∞

fX (t − u) · fY (u)du (4)

The following assumption is made in order to transfer the convolution theory to
an LCA model: The LCI data are independent, continuous and normally distributed.
The advantage of the normal distribution is, that the convolution result of two normal
distributions is also a normal distribution (Hübner 2009). Nevertheless, the convo-
lution and the combination of different distribution types should be included in case
of further methodological development. Furthermore, the LCA model is a linear
system, which is described with Eq. (5) (IAF: specific impact assessment factor of
an elementary or product flow, WI: impact category, X is one elementary/product
flow, an Y is the second one). Thus, LCA-models can also be non-linear, so-called
complex, systems. The description of a complex system as a linear system belongs
to model uncertainty, which is not yet analysed within this research.

WI � IAFX · X + IAFY · Y (5)

The determination of the impact category’s probability density function, a com-
bination of Eqs. (4) and (5), is shown in Eq. (6).

fWI (t) � ∞∫
−∞

1

IAFX
· fX

(
u

IAFX

)
· 1

IAFY
· fY

(
t − u

IAFy

)
du (6)

The illustrated considerations about the convolution are transferred to a virtual,
small-LCA system. This model is shown in Fig. 2.

Fig. 2 Illustration of a
virtual, small LCA-model
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The impact category result of the production of one piece of reference product
equals the specific impact assessment factor (IAF) of this product. CON 1 is the
reference product of process P 1. So, the IAF’s probability function of CON 1 is
determined by the convolution of the probability density functions of elementary
flow IN 1 and IN 2 and the IAF’s probability function of OUT 1 is calculated by the
convolution of the probability density functions of elementary flow IN 3 and product
flow CON 1. The calculation rules are shown in Eqs. (7) and (8).

fWI (t) � 1

IAFIN3
· 1

IAFCON1
· ∫
R

fIN3

(
u

IAFIN3

)
· fCON1

(
t − u

IAFCON1

)
du (7)

The IAFCON1 is emphasized in Eq. (7) because it is the result of the convolution
of the elementary flow’s distributions of process P1 [see also Eq. (8)].

f IAFCON1
(t) � 1

IAFIN1
· 1

IAFIN2
· ∫
R

fIN1

(
u

IAFIN1

)
· fIN2

(
t − u

IAFIN2

)
du (8)

Hence, we conclude, that the elementary flow’s parameter uncertainty propagate
via the product flow’s specific impact assessment factor and have an effect on the
LCA-model result.

6 Outlook

The presentedwork shows a first approach and requiresmore research. The following
points illustrate further work:

The assumption of uncertainty propagation through the specific elementary flow’s
IAF should be proved based on adequate models. Furthermore, it should be worked
out, to what extent a large dispersion of a product flow’s IAF has influence of the
impact category’s one. In addition to that, the minimization of this dispersion should
also be analysed.

The methodmentioned should be transferred to probability density function types
other than the normal distribution, because the parameter uncertainty of elementary
andproduct flows can also haveother distribution types, like the uniform, triangular or
lognormal distribution. Furthermore, it should be usable, if two or more distribution
types are mixed.

The results of the new method should be compared to the results of the Monte
Carlo simulation, since the latter is the prevailing method, which is included partially
in LCA software.

The computational structure of an LCA model consists of matrices. Because of
this, the method should be translated to the model of the computational structure of
LCA, which was described by Heijungs and Suh (2002).

Beyond investigating the parameter uncertainty, a method should be found to
include scenario as well as model uncertainty.
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Currently, there is no general method for analysing uncertainties in LCA case
studies. Either uncertainties are not mentioned at all or different methods are used. In
a future research, a method should be developed, which concludes the advantages of
all prevailing methods (Lloyd and Ries 2007). In the best case, this method should be
admitted as standard uncertainty analysingmethod. All LCA authors should interpret
its results correctly and communicate them in an understandable way, so they could
be the basis for important decisions, e.g. within the economy.
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LCA of Energy and Material Demands
in Professional Data Centers: Case Study
of a Server

F. Peñaherrera, J. Hobohm and K. Szczepaniak

Abstract Professional Data Centers (PDC) quantity and their related energy con-
sumption is in a continuous growing trend, with corresponding increments in the
material demand. While the amount of energy during operation phase is normally
measured, the amount of embedded energy and the total Cumulated Energy Demand
(CED) is often overlooked. To estimate the total amount of energy and material
demand, LCA is used to evaluate the CED and CMD (Cumulated Material Demand)
of devices used in PDC. A server Unit typical of these facilities is analyzed using
data from disassembly and elementary analysis to construct a model for LCA to
estimate the CED and CMD of the device. Results indicate that most of the energy is
consumed during the operation phase, which is dependent on the operating lifetime
of the device. Uncertainties are present due to the quality of the databases used for
the model.

Keywords LCA · Data Center · Energy Efficiency · Material Demand

1 Introduction

More than 12 TWh/a are consumed by around 53,000 PDC in Germany (Fichter and
Hintemann 2014). This energy consumption is expected to grow to 14 TWh/a by
2020 (Hintemann 2016). Information and Communication Technology (ICT) prod-
ucts have a short lifetime between 3 to 5 years (Garnier 2012), indicating that the
energy consumption outside of the service phase is also of relevance. The number of
servers grew by 28% for the period 2010–2014, with the trend to build bigger data
centers (Hintemann and Clausen 2014). This is accompanied by the increasing mate-
rial intensity in ICT, so the material demand for these applications rises in parallel
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to the energy consumption. The TEMPRO Project (Total Energy Management for
Professional Data Centers), financed by the Federal Ministry for Economic Affairs
and Energy (BMWi) in the framework of the 6th Energy Research Program of the
Federal Government, has as one of its objectives the creation of an assessment basis
for the holistic analysis of energy and resource efficiency of PDC.

The objective of this analysis is to assess the amount of energy consumed by
a unit of a PDC equipment, a server, in its various stages. Emphasis is placed on
analyzing the dependencies of the results on embodied energy in combination with
the data on the energy consumption for the operation phase of a ICT device with the
results on the evaluation of the quantities of materials required for the production
and operation phases. The concept of embodied energy attached to the steps of raw
parts production, manufacturing, transporting, decommissioning and recycling are
often excluded when analyzing energy consumption or improvements on energy
efficiency, which focuses mostly on the use phase, and overlooks the importance of
the critical material content of ICT applications. Studies into the energy use of ICT
devices during its life cycle prove that as the equipment becomes more operationally
efficient, the embodied stage will play a larger role in the full life cycle (Whitehead
et al. 2015).

The goal of this analysis is to assess the energy and material consumption of
a server during its lifetime. For this purpose, the concepts of CMD and CED are
applied (Giegrich et al. 2012). Existing gaps in the data availability are considered
and attempted to close in some areas, through technology comparison and Pedigree
Analysis.

2 Methodology

2.1 PDC Components

The structure of a PDC differs from each other. Common classifications of PDC
characterize them by size (surface area, m2), by ICT installed capacity (kW), or
by total installed capacity (including all facilities, kW) (Fichter et al. 2010). This
information excludes data on the number and type of devices, or on the various
aspects of the PDC configuration, such as redundancy, cooling technologies and
type, safety, or energy sources. Additional information relevant to the estimation
of the CED and CMD, such as individual energy consumption, operating lifetime,
or energy conversion efficiency of the power supply infrastructure, are normally
unavailable. To analyze the energy indicators of a PDC, an individual analysis of
the various components is to be developed to obtain single indicators that can be
aggregated and extrapolated for an estimation of the total indicators.

The different elements can be categorized according to their application and role
in a PDC: ICT, Electrical Power Supply, Climatization, and Infrastructure (Fig. 1).



LCA of Energy and Material Demands in Professional Data … 81

Parts

Components 

Groups 

System PDC

ICT 

Server 
Storage 
Network

PCB,  
HDD, SDD, 
Connectors, 
Cables, Fans

Energy 
supply 

UPS
Generator 
Batteries

Clima-
tization

CRAC 
Pipes

Cooler 

Infra-
structure 

Building 
Fire prot.

IT-Security 

Fig. 1 Components of a ProfessionalDataCenter. SourceModified fromSzczepaniak andHobohm
(2017)

The first portion of the analysis focuses on analyzing ICT devices, due to their
short operating lifetime and their energy and material intensity. A server for PDC
applications is disassembled to analyze its parts composition and material content.
With the parts and elements inventory, a model for LCA is constructed to analyze
the CED and the CMD. Due to the quality of the data obtained, the uncertainty of
the results is assessed using Pedigree Analysis and Monte Carlo simulations.

2.2 Goal and Scope Definition

The objective of the LCA of the server unit is to analyze the CED and CMDduring its
lifecycle. Different stages are considered: parts production, assembly, and operation.
The scope is limited to the end of the operation time, since no recycling strategies
or End-of-Life procedures are specified. For the operation of the unit, energy inputs
for the cooling and for the service are considered.

The functional unit is the life-time of the device, which is set to 5 years. To
calculate the indicators, data on unit composition, parts and weight is required, as
well as technical data on power consumption and operating lifetime. A model is then
build in openLCA 1.6, which allows also assessing the uncertainties via Pedigree
Analysis and Monte Carlo simulations. Data is then analyzed using MATLAB R
2017a.
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Table 1 Bill of materials of the server

Denomination Weight (%) Principal materials

Housing 50.0 Steel, Al

Storage 21.8 Steel

Power supply 13.2 Ceramic, steel, Cu, plastics

PCB 10.3 Plastic, Cu, Al, ceramics

Fans 4.3 Steel, plastic, Cu

Cable 0.4 Cu, plastic

Source Elaborated with data from Szczepaniak and Hobohm (2017)

2.3 Inventory Analysis

A server model hp ProLiant DL 380 is selected for analysis. The technical charac-
teristics of the unit indicate a maximum rated input power of 1170 W, and a heat
generation 3990 BTU/h (hp 2006). A disassembly of the unit is performed to obtain
a component list with the relative weight of the parts (Table 1). These different parts
are then analyzed to obtain a detail of the material and elemental composition of the
unit (Szczepaniak and Hobohm 2017) (Fig. 2).

The system boundaries for the analysis include the energy used for transporting
of the pieces, manufacturing, operation and cooling of the device. End-of-Life is not
considered (Fig. 3).

The characteristic operation of a PDC is one of continuous operation mode with
fluctuations on the power consumed by the ICT devices, and with cooling dependent
on the outdoor conditions (which may allow the use of free cooling). ICT devices
operate in a state between idle mode and maximum power consumption depending
on the load. The average load for a device can be estimated as 70% of their maximum
load (Rasmussen 2013). The number of operation hours during the year in a PDC are
relative high, with an unavailability lower than 12 h/a (BITKOM 2013). This allows
estimating the yearly energy consumption of the device, and use it as input for the
energy consumption.

The database (DB) used in the software for calculations is the ecoinvent 3.3
(2017). Since the specific parts materials are absent in the DB, these are matched
with existing processes. A Pedigree Analysis (Ciroth et al. 2016) is incorporated to
assess the quality of the DB, assigning a matching geometric uncertainty (σg) of a
normal logarithmic distribution to the product model (Fig. 4; Table 2).

3 Results and Discussion

The results of the CED indicate a prevalence of the energy required for operation and
cooling of the device (50.7 and 39.6% respectively, Fig. 5). The primary energy for
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Fig. 3 Process diagram for LCA of a server

operation is 3.1 times the input electric energy to the device, representing conversion
and transformation losses of energy. This without consideration of the energy losses
in the UPS (Uninterruptible Power Supply) and transformers belonging to the PDC
infrastructure, which were not part of the analysis.
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Fig. 4 LCA model of the server

Table 2 Correspondence to the ecoinveint 3.3 database

Denomination Modeled as Pedigree matrix σg

Housing Extrusion of plastic sheets and
thermoforming

1;3;3;3;4 1.45

Sheet rolling, aluminum 1;3;2;3;4 1.45

Steel, low-alloyed 1;3;2;3;4 1.45

Storage Hard disk drive, for laptop computer 1;4;4;3;4 1.46

Power Supply Power supply unit, for desktop computer 1;3;3;4;5 1.68

PCB Electronic component, active 1;3;4;3;5 1.69

Fans Fan, for power supply unit, desktop
computer

1;3;2;3;4 1.45

Cable Cable, unspecified 1;3;2;3;2 1.10

Assembly
energy

Electricity, high voltage 4;3;3;3;3 1.15

Operation
energy

Electricity, medium voltage 4;3;1;4;3 1.44

Cooling energy Cooling energy 4;3;1;4;4 1.58

The energy involved in the fabrication and assembly of other components occupy
a lower fraction of the CED, 9.7%. This relationship between energy for operation
and for fabrication is dependent on the service lifetime of the device, and reducing
it increases the significance of the CED outside the operation phase.

TheMonte Carlo Analysis provides a visualization of the error propagation result-
ing of the different uncertainties of the input data, presenting a logarithmic normal
distribution (Fig. 6). The performed laboratory analysis to characterize the material
composition of the device improves the data quality, providing high certainty in the
input values of the weight for parts composition, and therefore reducing the results
uncertainty. There is little data on the production of components and End-of-Life
processes. Data from the ecoinvent DB must be compared with similar technologies
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Parameter Mean Std Dev Max Min Median 5% 95%
MWh 225.75 62.11 73.15 692.64 215.55 136.99 349.22

Fig. 6 Monte Carlo analysis for the CED of the server. n � 10 000

(laptops of laptops, HDD of PCs), increasing uncertainties, and thus increasing the
overall error in the results. The resulting standard deviation is 27.51% of the mean
value.

The analysis of the material requirements for the server is performed through an
LCA focusing on the material consumption to characterize the CMD. Due to the
different nature of the components in the database, the results of certain materials
differ from those obtained in laboratory analysis (Fig. 7). This is another indicator
of the requirement to update the datasets. There are materials resulting from the
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laboratory analysis, such as Gallium, Indium, or Beryllium, which are absent in the
LCA results.

4 Conclusions and Further Work

The values of CED resulting from the LCA show the importance of the operation
phase in the total energy consumption, this in link with the lifetime of the device. A
major part of the CED outside the operation phase is the fabrication of PCB (printed
circuit boards), with is also of relevance in the End-of-Life stages due to its material
content.

The logarithmic normal distribution of the CED presents a standard deviation
of 27.51% of the mean value. This is the result of using databases that require
updating and improved matching. A more recent database is required to provide
higher certainty in the results. In this case study, different technologies had to be
matched with the provided data, so that the model is built to represent the device.
Constant sources of uncertainties were the dissimilarity of the technologies, the
representativeness of the datasets used, and the temporal correlation of the data
sources.

The results on the material content analyzed can be further used to evaluate mate-
rial efficiencies in the processes of manufacturing the devices, since the difference
in the materials present in the device and the material quantities resulting from the
CMD analysis indicate material losses during the lifetime. This in conjunction with
an analysis for reuse and recycling of the materials present at the End-of-Life of the
devices can increase the material and energy efficiency.
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Only individual components were analyzed. Future work will continue the anal-
ysis of key single components of a PDC and develop indicators for their aggregation
for a complete evaluation of such facilities. The extrapolation of results for complete
PDC can be evaluated as soon as sufficient indicators are available. Scenarios for the
End-of-Life of the various devices that contain CRM will be analyzed when more
data regarding the End-of-Life stages is available, so that estimations of energy sav-
ings and material gains are calculated to develop appropriate recycling strategies.
The optimum replacement of older devices with considerations of the CED is to
be investigated as the replacement is usually made because of the expiration of the
warranty on the maintenance of the equipment.
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Identification of Potentials
for Improvement in Paint Production
Process Through Material Flow Cost
Accounting—A Step Towards
Sustainability

Esther Peschel, André Paschetag, Mandy Wesche, Helmut Nieder
and Stephan Scholl

Abstract During the development of sustainable processes ecological as well as
economic aspects play an increasingly important role alongside the social factors.
These can be taken into account by using material flow cost accounting (MFCA)
according to ISO 14051 which captures the environmental and economic impacts of
material and energy inputs. In the BMWi collaborative research project µKontE the
transfer of a batchwise to a continuous production of binder emulsion was investi-
gated. A MFCA was set up as a case study for both manufacturing strategies. The
influence and benefits of different levels of detail in the definition of the quantity
centres were examined.

Keywords Material flow cost accounting · Energy and resource efficiency
Batch to conti · Process development · 3-Level-Model

1 Introduction

In process development, sustainability has become the focus of industry and science
with the goal of decoupling economic growth from the increasing consumption of
resources (Hirzel et al. 2013). In 1987 the United Nations defined the concept of
“sustainable development” as part of the Brundtland report. According to this, it is a
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“development thatmeets the needs of the present generation,without jeopardising the
ability of future generations to meet their own needs” (BMUB 2018). Subsequently
three dimensions of sustainability, ecology, economy, and social issues, were derived
from the concept of “sustainable development” and transferred to the so-called “three-
pillar model” (von Hauff and Kleine 2014). Given a technology-wise feasible and
operable process, an incorporation of economic, ecological and social aspects has
become mandatory in today’s process development.

Material flow cost accounting (MFCA) is one possible approach which can be
used to evaluate the resource efficiency and take the ecological and economic aspects
into account. The MFCA was developed in the late 1990s and is already widely
used in different industries (Schrack 2016; METI 2010). In 2011 it was officially
released as an international standard to serve as a management tool in organizations
to consider “potential environmental and financial consequences of theirmaterial and
energy use practices” (ISO 14051:2011). Compared to conventional cost accounting,
MFCA allocates the expenses both to the products and to the material and energy
losses (“non-products”). In its overall objective, MFCA aims at the quantification
and visualization of material losses, thereby contributing to the motivation of the
organization to reduce material and energy consumption (Viere et al. 2009, ISO
14051:2011). By reducing the use of materials and energy, on the one hand, the costs
and, on the other hand, the impact on the environment should be reduced. The eco-
logical aspect is thus indirectly taken into account in the MFCA. The material losses
are only recorded in physical and monetary units and can pollute the environment as
waste, sewage or emissions. Unlike the Life Cycle Assessment (LCA), MFCA does
not provide an impact assessment, so the potential direct environmental impacts are
not investigated. MFCA is primarily used in the evaluation of productions of general
cargo at the product and plant level (METI 2010). In the material-converting industry
as well, the application of MFCA can be used to identify potentials for improvement
with regard to the use of energy and raw materials.

In the German Federal Ministry for Economic Affairs and Energy (BMWi)
research project µKontE,1 a production process of a binding agent emulsion was
transferred from a batch to a continuous mode of operation. First of all, the concep-
tion of the production plant and then the establishment in production took place. The
initial batch process as well as the newly developed continuous process were evalu-
ated and compared among others through MFCA. To investigate the applicability of
MFCA during process development, the influence and benefits of different levels of
detail in regards to the process modelling were examined.

1Increasing the energy efficiency of production processes by transfer from batchwise to continuous
production using mini- and micro-process components—µKontE 03 ET1093A.
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2 Description of the Process

AURO Pflanzenchemie AG provided the investigated binding agent emulsion pro-
duction process. For this case study process data, e.g. energy consumption, type and
amount of process material and reactants, and information relating to the different
cost types from the company were used. The batch production was carried out in
an agitator vessel with heating jacket in which all process steps were performed
consecutively. At the start, all reactants, consisting of partially organic as well as
aqueous chemicals, are fed to the reaction vessel and heated up. Afterwards, sev-
eral emulsification and shearing steps are applied until the required droplet size is
achieved. Finally, the binding agent emulsion is drained from the stirred tank and
the equipment is cleaned. In continuous production, the respective preparation of the
organic and the aqueous reactants takes place simultaneously outside of the actual
reaction vessel. These two phases are then combined and pre-emulsified in a passive
mixer (premixer). Subsequently, this pre-emulsion is emulsified in an active mixer
(rotor-stator mixer) in order to achieve the required product properties.

The transfer of this process from batch to continuous production involved sev-
eral constraints with respect to the manufacturing scheme. The advantages of batch
production concerning the production flexibility due to fluctuating market demands
had to be maintained at the same time ensuring a constant and high product quality
through online monitoring of process parameters in the continuous procedure. Fur-
thermore, the high energy consumption of the batch production due to consecutive
heating and cooling steps in a single vessel were targeted for heat integration in the
continuous production process.

It was shown, that the specific energy demand in continuous production has been
reduced by 50% compared to the batch process (Wengerter et al. 2017). While batch
production required a high level of cleaning effort, the continuous operation of the
system could be significantly reduced through the implementation ofmicrostructured
devices and thus lower plant hold-up and significantly increased cleaning intervals.
Furthermore, personnel expenditures were considerably reduced by a largely auto-
mated plant control for the continuous process.

The MFCA was conducted in accordance with ISO 14051: 2011–2012. Its appli-
cation was intended to increase energy and resource efficiency and to support plant
and equipment design in the case study. The increase in energy and resource effi-
ciency can be achieved on the one hand by an appropriate process concept, such
as the transfer from batch to continuous production, and on the other hand by the
choice of equipment. The MFCA can be applied to evaluate both aspects depending
on the definition of the quantity centres. In the context of this article, MFCA focuses
on the choice of equipment and its implementation to increase energy and resource
efficiency and improve plant and equipment design. The definition of the quantity
centres was based on the 3-level-model according to (Wesche et al. 2015). In the
first level , the model maps the individual unit operations (UO) of the production
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Fig. 1 Process flow chart with the quantity centres of the three levels of detail

process, which are connected to create the full process topology in the second level.
The available infrastructure (operating networks, disposal routes, etc.) are recorded
in the third level. The plant for continuous binder production with the individual
observation levels for MFCA is shown in Fig. 1 (ISO 14051:2011).

According to ISO 14051, the costs of the materials, the energy, the system and the
waste management have to be taken into account. The material costs were allocated
based on the mass balance for the individual quantity centres. The energy costs were
allocated to the quantity centres according to the respective energy consumption.
In this case, the system costs accounted for the monetary expenditures for intra-
logistics, maintenance and the machine hourly rate as well as personnel costs. The
first three cost items were allocated according to the number of quantity centres,
while personnel costs were allocated according to the duration of work per quantity
centres. The material losses were accounted for 100% of the waste management
costs. These cost elements and their allocation have been taken into account for the
different levels of detail with regard to the quantity centres.

The examined first level of detail included the production process as a single
quantity centre, so that the input and output flows as well as costs were recorded
in total over the full production plant. The second level included the structure of
the plant by breaking down the model into the individual process steps. In the third
level of detail, the individual components of the plant equipment of the respective
UO were each assigned to individual quantity centre in order to enable the analysis
of the plant and apparatus design in regards to potential improvements. Above all,
the investigation aimed at a possible increase in energy and resource efficiency with
regard to instrumental implementation.
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3 Results and Discussion

The investigation on the first level of detail showed that material costs accounted for
more than 90% of the overall cost. Thus, one option to reduce the cost of materials
is the use of cheaper, alternative reactants. Although cheaper reactants may have
a positive effect on manufacturing costs, they may also have a negative effect on
product quality due to higher impurity levels. System costs accounted for the second
highest share of costs at 9.31%, while energy costs are comparatively low at 0.58%.
However, both system costs and energy costs are in absolute terms a big expense for
the company, so they should be investigated further.

For the second level, four quantity centres were considered according to the pro-
cess steps, as shown in Fig. 2. The material costs are mainly caused by the organic
phase, while the costs for the aqueous phase only make up a small proportion of the
costs. Therefore, deviations from the aspired product composition of the organic and
aqueous phase have significant effects on thematerial costs. One possible approach to
reducing material costs is the use of alternative, cheaper reactants. However, accord-
ing to the company philosophy, these must be natural substances, so that the choice
of alternatives is very limited. In addition, the revision of a recipe in an existing
production process is economically not reasonable for a company. Furthermore, the
second level of detail revealed the highest energy and system costs in the preparation
of the organic phase compared to the other quantity centres.

Lastly, the highest level of detail is displayed in Fig. 3. It shows that the highest
energy costs are caused by the pump of the organic phase. In comparison to the aque-
ous phase, it has a comparatively high viscosity leading to a higher energy demand for
pumping. If necessary, these energy costs can be reduced by a more efficient pump,
whereas this is associated with investment. Therefore, it is important to examine

Fig. 2 Cost flow of the second level
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Fig. 3 Cost flow of the third level

the interaction between the cost of acquisition and the potential savings in energy
costs. The third level also shows, contrary to expectations from the second level,
that the highest system costs are caused by the quantity centre 1a, which represents
the preparation of the aqueous phase. Personnel costs are allocated to the system
costs according to the number of quantity centres based on the duration of work per
quantity centre, the increased costs at this point are due to the increased personnel
expenses. These monetary expenses can be reduced for example by automated dos-
ing of the aqueous reactants. However, this is again associated with increased costs,
which are caused on the one hand by the acquisition but also by the operation and
maintenance of the additional equipment.

The investigations show that the effort for the necessary data collection increases
significantly with the increase in the level of detail. The process data for each level of
detail were collected directly at the system. For example, the energy consumption for
each equipment was recorded by means of appropriate measuring points. However,
this depends on the particular system, the measuring equipment and the procedures
within the company itself. The third level is of great interest from an engineering
point of view, as both the materials used and the design can have a direct influence on
the required energy input. Thus, in combinationwith information about the individual
UO process, engineering potentials can be identified, which can serve as a basis for
technical improvements. In addition, findings from the detailed presentation of the
system costs, in particular with regard to the space costs as well as maintenance and
servicing depending on the technology used, are relevant in this context.

However, such an extensive analysis of the process is not needed in many cases.
For example, in the development phase, data about the individual equipment is an
advantage, while less detailed information about the production process are required
for the management to support decision-making. Therefore, the level of detail should
be tailored to the information needs of the target group based on the workload prior
to the implementation of the MFCA.
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The MFCA takes the ecological aspects into account indirectly. The material and
energy inputs as well as the material losses can be assigned to their causes. However,
MFCA does not identify the direct impact on the environment but merely identifies
possible starting points for improvements in resource use. For a closer examination
of the ecological aspects, a linkage with the LCA should be made. For a full view
of sustainability, in addition to MFCA and LCA, social aspects must be considered.
These are reflected in the production, for example, by the commitment and the tasks
of the employees. This can be investigated, for example, by means of social life cycle
assessment (SLCA) (Klöpffer and Grahl 2009).

4 Summary

As part of the µKontE project, a process for the production of a binding agent
emulsion has been transferred from batch to continuous operation. Through the
implementation of a development accompanying MFCA, the process transfer was
supported and evaluated. Furthermore in this case study the influence and benefits
of increasing the level of detail regarding the definition of quantity centres were
examined.

The advantage of the MFCA, compared to conventional cost accounting, is the
direct allocation of the costs also to the waste. An increasing level of detail in MFCA
offers the opportunity to extract insights relevant to the respective target group. In this
way, potential savings can be directly identified through a more detailed analysis and
thus support process improvement. As a result, especially the economic effects of
process changes can be demonstrated and the process understanding can be increased.
This is necessary in order to be able to derive corresponding improvements from the
MFCA, for example in terms of equipment. However, increasing the level of detail is
associated with growing data requirements and thus higher temporal effort required
for this method. This is difficult in early stages of process development, as some
information is missing. Therefore, assumptions must be made, which in turn affect
the validity of the data. In addition, the MFCA only indirectly takes the impact on
the environment into account, so that a link with LCA is possible for a more detailed
study of the ecological aspects. Overall, in the context of process development the
advantages of increasing the level of detail in terms of the direct identification of
perpetrators on the equipment level outweigh the expenses for the more extensive
data collection.



96 E. Peschel et al.

Referenes

BMUB—Bundesministerium für Umwelt, Naturschutz, Bau und Reaktorsicherheit: Nachhaltige
Entwicklung als Handlungsauftrag (2018). https://www.bmub.bund.de/themen/ nachhaltigkeit-
internationales/nachhaltige-entwicklung/strategie-und-umsetzung/nachhaltigkeit-als-
handlungsauftrag/

Hirzel, M., Gaida, I., Geiser, u.: Prozessmanagement in der Praxis. Springer Gabler Verlag, Wies-
baden (2013). ISBN 978-3-8349-4576-1

ISO14051:2011–12:Environmentalmanagement—Material flowcost accounting—General frame-
work

Klöpffer, W., Grahl, B.: Ökobilanz, 1st edn. WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
(2009)

METI—Ministry of Economy, Trade and Industry: Material Flow Cost Accounting Case Samples,
Tokyo (2010)

Schrack, D.: Nachhaltigkeitsorientierte Materialflusskostenrechnung. Springer Fachmedien, Wies-
baden (2016). ISBN 978-3-658-11301-8

Viere, T, Möller, A., Prox, M.: Materialflusskostenrechnung—ein Ansatz für die Identifizierung
und Bewertung von Verbesserungen in der Ökobilanz. In: Feifel, S. et al. (ed.) Ökobilanzierung
2009—Ansätze und Weiterentwicklungen zur Operationalisierung von Nachhaltigkeit, confer-
ence transcript Ökobilanz-Werkstatt, Karlsruhe (2009)

von Hauff, M., Kleine, A.: Nachhaltige Entwicklung—Grundlagen und Umsetzung. Oldenbourg
Verlag, München (2014). ISBN 987-3-486-85094-9

Wengerter,M., Scholl, S., Nieder, H.: Schneller, preiswerter, effizienter—kontinuierliche Bindemit-
telproduktion, Farbe und Lack, p. 10 (2017)

Wesche,M., Häberl,M., Kohnke,M., Scholl, S.: ÖkologischeBewertung von Produktionsprozessen
in Mehrproduktbatchanlagen, Chem. Ing. Tech. 87(3) (2015). https://doi.org/10.1002/cite.20140
0086

https://www.bmub.bund.de/themen/
https://doi.org/10.1002/cite.201400086


Part IV
Case Studies



Development of a Functional Unit
for a Product Service System: One Year
of Varied Use of Clothing

Felix M. Piontek, Max Rehberger and Martin Müller

Abstract Product-service systems (PSS) are considered to provide environmental
benefits compared to conventional consumption. The textile industry causes many
negative environmental and social impacts. In our research project, we conduct a
life-cycle assessment of a use-oriented PSS: The renting of casual clothing. In this
article, we present the approach to develop our functional unit “One year of varied
use of clothing” and that of the baseline-scenario.

Keywords Life-cycle assessment · Product-service systems · Clothing
Functional unit

1 Introduction

The current state of the textile industry has major ecological, economic and social
impacts. Especially the current “fast fashion”-trend causes increasing negative effects
on the environment and the people employed in the textile industry who produce raw
materials and clothes. The textile sector produces large quantities of solid waste and
wastewater and consumes a lot of resources (Kozlowski et al. 2012). To produce
raw materials, especially cotton fibers, genetically modified seeds (Kaur et al. 2013)
and pesticides (EJF 2007) are widely used. Due to low prices and high competition,
workers are exploited (Fletcher 2013).

Currently several ways to target these issues are suggested by different authors.
Besides reduction of inputs and waste (Kozlowski et al. 2012) and sustainable design
(e.g. Fletcher 2013) literature considers Product-service systems (PSS) as one way to
reduce negative effects (Roy 2000; Baines et al. 2007). They are considered to be less
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harmful than conventional production and use patterns (Mont 2002), in case of the
textile industry mass production of clothes and the current trend of “fast-fashion”
(quick change of trends and offered styles to sell a lot of cheap and non-durable
garments) (Fletcher 2013).

Product-Service Systems (PSS) are, according to the definition ofGoedkoop et al.,
“a marketable set of products and services capable of jointly fulfilling a user’s need”
(Goedkoop et al. 1999). Tukker presented eight archetypical models of PSS in 2004
(Tukker 2004) and published a review on PSS eleven years later (Tukker 2015).
He states that renting, a use-oriented PSS, can have significant benefits due to the
more intensive use of goods. He also discusses limitations of PSS in a business-to-
consumer context. The value of owning things instead of sharing them seems to be
an important obstacle.

2 Business Model: Renting of Casual Wear

Based on interviews conducted with the founders of three start-ups in Germany, the
business model shown in Fig. 1 is modeled (Apel 2016; Wilkening and Fendel 2016;
Krichel 2016).

The arrow on the left and the grey “End-of-life”-process on the right represent the
(conventional) value chain of the textile industry. End-of-life will be neglected in this
work since it remains unclear whether the disposal after renting differs in any way
from the disposal in conventional consumption. The white processes are the circular
business model provided by the start-ups.

Fig. 1 Business model: Renting of casual wear
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3 Proposed Method

Though many Life Cycle Assessment (LCA, ISO 2006) articles dealing with textiles
exist, there are only a few which are dealing with PSS in the textile industry (Piontek
and Müller 2018). While many articles analyzing the life cycle of t-shirts (Zhang
et al. 2015), different fibres (Shen et al. 2010) or a new technology (Agnhage et al.
2017) use e.g. a number of garments or a certain amount of material as the functional
unit, this approach does not seem feasible for a PSS providing the possibility for an
alternative use pattern like renting. To model the divergent impacts of an alternative
consumption pattern, a broader approach is needed. Castellani et al. conducted a
study of avoided impacts of the activity of a second-hand shop which includes
T-shirts and sweaters (Castellani et al. 2015).

Zamani et al. recently published a paper assessing the environmental impacts of
a fashion library (Zamani et al. 2017). They focused on the prolonged service life
of three types of garments in Sweden. We, in contrast, want to focus on the changed
impacts of alternative clothing consumption of one consumer renting some of her
clothes instead of buying them.

Therefore, we developed the functional unit “one year of varied use of clothing”
by combining data from different sources. It represents the clothing consumption of
one female consumer in Germany during one average year.We used data on purchase
frequencies provided by a study by Spiegel Media (Spiegel QC 2015). Using data by
Greenpeace (Greenpeace e.V. 2015) and of our research project (Geiger et al. 2017),
we estimated the average period of use. Information on which types of clothes are
rented have been provided by the start-ups (Apel 2017; Fendel 2017).

In Fig. 2 a schematic example of the functional unit of conventional consumption
of clothes (purchase, use and disposal) is simulated. It shows a period of six seasons
(one year n from spring to winter and two additional seasons (n− 1 and n + 1) before
and after for reasons of illustration).

It is the schematic result of the combination of the previously mentioned data. We
model an average year of consumption n of one person by combining new purchases,
disposed clothes and the number of clothes owned.

Jacket 1 and Jacket 2 are bought sometime before year n, are owned during year
n and will be disposed sometime after year n. Jacket 3 gets purchased in autumn of

Fig. 2 Schematic representation of the functional unit of conventional consumption
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Fig. 3 Schematic representation of the functional unit of a renting-scenario

year n and will be disposed several years later. Jacket 4 was bought several years
before year n and gets disposed after summer of year n.

Figure 3 shows the same year n, but now some of the clothes are rented. Jacket 1
remains owned as shown before, but now Jacket 2 is rented during winter and Jacket
3 during autumn of year n. Jacket 4 remains owned by the user and disposed of after
use.

The described procedure will allow us to compare the environmental impacts
of conventional consumption and conventional consumption combined with renting
of one person in one year. We are planning to allocate the environmental impact of
production of each garment proportional to the seasons of usage or ownership during
the same year. For our example shown in Figs. 2 and 3 we assume an average period
of use of 4 years (16 seasons) for a jacket. Therefore, for conventional consumption
we will take 12/64 of the total production impacts of the four jackets into account.
12/64 because of 4 seasons for Jacket 1, 4 seasons for Jacket 2, 2 seasons (autumn
and winter) for Jacket 3 and 2 seasons (spring and summer) for Jacket 4. For our
renting scenario, we only have to consider 8/64 of the production impacts following
the same procedure. It must be considered, that renting can cause additional impacts
for shipping and cleaning (Zamani et al. 2017).

4 Summary and Outlook

We presented a brief overview of the development of the functional unit “one year
of varied use of clothing” which we will use to assess the changed environmental
impacts of renting clothes instead of buying them.Assessing all the impacts for differ-
ent kinds of clothes (including end-of-life) of both scenarios will allow us to make a
statement on whether renting has benefits for the environmental impacts of one aver-
age person. It will be possible to use different baseline—as well as renting-scenarios
to consider the divergent consumption patterns of different consumer groups. With
this attributional method, we only assess the environmental impacts of one person,
which is adequate, as the interviewed start-ups are currently niche companies and
provide an offer for people interested in alternative consumption as well as peo-
ple who want to try a new style modeled (Apel 2016; Wilkening and Fendel 2016;
Krichel 2016). To understand the overall influence of renting, a different approach



Development of a Functional Unit for a Product Service System … 103

will be needed.We plan to simulate the business model shown in Fig. 1 for a fictional
company providing renting of clothes on a bigger scale.

We also think that it will be possible to use this approach to conduct LCA-studies
in different regions (using different input-data for the functional unit) or even apply
it to other branches (e.g. car sharing or tool rental).
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LCA in Process Development: Case
Study of the OxFA-Process

Simon Rauch, Frank Piepenbreier, Dorothea Voss, Jakob Albert
and Martin Hartmann

Abstract In the context of environmental problems and resource depletion, the
chemical industry is challengedwith the substitution of fossil feedstock by renewable
resources. To reduce the probability of unexpected environmental impacts by new
processes using various sources of biomass, LCA methods can provide support for
process development. The investigated OxFA-process, which converts biomass into
formic acid, is a typical representative for these next generation processes. However,
at an early development stage, data gaps have to be handled. In this study, scientific
literature, process simulation and generic data have been used to identify the catalyst,
compressed air and energy consumptions as those process components are the ones
that significantly influence the environmental footprint of the whole process. Hereby
starting points for an effective process optimization are shown and different scenarios
for process implementation are compared. Furthermore, a first estimation of the
competitiveness with the state-of-the-art process was attempted. Despite some data
inaccuracies and required estimations, it is fair to assume that the OxFA-process is
an ecological reasonable alternative.

Keywords Formic acid · OxFa process · Life cycle assessment · Biomass

1 Introduction

Limited supply of oil, natural gas and coal, as well as the environmental impact,
caused by the combustion of fossil hydrocarbons, like global warming and the acid-
ification of the oceans, calls for a substitution of fossil feedstocks. In the field of
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green chemistry, biomass is seen as a promising renewable resource that can be con-
verted into fuels or chemicals for further processing. However, chemical processes
cannot simply be termed as “green” or “sustainable”, because of the use of biomass
(Gustafsson and Börjesson 2007). Environmental impacts induced by the consump-
tion of (metal-based) catalysts, energy and other auxiliaries have to be assessed as
well (Benavides et al. 2016). It is important to detect whether burdens of the process
itself are reduced or simply shifted. Thus, for a holistic overview of environmental
impacts of chemical processes, a Life Cycle Assessment (LCA) is recommended
(Burgess and Brennan 2000; Tufvesson et al. 2013).

This study uses LCA methods and process simulation for a first estimation of
environmental impacts of an innovative process on an early development stage based
on current literature. This gives the chance to support further development, highlight
chances to improve the environmental performance and evaluate different scenarios
for the implementation of the process into industrial practice (Azapagic 1999). For
a case study, the OxFA-process is applied as a typical representative for a process
using biogenic feedstock, which aims at substituting a conventional process based
on fossil resources.

Formic acid is used for animal feed preservation, textiles and leather process-
ing, flue gas desulfurization and as intermediate in the pharmaceutical industry
(2017; Reutemann andKieczka 2005). Formany applications, pure formic acid is not
required and aqueous mixtures with a content of 60 wt% formic acid are used. The
OxFA-process was developed to convert biomass into formic acid (FA), with car-
bon dioxide as sole side product. Equation 1 shows the simplified chemical reaction
equation.

Substrate + O2 → HCOOH + CO2 (1)

As substrate, a wide range of first, second and third generation biomasses can
be used (Albert and Wasserscheid 2015). For this reason, Albert and Wasserscheid
crafted a scenario for a decentralised chemical plant for the production of green
fuel directly at a farm (Albert et al. 2016). The structure of the biomass employed
affects the reaction rate, solubility, selectivity and conversion rate, which represent
key process parameters that influence the environmental performance of the whole
process. The reaction takes place at 90 °C in an aqueous solution. A higher tempera-
ture would increase the reaction rate, however, formic acid decomposes above 100 °C
(Reutemann and Kieczka 2005). For the pulping of water-insoluble feedstock, para-
toluenesulfonic acid (p-TSA) is recommended as an additive (Albert 2014). Figure 1
presents a simplified flowsheet of the OxFA-process.

AKeggin-type heteropoly acid with the molecular formula H8PV5Mo7O40 (HPA-
5) currently shows the best catalytic performance in terms of activity and selectivity
to formic acid (Albert 2014; Reichert and Albert 2017). The reaction proceeds in two
steps: First, the homogeneous catalyst oxidizes the substrate. Thereby the catalyst is
reduced. Afterwards, the catalyst has to be reoxidized using molecular oxygen at the
lab-scale.
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Fig. 1 Simplified flowsheet of the OxFA-Process

To avoid a reaction rate reduction, the reoxidation of the catalyst has to be faster
than the oxidation of the biomass. The former is influenced by the partial pressure
of oxygen in the reactor, while the latter is governed by the chemical structure of
the substrate. In the literature an oxygen pressure of 20 bar is suggested (Albert and
Wasserscheid 2015). The use of complex biomass results in a slower reaction rate,
thus a system pressure of 12 bar is assumed to be sufficient. On industrial scale,
compressed air is used instead of pure oxygen, because of economic and ecological
reason.

After the reaction, the reaction mixture is purified to a saleable product via distil-
lation. The formation of a high-boiling azeotrope, close-boiling components and the
thermal sensitivity of formic acid (FA) complicate the separation via rectification.
First, a water rich phase is removed as low boiler overhead until the desired concen-
tration of FA is attained. In a second step, the product is separated from the residue
and the catalyst, which remain in the bottom and will be recycled subsequently.

2 Materials and Methods

Goal and Scope: The goal of this study is providing support for development of the
OxFA-Process by identifying significant parameters that influence the environmental
performance. Therefore the target audience are scientists improving this process. An
attributional LCI modelling framework is used.

The functional unit is set to 1 kg of pure formic acid (FA). The formic acid leaves
the OxFA-process as aqueous solution with a concentration of 60 wt% FA, because
this is a good trade-off between product purity and energy consumption (Fig. 2). In
Fig. 1 the foreground system of this study is shown. For inputs from the background
system, generic data is taken from the ecoinvent database v 3.3 using the cut-off
approach. The residue is seen as biowaste and is treaded in a municipal incineration
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Fig. 2 Energy consumption
of the purification depending
on the feed and product
concentration

plant. Transport of the feedstock is included, if it is necessary for the particular
scenario.

Life Cycle Inventory: Relevant data for the LCI are the amount of consumed
oxygen and substrate, the amount of residue in the case of incomplete conversion,
as well as the loss of additive and catalyst. Furthermore, the energy consumption of
the purification step is taken into account. The required equipment and emissions of
the OxFA-process itself into air, water and ground are not included in this inventory,
because at the current development stage their uncertainty is too high.

Biomass and oxygen consumption are calculated according to the conversion
and structural composition of the substrate biomass. Therefore it is assumed that
the residue after the reaction has the same composition as the substrate and that
oxygen is consumed in a stoichiometric ratio. Accordingly, a high specific yield
of formic acid results in lower substrate demand per formed kg formic acid and
consequently less residue. The selectivity of the formic acid formation influences
the oxygen consumption, because the less carbon dioxide is formed the less oxygen
is stoichiometrically consumed with regard to the functional unit of 1 kg FA. From
the wide range of possible biomass feedstocks, beech wood from sustainable forestry
was chosen as substrate in this study. With respect to the carbon atoms, the yield of
formic acid is 29% (Albert 2014). In the literature, no details regarding the loss of
catalyst and additive are provided. Therefore, the assumption is made that 10 g of
additive and 1 g catalyst are consumed per kilogram of formic acid. This assumption
has to be checked in a long-time study.

The catalyst is synthesized from phosphoric acid, hydrogen peroxide,
molybdenum(VI)-oxide and vanadium(V)-oxide (Odyakov and Zhizhina 2008).
Vanadium(V)-oxide is not included in the ecoinvent-database. For this reason a
dataset for the production of vanadium(V)-oxide from vanadium-slag by the roast-
leach-process was created. Vanadium-slag, a by-product of iron mining, is converted
to vanadium(V)-oxide with sodium carbonate and ammonium sulfate (Goso et al.
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Table 1 Inventory data of the
OxFA-process related to1 kg
FA

Component Amount/kg FA

Substrate (beech wood) 2.03 kg

Residue 0.96 kg

Comp. air (12 bar) 3.87 kg

Catalyst (HPA-5) 0.001 g

Additive (p-TSA) 0.01 kg

Energy 11.4 kWh

2016; Nkosi 2017). The allocation of the environmental impacts of iron mining is
done by mass, because the vanadium price is subject to strong fluctuations (Mokalyk
and Alfantazi 2013).

3 Results and Discussion

Formic acid is separated fromexcesswater, residue and catalyst via batch-distillation.
Since the formic acid concentration neither in the reaction mixture nor in the desired
product is known, the energy consumption of the distillation of 1 kg FA in aqueous
solution is calculated for different formic acid concentrations with Aspen Batch
Modeler V9 (Fig. 2). Energy consumption is rising with decreasing feed (reaction
mixture) concentration and increasing product concentration of the distillation. Close
to the azeotrope, the energy consumption is increasing almost exponentially. For our
study, a formic acid concentration of 15 wt% in the reaction mixture and 60 wt% in
the product are assumed, which results in an energy consumption of 11.4 kWh/kg
FA. Inventory data are collected in Table 1.

Concerning energy supply, three different scenarios are evaluated. In the scenario
“Market”, electricity is received from the German power market, while the scenario
“PV” makes use of electricity from a photovoltaic system.

In addition, the utilization of thermal energy from a cogeneration unit is inves-
tigated in the scenario “Heat”. Furthermore a transport distance of 50 km for the
feedstock is taken into account. The idea of the latter scenario is the centralized pro-
cessing at an industrial area with existing heat network, while the first two scenarios
represent the idea of a decentralized biomass processing at a farm (Albert et al. 2016).

Life Cycle Impact Assessment: With the inventory data described above, a first
impact assessment was made. As impact assessment method ReCiPe 2008 is used
with the hierarchical value choice (Goedkoop et al. 2008). The results for the five
midpoint indicators Global Warming Potential (GWP), Ozone Depletion Potential
(ODP), Metal Depletion Potential (MDP), Human Toxicity Potential (HTP) and
Freshwater Eutrophication Potential (FEP) are shown in Fig. 3 for the three different
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Fig. 3 Midpoint indicator results for the three scenarios “Market”, “PV” and “Heat”

energy scenarios. Carbon dioxide emissions from biogenic origin are considered as
neutral with respect to GWP.

Catalyst synthesis and consumption, compressed air production and energy con-
sumption for the purification step are the key contributors to the environmental foot-
print according to this evaluation. Therefore, process improvements concerning these
elements will have the largest benefits. Additive and substrate consumption as well
as the treatment of residue are of little relevance. The same results for biomass trans-
port in the scenario “Heat”. However, changing the energy source can significantly
reduce the environmental impact (Fig. 3).

Electricity and heat consumption for the purification step and compressed air
production predominantly contribute to GWP. Emissions from lignite- and coal-
fired power stations are main contributors to the GDP of the scenario “Market”. A
similar result is found for the Ozone Depletion Potential, which is by far a factor of
two higher for the “Market” scenario compared to “PV” and “Heat”.

Compressed air production strongly contributes to the Metal Depletion Potential
in the decentralized scenarios “Market” and “PV”, but not in the scenarios “Heat”.
This contribution is caused by the wear of the compressor. In the centralized scenario
“Heat” a compressorwith a higher capacity is used,which reduces thewear in relation
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Fig. 4 Comparison of the three OxFA-scenarios and the methyl formate route at the endpoint level

to the amount of compressed air (Steiner and Frischknecht 2007). Molybdenum and
Vanadium,which are used for the synthesis of the catalyst also contribute to theMDP.
In a similarway, they affectHumanToxicityPotential. In particularminingoperations
contribute to negative effects on human health and freshwater eutrophication.

In the next step, the potential environmental impacts of the three scenarios of
the OxFA-process are compared with the conventional process for the production of
formic acid via the methyl formate route. The feedstock for this process is carbon
monoxide and water (Reutemann and Kieczka 2005). Because carbon monoxide is
mainly produced from coal or gas, this process depends on fossil resources. Inven-
tory data is taken from Sutter (2007). Not included in the evaluation of the reference
process is the compression of the gases to 45 bar and the consumption of the typi-
cally employed catalyst (sodium methoxide). Both factors which show a significant
influence on the environmental balance of the OxFA-process. However, a formic acid
concentration of up to 98 wt% is reached.

In Fig. 4, the results for the three endpoint indicators human health, ecosystem-
quality and resources for the three OxFA-scenarios and the reference process are
compared. Endpoint indicators are used, because all environmental impacts should
be considered, when both techniques are compared.

Regarding ecosystem-quality, the impacts of the differentOxFA-process scenarios
are significantly higher compared to those of the reference process. The ecosystem-
quality is mainly affected by provision of the substrate (beech wood), which requires
a large area for cultivation. Therefore, using waste biomass for the OxFA-process,
would reduce the environmental impact significantly. However, waste biomass is
only available in a limited amount and increased competition for its use also has to
be considered.

Impacts on human health of the scenario “Heat” are comparable with those of
the reference process, while the impact on human health of the other scenarios
is somewhat higher. Thus, it has to be concluded that the competitiveness of the
OxFA-process depends on the energy source chosen. The same applies for resource
depletion. Using heat or solar power reduces resource consumption. Under these cir-
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cumstances, the OxFA-process shows a better performance than the state-of-the-art
process. Suggested improvements of the OxFA-process, viz. the in situ extraction of
FA with 1-hexanol can further reduce the energy consumption and enable the pro-
duction of highly concentrated formic acid (Reichert et al. 2015). Another potential
improvement is the heterogenization of the homogeneous HPA-5 catalyst, which is
currently under investigation.

4 Conclusions

In this study, an evaluation of the environmental footprint of a chemical process at an
early stage of development was attempted. Therefore, assumptions had to be made
regarding the consumption of auxiliaries like additive and catalyst. The amount of
oxygen used had to be calculated based on the assumed stoichiometry laws and,
thus, describes the technical optimum, while emissions of the OxFA-process itself
were not taken into consideration. Nevertheless, a first estimation with respect to
the key contributions to the environmental footprint was made. In our case, the
catalyst preparation, energy consumption and compressed air production are themost
significant contributors. Improvements which focus on these aspects seem to be the
most promising approaches for further development. Finally, it can be assumed that
the OxFA-process can compete with the state-of-the-art technology, when the energy
supply is based on renewable resources such as photovoltaics or heat cogeneration.
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Using Energy System Modelling Results
for Assessing the Emission Effect
of Vehicle-to-Grid for Peak Shaving

Anika Regett, Constanze Kranner, Sebastian Fischhaber and Felix Böing

Abstract An understanding of the surrounding energy system is necessary when
using the system expansion approach for an emission assessment of sharing and
reuse concepts for electric vehicle batteries. In this context it is shown that existing
energy system modelling results can be used for assessing the marginal effect of a
load change on CO2 emissions for electricity using either the electricity mix or the
marginal power plant method. From the company’s perspective a load management
with vehicle-to-grid for peak shaving leads to a decrease of electricity costs due
to a reduced demand charge, but percentage changes in direct CO2 emissions for
electricity demand are small. The impact of vehicle-to-grid for peak shaving to reduce
greenhouse gas emissions associated with the traction batteries’ production strongly
depends on the reference technology and is significant in case a diesel generator is
substituted.

Keywords Energy system modelling · Electric vehicles · Charging management
Vehicle-to-Grid · Emission assessment · Circular economy

1 Introduction

While reducing the demand for fossil fuels the energy transition requires new tech-
nologies, e.g. wind power plants and battery storage systems, many of which come
with an increasing demand for critical materials such as cobalt and rare earth met-
als (Blagoeva et al. 2016). The criticality of a material can be caused by supply
and/or environmental risks associated with its provision (Regett and Fischhaber
2017). Therefore in order to counteract the occurrence of new resource risks, mea-
sures are needed to reduce resource criticality of key technologies for future energy
supply. The circular economy (CE) is often proposed as a means to reduce the
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environmental impact of raw materials and to create new opportunities for value
creation (European Commission 2017). Thus, there is a need to assess the potential
of innovative CE approaches such as sharing and reuse to reduce the material-related
environmental and supply risks of energy technologies.

In this context, the followingmainmethodological challenges of assessing sharing
and reuse concepts of electric vehicle (EV) batteries have been identified based on a
literature review covering Life Cycle Assessment (LCA) studies of vehicle-to-grid
(V2G) applications (e.g. Hoehne and Chester 2016; Yang et al. 2016) and stationary
second-life applications (e.g. Kim et al. 2015; Richa et al. 2015) respectively:

• The battery lifetime and the provided storage function are influenced by the battery
aging process, which is dependent on various factors such as the load profile and
the battery’s state-of-charge.

• Due to a longer lifespan in a second-life-application, the future development of
waste management processes needs to be considered.

• The emissions need to be allocated to different battery functions, for example a
mobility service (in pkm) and an energy system service (in kW or kWh).

• When choosing the system expansion approach for dealing with the allocation
problem, an understanding of the energy system is needed in order to quantify the
emissions of the substituted technologies.

Addressing the latter challenge, this paper aims to demonstrate how energy sys-
tem modelling results can be used to assess the effects of V2G for a peak shaving
application on electricity-related CO2 emissions.

2 Methods

As an exemplary sharing concept, a bidirectional chargingmanagement for industrial
peak shaving in an office building is analysed. In this case the power and storage
capacity of the EV batteries is shared between the car owners and the company.

The analysed load profile originally stems from a real office building of a software
companywith around 100 employees, which is complemented by the load for directly
charging the EV fleet. The load profile is characterized by a maximum annual peak
load of 141.3 kW. The EV charging process is responsible for the load peaks in the
morning. The load peaks in summer are induced by air conditioning, for which the
load shifting potential is limited.

Therefore in order to decrease the peak load and thereby reduce the demand
charge for electricity, a load management strategy with V2G is examined. In the
V2G scenario, the EV fleet consists of 3 vehicles being available between 7 am and
6 pm. Each EV battery system is characterised by a 20 kWh storage capacity, 22 kW
charging and discharging power, as well as a system efficiency of 85%. Under these
circumstances, the maximum peak load can be reduced to 80.4 kW. This is done by
shifting the charging process and by deliberately charging and discharging the EV
batteries, whilst ensuring that the state-of-charge at the end of the day is equal to the
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case without peak shaving. Next to the comparison with the unsmoothed load profile,
theV2G scenario is further compared to the use of a diesel generator, which generates
electricity every time the load boundary of 80.4 kW is exceeded. It is assumed that
the diesel generator with an efficiency of 34% is purchased specifically for the peak
load management application.

In order to assess the emission effect of V2G for industrial peak shaving, the
changes in direct energy-related CO2 emissions for electricity generation, due to the
change in load profile, are quantified. For the comparison with the diesel scenario
the emission changes due to the change in load profile and the saved CO2 emissions
from diesel combustion are accounted for. Thus, in both cases only the effects on
electricity-related CO2 emissions in the operation phase are considered.

The CO2 emissions associated with the increase or decrease of electricity gen-
eration can be quantified using either the electricity mix method or the marginal
power plant method as described in (Conrad et al. 2017). For the mix method, the
CO2 emission factor of electricity is calculated by weighting the specific emissions
of each power plant with its share in total electricity generation every hour. For the
marginal method, the hourly emission factor of electricity equals the specific emis-
sion factor of the marginal power plant. The marginal power plant is the last one to
be dispatched every hour, and therefore increases or decreases electricity generation
in case of a marginal change of load.

An emission tool has been developedwhich uses energy systemmodelling results,
load profiles from a peak shaving model, as well as fuel-related emission factors as
inputs, so as to calculate the hourly emission factor of electricity with both the mix
and marginal methods (see Fig. 1).

− Fuel-specific emission factors

Peak Shaving Model

− Load profile without peak
shaving

− Load profile with peak
shaving

Differential load profile

Emission Tool

National Greenhouse Gas 
Inventory Energy System Model ISAaR

− Time series of electricity
generation

− Time series of electricity
prices

− Marginal costs of power 
plants

Electricity mix and marginal 
power plant method:

Hourly emissions of differential 
electricity demand

Fig. 1 Structure of the tool for calculating electricity-related emissions
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The fuel-specific emission factors are taken from the national greenhouse gas
inventory (Umweltbundesamt 2016) and entail only direct CO2 emissions from fossil
fuel combustion. This means for renewable energy the emission factor amounts to
zero.

The load profiles needed for the assessment of the V2G scenario are calculated
using a simple peak shaving model. Based on the company’s load profile, including
an uncontrolled charging process of the selected EV fleet, a smoothed load profile
due to load shifting andV2G is calculated. For this purpose the EV fleet is considered
as a storage system. The model derives the charging and discharging power of the
storage system in order to keep the total load below a preset limit, while considering
the battery parameters described above. The load limit and the number of EVs are
chosen in away that an almost optimal configuration for peak shaving of the analysed
load profile can be achieved. For further calculations, a differential load profile is
derived by subtracting the load profile for the scenarios “no peak shaving” and “diesel
generator” from the modelled load profile of the V2G scenario.

Energy system modelling results, namely the time series of electricity generation
and prices, as well as the marginal costs of power plants, are needed for calculating
the emission factors for electricity in the emission tool. This input data is derived
from simulation results for a scenario of the German energy system in 2030 which
has been developed in the project “Merit Order Netz-Ausbau (MONA) 2030” (Regett
et al. 2017) and is characterised by a share of 61% renewable energy. The simula-
tion takes place in the energy system model ISAaR “Integrated Simulation Model
for Planning the Operation and Expansion of Power Plants with Regionalisation”,
which is described in more detail in Pellinger et al. (2016) and Böing et al. (2017).
One of the models’ main features is the capability to perform an electricity mar-
ket simulation for Europe. While European neighbours are modeled in a simplified
way, the German-Austrian market zone is accurately represented. The power plants’
dispatch is determined by the costs for fuel, operation and emission certificates. In
addition, heat supply by combined heat and power (CHP) plants and generation from
renewable energy systems are taken into account. In this composition the electric-
ity generation and fuel consumption per power plant unit can be simulated for a
whole year in hourly resolution. Strictly speaking, the electricity prices resulting
from the simulation constitute hourly marginal costs of electricity generation, which
in a perfect market correspond to electricity prices.

In the emission tool the hourly emission factors are then calculated according to
Formula (1) for the electricity mix and according to Formula (2) for the marginal
power plantmethod. The last term in the numerator in Formula (1) is included in order
to allocate the total emissions of CHP plants to their electricity output. In this case
the method of the International Energy Agency (IEA), as described in (International
Energy Agency 2005), is chosen as an allocation method.

em fel,mix (h) �
∑

pp

(
em f f × Fpp(h) × Eel,pp(h)

Eout,pp(h)

)

∑
pp

(
Eel,pp(h)

) (1)
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emfel, mix specific emission factor of electricity mix in kg CO2/kWh
emff specific emission factor of fuel in kg CO2/kWh
Fpp fuel consumption per power plant (pp) in kWh
Eel, pp electrical generation per power plant (pp) in kWh
Eout, pp total electrical and thermal generation per power plant (pp) in kWh.

As the last power plant sets the price in the day-ahead electricity market, the time
series of electricity prices is matched with the marginal costs of each power plant
in order to determine the marginal power plant for Formula (2). Should there be no
exact match, the power plant with the next larger marginal costs is chosen. Because
of the additional thermal output, CHP power plants are not defined as marginal.

em fel,m(h) � em f f × Fmpp(h)

Eel,mpp(h)
(2)

emfel, m specific emission factor of marginal electricity demand in kg CO2/kWh
emff specific emission factor of fuel in kg CO2/kWh
Fmpp fuel consumption of marginal power plant (mpp) in kWh
Eel, mpp electrical generation of marginal power plant (mpp) in kWh.

Finally, the calculated time series of emission factors is multiplied with the differ-
ential load profile so as to determine the emissions of the change in electricity demand
due to V2G for peak shaving. This is done both for the case without peak shaving as
well as for the peak shaving scenario with a diesel generator. Additionally, for the
diesel generator scenario the emissions from diesel combustion are subtracted.

3 Results and Discussion

When comparing V2G for peak shaving to the load profile without peak shaving in
2030 a slight annual reduction of CO2 emissions for electricity of 38 kg/a for the
mix method and a slight increase of 33 kg/a for the marginal method is observed.
When attributing the emission savings of the V2G sharing concept to the traction
battery the emissions for battery production can be reduced by around 6% for the
mix method. This holds true for greenhouse gas emissions for battery production of
around 100 kg CO-eq. per kWh battery capacity (Regett 2018) and a life time of
electric vehicles of 10 years (Thielmann et al. 2017).

The comparison of V2G for peak shavingwith the diesel generator scenario shows
that the emission effect is strongly dependent on the substituted technology. The large
emission savings of 2118 kg/a for the mix and 1355 kg/a for the marginal method
are mainly due to the saved emissions from diesel combustion for smoothening the
morning peaks induced by the EV fleet. If V2G substitutes a stationary battery with
the same parameters as the EV fleet, the emission savings would amount to 326 kg/a
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Fig. 2 Change in annual CO2 emissions for electricity demand due to V2G for peak shaving
compared to no peak shaving (left) and peak shaving by a diesel generator (right)

for the marginal and 161 kg/a for the mix method. These savings can be attributed
to the additional losses for the stationary battery when shaving the load peaks from
the EV charging process.

If an EV charging management is already implemented in the reference case so as
prevent additional load peaks, the emissions savings would decrease. In case not only
the operation phase, but also the prevented production of the substituted technology
is accounted for, the emission savings would increase.

As can be seen fromFig. 2 the impact of peak loadmanagement on the total annual
emissions for electricity demand of the analysed company are in both reference cases
andmethods negligible,with values lying in the rangeofmodel anddata uncertainties.

Considering that in case of a peak load management application the amounts
of electricity shaved or shifted are low (around 2.5% of the total annual electricity
demand), a larger change in annual emissions can be expected for storage applications
characterised by a greater number of charging and discharging cycles such as primary
control reserve.

Furthermore, Fig. 2 shows that the comparison of V2G with the diesel scenario
leads to a larger change in annual emissions than the comparisonwith the unsmoothed
load profile. This can be explained by a larger difference in emission factors of elec-
tricity from the diesel generator (782 g/kWh) and electricity from the grid, compared
to the difference in hourly emission factors of electricity from the grid due to load
shifting.

For a better understanding of the difference between the marginal and the mix
methods, the differential load profiles, as well as the specific emission factors of
electricity for both methods, are shown in Fig. 3. The depicted time period is an
exemplary day close to the average day of the year.
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method (right axis) for an exemplary day

In general, the hourly emission factor of the electricity mix is, in about 85% of
the year, lower than the hourly emission factor of the marginal power plant which is
mostly gas- or coal-fired. However, the differences between the two methods vary
over the day, meaning the impact of the chosen method depends on the analysed load
profile.

Looking at the differential load profile for the V2G scenario compared to the
unsmoothed load profile, it can be seen that a large share of the charging process is
moved from 7 am to 8 am.As the emission factors for these two hours are very similar
for both themix and themarginalmethods, neither a large change in annual emissions
nor a large difference between the two methods can be observed. In case of a load
shift the hourly emission factors at times of negative and positive differential load
determine whether the emissions are equalled out. For the mix method the change
in annual emissions would, for example, increase if the load is shifted between day
and night as the differences in hourly emission factors are larger.

The differential load profile for V2G compared to the diesel scenario shows an
increased electricity demand from the grid at 8 am due to load shifting, which is not
required in the diesel scenario because the peak load is provided by the generator.
For the diesel scenario the difference between the two methods is larger because
the emissions for electricity from the diesel generator stay the same, while in the
respective hours the reduced emissions from the grid are larger for the marginal than
for the mix method.

Overall the results indicate that from the company’s perspective the percentage
changes in CO2 emissions for electricity demand due to load management with V2G
for peak shaving are low. In contrast, for an annual demand charge of 80 e/kW the
peak load application leads to significant cost savings of around 5000 e per year.
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It needs to considered, however, that the quantative results for this specific appli-
cation are not directly transferable to all V2G applications. This is attributable to
the fact that the emission changes from bidirectional charging management strongly
depend on the used energy system modelling results, the analysed application, the
load characteristics, the parameters of the EV fleet as well as the precise charging
management strategy.

In the investigated V2G application for peak shaving, the sensitivities with regard
to emission savings and load reduction are large and depend essentially on factors,
which are specific to the use case under investigation. This includes the number of
electric vehicles, attendance time, available battery capacity as well as level, time
and duration of the load peaks. The chosen parameters and load profile constitute
a V2G-friendly scenario. Thus, in a real case a thorough analysis of the described
factors is needed before implementation.

Also the load shifting algorithmhas an impact on the load shaving potential and the
emission savings and can for example be improved by considering monthly instead
of yearly peak loads. But considering that in the worst case the load reduction effect
can amount to zero in case of a mismatch between load peaks and EV presence the
sensitivity of the described use case-specific factors are more substantial.

4 Conclusions

Even though the exact impact of bidirectional charging management applications on
CO2 emission for electricity is determined by various factors, it can be noted that the
change in emissions depends on the additional energy demand due to battery losses
and the temporal shift of the load leading to different emission factors for electricity
demand.

While peak load management leads to a decrease of electricity costs due to a
reduced demand charge, in the analysed scenario a small change in CO2 emissions
was observed when compared to the total emissions for the company’s electricity
demand. This can be attributed to the small amounts of electricity affected by peak
load management compared to the total electricity demand and the small difference
between the hourly emission factors due to load shifting.

When attributing the emission savings from the V2G sharing application to the
production of traction batteries it can be seen that the savings strongly depend on
the substituted technology. While the impact is small for the comparison with the
unsmoothed load profile, the emissions savings due to V2G can even exceed the
emissions for battery production in case a diesel generator is substituted.

It is demonstrated that existing energy system modelling results can be used for
assessing the environmental effects of a change of load using either the electricity
mix or the marginal power plant method. With the marginal power plant method an
approach is presented which considers system effects, but doesn’t necessitate addi-
tional simulation runs. While this method is valid for assessing a marginal change,
for the assessment of a large scale change in electricity demand a new simulation run
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of the energy system is necessary. These methodological aspects are further investi-
gated in the research project “Dynamis” dealing with an assessment of cross-sector
CO2 abatement measures (Regett et al. 2017).
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Assessment of Social Impacts Along
the Value Chain of Automation
Technology Components Using
the LCWE Method

Friederike Schlegl, Mercedes Barkmeyer, Alexander Kaluza, Eva Knüpffer
and Stefan Albrecht

Abstract Purpose During the last years, the sustainability of products has gained
importance. The established life cycle assessment (LCA) methodology focuses on
the evaluation of environmental impacts of products. Academic research extends
this approach to social impacts towards establishing a social life cycle assessment
(S-LCA). The life cycle working environment (LCWE) method offers one option
to include social impacts in LCA. This paper aims at creating a LCWE procedure
for company purposes. Automation technology components serve as a case study.
Methods LCWE helps to assess the social impact on humans along a products life
cycle based on statistical data and the possibility to integrate primary data. The
methods focus is on working conditions in upstream and manufacturing activities.
LCWE is based on the energy and material flows used in LCA study’s. The results
of the method are social profiles of single processes or products. The allocation to
social profiles is performed through shares of value-added costs within the life cycle
processes of a product. Results and discussion First, a procedure that enables the
integration of the LCWEmethod into companies is presented. Within the procedure,
it is possible to integrate corporate data as well as companies aims. The results of
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the process assessment are categorized by a traffic light function, so that decision
makers within the company will be able to integrate the results into their department
and improve the processes they are responsible for.

Keywords Life cycle assessment · Social life cycle assessment · Life cycle
working environment · Automation technology components

1 Introduction

More and more companies recognize the necessity to contribute to a sustainable
development and integrate sustainability aspects into their core business. Thus,
the consideration of the life cycle of products (upstream processes, production
phase, use-phase, end-of-life phase) gains more relevance. However, most imple-
mented methods focus on ecological and economic aspects. Social impacts along
the value chain are likely to be disregarded due to methodological challenges with
assessment of social impact (Kloepffer et al. 2009). The Life Cycle Working Envi-
ronment (LCWE) solves this problem: it is based on statistical data and can be
easily adapted to Life Cycle Assessment (LCA) studies because it builds on the
results of its energy and material flows (Barthel 2014). As LCWE case studies
only considered consumer goods so far (where no data of the use phase is avail-
able), the application is limited to upstream processes and the production phase
(Albrecht et al. 2007). In contrast to consumer goods, business-to-business prod-
ucts and automation components (ATCs) respectively, have the property that they
are also integrated into production process steps during use phase where data can
be collected. Against this background, the first aim of this paper is to present how
a social profile can be created for automation components in the three life cycle
phases (upstream, production and use-phase) using the LCWE method. The sec-
ond goal is to develop a procedure to integrate the LCWE method into a com-
pany context. Finally, it is presented to what extent the method can address internal
strategic issues and how recommendations could be formulated for corporate pur-
poses.

2 Life Cycle Working Environment Method

In general, Social LifeCycleAssessment (S-LCA) is a quantitative approach to assess
social and socio-economic impacts of products along their life cycle (Albrecht et al.
2007; Benoit and Mazijn 2009; Jørgensen 2013). The Life Cycle Working Envi-
ronment (LCWE) method developed by the Department of Life Cycle Engineering
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Fig. 1 Steps of LCWE method

Fig. 2 Examplary application of the LCWE method

(GaBi) is one approach to perform S-LCA. LCWE studies result in social profiles,
which describe one or more social indicator related to a specific process performed
in a value-adding operation, e.g. within a company. One social indicator could be
injuries that might occur during that operation (Barthel 2014). Statistical data serves
as a foundation of the LCWE method. Currently, data from the statistical office
Eurostat is applied. It is possible to complement the Eurostat data in LCWE by
integrating further databases or primary data, e.g. from companies (Macombe et al.
2011).

Currently, LCWE is limited to six indicators but might be extended depending
on data availability. The first indicator is the economic value added per process step.
It is applied as an allocation key for the other indicators, which are (Albrecht et al.
2016):

• Lethal accidents
• Non-lethal accidents
• Working time
• Share of female workers
• Qualified working time

In general, someof the indicator values should beminimized e.g. accidents.Others
depend on strategic considerations within the process setting, e.g. desired share of
female workers within a company.

LCWE consists of three steps, as shown in Fig. 1. Figure 2 exemplar-
ily shows the LCWE application to the cutting of an aluminum profile.

The first step of the LCWE an allocation of processes to industries is conducted.
The considered database (Eurostat) provides data for various indicators separated by
industries and topics. One topic is population and social conditions including labor
related issues. This data serves as basis for the LCWE assessment. In the sample
case, the cutting of an aluminium profile is attributed to the aluminium production
industry (Barthel 2014).
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Fig. 3 Examplary
pneumatic cylinder (Festo
2017)

The values of the indicators (x) and values added per process step (e) are as well
derived from statistical data for the different industries. In the presented case, the
total value added through aluminum production in Europe is 9.9 million Euros. The
LCWE indicators are exemplarily represented by the lethal accidents, showing a total
value of 5E-10 accidents in Europe (Barthel 2014).

The indicators are then divided by the value added per industry to create social
profiles of the industries (Barthel 2014).

Using the cost structure of the product and its functional unit respectively,
the social profiles of the industries can be allocated to the social profiles
of the processes within the respective product system. The cost structure of
the LCWE represend the Life Cycle Inventory (LCI) of the LCA (Barthel
2014).

In the example, the cutting of an aluminum profile of one product causes costs of
X Euros (Barthel 2014). By multiplying the share of cost of a single process with a
social indicator per value added, the social profile of the process is generated (see
Fig. 2) (Benoît and Mazijn 2009).

3 Application of LCWE for the Use Phase of Automation
Technology Component

So far, LCWE has been used to calculate the social profiles of the upstream and
production of product. This case study is the first one describing an integration of
the use phase within LCWE.

3.1 Examplary Use Phase of Automation Technology
Components

The paper is applied to assess a pneumatic cylinder as shown in Figs. 3 and 4.
There are many scenarios for the use phase of a cylinder, depending on its appli-

cation in the manufacturing processes. The exemplary production system selected
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for this case study represents an assembly of a bottle top after filling (see Fig. 4).
The use phase is separated in two phases, the use phase of the production system and
the use phase of the operation phase of the system which is the assembly of a bottle
top.

The system boundary covers the upstream processes, production and the
described use phase. Due to the fact that the cylinder consists of nearly 70% alu-
minum, the aluminum waste is considered within the LCI. The functional unit
is the production and use phase of one cylinder. The average lifetime is esti-
mated with 5 million cycles which equals 5 million times assembling of bottle
tops.

3.2 Procedure for the Application of the LCWE Method
for Company Purposes

Procedure for the application of the LCWE method five parts are distinguished (see
Fig. 5).

The first part of the procedure deals with the input of primary data. This
includes available product information, e.g. the bill of material and the cost struc-
ture of the regarded product system. Moreover, it offers the company the oppor-
tunity to integrate primary data for single indicators, e.g. the number of fatal
accidents. The input data formula gives the opportunity to integrate corporate
goals for each indicator. Furthermore, the cost structure of the LCI is included
as primary data. Only the costs related to the operating use phase are esti-
mated.

Secondly a database, which includes data of the indicators and their cost struc-
ture, must be set up. The database therefore embraces the secondary statisti-

Fig. 4 Examplary
production system for the use
phase (Festo Didactic 2017)
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Fig. 5 Procedure for the application of the LCWE method for company purposes

cal data as well as the reprocessed data from the company from the first part.
In this paper, secondary data is gathered from Eurostat (2017). This includes
input data for the calculation of the indicators in upstream activities and the use
phase.

The calculation of social profiles using the LCWE method is the third
part of the procedure. This part defines the system boundaries of the proce-
dure because the calculation works with data of the database and depends on
the life cycle impact assessment and the system boundaries of each calcula-
tion. The LCI and the energy and material flows respectively are set up in a
simplified manner to enable an accelerated use within the company. The inte-
gration of statistical data from Eurostat is also considered during LCI model-
ing, e.g. regarding the different industries involved. One limitation of the simpli-
fied LCI is that the LCI model does not account for recirculation of production
scrap.

The fourth part represents the social profile of the processes as a result.
The results are divided into the different life cycle phases and indicators. More-
over, in this part, the results of the calculation are compared with the cor-
porate goals to get a classification within a traffic light system. A red traf-
fic light signalizes that the results have a deviation higher than 10%, a yel-
low traffic light means that the results have a deviation between 1% and
10% and the green traffic light signalizes that the deviation is lower than
1%.

The last part of the procedure contains different visualizations of the results. The
comparison between the social profiles and corporate goals regarding a social profile
is depicted.
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4 Visualisation and Integration into Company Processes

Figure 6 shows the qualitative results of the share of female workers. Furthermore,
the results are set in comparison to exemplary corporate goals (assumptions for the
current case). In this example, the production phase has the biggest share of women
working time.

An objective weighting of social indicators is not possible For example, child
labor compared to the number of lethal accidents evokes different opinions and
uncertainties.

A possibility to handle the different results is to assign them to the different
departments of a company. In order to assign the results to the right department there
are two opportunities for visualization (see Table 1). Arrange the results based on
the life cycle phases or arrange the results according to the target achievement. If
the traffic light indicates red, a limit value is exceeded and there is a need for action.
In case of a yellow traffic light, it is possible to decide whether an action should be
carried out or not. The green traffic light represents the conformity with corporate
goals. For example, the results of the red and yellow traffic lights are important for
risk management because there might be a big risk for the company. The material
management is interested in the yellow and red traffic lights up the upstream. The
decisionsmarkerswithin the company are nowable to use this procedure as a decision
support.

Fig. 6 LCWE result: Share
of female workers
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Table 1 Integration of LCWE results into company processes

5 Conclusion

Based on the inventory modeling of an environmental LCA, an S-LCA applying
the LCWE method is performed. This paper is on the one hand about creating a
concept for the integration of the LCWE for company purposes. On the other hand,
recommendations on how to use the results within company processes are derived.
A comparison between the results of the social profiles and the corporate goals
can be conducted. The derived recommendations directly assign LCWE results to
departments. It is designed for all kind of ATCs and allows the integration of new
indicators. Moreover, the results of the concept could be helpful within strategic
questions because they detect social hotspots and grievances along their value chain,
which could be a threat to companies.
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Life Cycle Assessment of Industrial
Cooling Towers

Christine Schulze, Sebastian Thiede and Christoph Herrmann

Abstract Sustainability and life cycle thinking is becoming part of companies’
“green identity”. For this reason, Life Cycle Assessment (LCA) is a common tool
to assess the environmental impacts of manufactured products in order to improve
it—starting with rawmaterial selection to efficiency improvements of manufacturing
processes and optimization of operation. Focusing the manufacturing stage, usually
only the machines and processes directly related to the manufacturing are taken
into account for assessment. Peripheral processes e.g. pump and pipe systems and
technical building services (TBS) e.g. air conditioning, process water supply, are
often neglected due to poor data availability. Supplying cooling water for produc-
tion machines, cooling towers (CTs) are a central part of the industrial TBS—and
therefore part of almost every manufacturing system. Neglecting the environmental
impact of CT would result in a major white spot when accomplish a LCA. In order
to close this gap, this paper presents the first LCA of industrial CTs showing the hot
spots of environmental impacts along the entire CT life cycle.

Keywords Cooling tower · Energy demand · Fresh water demand

1 Introduction

Water is one of the most important elements in our daily life and basis of existence
for almost every creature on our planet. The “blue planet” is named by the colour of
the surface water, which covers 71% of the earth surface. The majority of existing
water (97%) occurs as salted water in oceans. The remaining 3% are fresh water e.g.
in lakes and rivers or locked up as arctic ice (Perlman 2016). Therefore, fresh water,
useable for living purposes, is a very rare resource. Due to climate change, growing
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population and industrialization, water stress in the year of 2040 is predicted by the
World Resource Institute (Luo et al. 2015) for majorly industrialized countries, e.g.
USA, China, Australia and European countries such as Spain and Italy. Therefore,
the use of water is more and more in focus when companies develop their factory
related sustainability strategies (Dehning et al. 2016; Kurle et al. 2015).

In industrial context, water is widely used as operational resource, e.g. forwashing
processes and heat transfer. The usage of water is one main drivers for total energy
consumption in industrial process chains (Thiede et al. 2016). The so-called water-
energy-nexus describes the relation of water and energy: energy for water, such
as water treatment, pumping, heating etc., water for energy, which is used for e.g.
extraction, purification, processing of natural gas, coal and electricity generation
(Thiede et al. 2017; Walsh et al. 2015). For LCA in production environment, water is
usually only considered as resource for the product with rather neutral impact in case
of energy flows.Although, themain share ofwater is not directly used in products, but
for energy and mass transfer in the discrete manufacturing (Kurle et al. 2017). Thus,
it is necessary to consider water and water-energy-nexus related devices in factories
for LCA studies aswell as several studies demonstrated (Lévová andHauschild 2011;
Mousavi et al. 2015). Industrial cooling towers (CT) are an example for the water-
energy nexus in manufacturing. Several studies have researched Key Performance
Indicators (KPI) for operation and control during the usage stage of CT (Thiede
et al. 2017; Cortinovis et al. 2009; Schlei-Peters et al. 2017; Guo et al. 2017; Kurle
2018). The studies prove high environmental impacts in green house gas emissions as
well as fresh water demand depending on the operation mode as well as the climatic
condition of the location (Schulze et al. 2018). Nevertheless, for a holistic assessment
of the environmental impacts of CTs all life cycle stages should be taken into account.
For that reason, this study presents an LCA for industrial CTs.

2 Background

2.1 Industrial Cooling Tower Systems

In industrial plants, cooling is demanded by many places. These include in partic-
ular machines that require cooling for their components or processes. Since these
machines are distributed throughout the entire plant location, often decentralized
cooling-supply is required. As a rule, CT systems are used if the waste heat is not
available for further use (Kurle et al. 2016). A detailed overview of the components,
energy and mass flows can be found in Fig. 1. The heated water from the production
machines is supplied via pump and pipe system and sprayed into the upper part of the
CT. In counter flow, ambient air is forced-draft in by a fan. Through energy and mass
transfer between water and air, the water is cooled down while the air is saturated
with evaporating water. In order to maximize the time for energy and mass transfer,
fillers are installed in the CT where the water slowly flows down. Finally, the cooled
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Fig. 1 Elements of industrial CTs (Schulze et al. 2018)

water is pumped back to the production machines. As thermodynamically open sys-
tems, the operation of CT is highly impacted by the environmental conditions of the
location. Warm and humid climate impairs the energy and mass transfer leading to
higher air demand and fan operation (Schulze et al. 2018).

For industrial purposes, different types of re-cooling systems are broadly differen-
tiated by the type of coolant: dry or wet as well as the type of air supply natural-draft
ventilation or forced-draft ventilation. Hence, different construction types are devel-
oped for the special field of application. Dry coolers, using only the ambient air as
coolant, are used for low cooling requirements or flexible locations without large-
scale infrastructure use. Thereby ventilators are used to ventilate the objects to be
cooled, e.g. for slow cooling of products. Due to the low heat capacity of air, the
cooling capacity of dry CT is limited (Schodorf and Geiger 2012). If larger waste
heat streams need to be cooled, coolants with higher heat capacity are used. As a
technical mediumwith one of the highest heat capacities, fresh water is often used as
a coolant. In the so-called wet CT types, the warm water is cooled in the ambient air
while partly evaporate the water. The evaporation increases the cooling capacity and
therefore wet CT can be used also for higher ambient heat temperatures (24–26 °C)
during the summer time (Schodorf and Geiger 2012). Furthermore, a particular dis-
tinction is made between the types of air supply: natural-draft by using the so-called
chimney effect and force-draft ventilation by fan. CTs with forced-draft ventilation
are usually used at industrial sites as described above. In contrast to other types, the
design can be significantly more compact and requires less space at factories’ sites.
In addition, the formation of visible vapour can be avoided. Vapours can be carriers
of legionellae, which may be a danger for humans in the workplace.
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2.2 Life Cycle Stages of Industrial Cooling Tower

For industrial purposes, usually forced-draft CT are used to meet the cooling demand
of lower temperaturewaste heat fromproductionmachines. In this compact-designed
type of CT water is used as coolant. The generic life cycle of an industrial used CT
has four stages: raw material, manufacturing, usage and end of life. For every life
cycle stage several inputs and outputs such as energy, water and emissions determine
the environmental impacts related with the CT system. In the next sections, these
inputs and outputs are described (Fig. 2).

Raw material and manufacturing stage

The compact building type of industrial CTs consist mainly of steel and plastics. The
body is usually made of galvanized or stainless steel by performing processes like
cold forming, welding and riveting. Further installations such as nozzles for water
spraying, fillers packages, mist eliminators and covers are typically made of plastics,
mainly polyvinylchloride. Injection moulding and film extrusion processes are main
processes used for their production. The water supply is realized by a pump and pipe
system towards and back from the production machines. For pump and fan engines,
electrical motors are used (Schodorf and Geiger 2012; Berliner 1975). A scheme of
a typical industrial CT with its main parts is presented in Fig. 1.

Usage stage

The usage stage of a CT can last some decades. Usually TBSs are operated per-
manently during production time of the manufacturing processes, which can be for
instance six days with three shifts a week. During the operation time, the coolant
water is pumped to the top of the CT and air flow is ventilated in counter flow direc-
tion by the fan. For the operation of pumps and fan, electrical energy is consumed.
In addition, due to evaporation and blow-down the fresh water demand of CT is
a remarkably factor for environmental impacts. Typical industrial CT operate with
water as coolant, which is taken either from groundwater or from public water supply.

raw material manufacturing usage end of life

energy chemicals

emission waste water evaporation

raw material

waste material

life cycle stages

input

output

watercooling tower

Fig. 2 Generic life cycle stages of industrial CTs, inputs and outputs
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Contaminated cooling water is removed as waste water by blow-down and replaced
with fresh water. The fillers are replaced regularly by maintenance.

End of life stage

At the end of the usage stage, the CT can completely disassembled. The steel body
can be treated as scrap steel. The electric motors of the pumps and fan can be treated
as electric scrap. The fillers are treated as scrap plastic.

2.3 Approaches for Life Cycle Assessments of Industrial
Cooling Towers

Different approaches and studies looking at environmental impacts from CT have
been identified. Several authors assess the usage of CTs as part of a building or
energy generation system. Many approaches particularly focus on water losses
through evaporation as well as resulting fresh water demand (Burkhardt et al. 2011;
Koroneos and Tsarouhis 2012; Guerra et al. 2014; Ali and Kumar 2016). In industrial
context, several studies have been published focusing on the energy and water effi-
ciency of industrial CTs during the use stage (Thiede et al. 2017; Kurle et al. 2017;
Schlei-Peters et al. 2017). In Schodorf and Geiger (2012) the usage stage of different
types of CT are compared regarding energy demand, CO2 footprint and costs to
give a broad overview of the pro’s and con’s of each type. For the assessment of the
economic efficiency and CO2 footprint of evaporation and hybrid CT, the Mechani-
cal Engineering Industry Association (VDMA) published a guideline (Markus et al.
2015). It also focuses on the use stage of CT, arguing that CO2 emissions from
manufacturing stage would account less than 1% of the total CO2 emissions over the
whole life cycle. Schulze et al. present an analysis of the environmental impacts from
industrial CTs operation considering individual climate data and energy mixes for
different locations (Schulze et al. 2018). Nevertheless, for the holistic assessment of
environmental impacts over the whole lifetime a life cycle assessment is necessary.

3 Life Cycle Assessment of Industrial Cooling Towers

In order to perform an LCA study, the regarded CT system with its system bound-
aries is described and goal and scope are defined. Subsequently, the underlying data
for the Life Cycle Inventory (LCI) is presented followed by the results of the Life
Cycle Impact Assessment (LCIA). The model for LCIA was built in the software
environment UMBERTO.
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3.1 Goal and Scope Definition

The object of this case study is an industrial force-draft CT as part of the TBS of
an automotive production plant located in Germany. The CT system includes pump
and pipe system, transporting the warm water to and back from the production.
Furthermore, the air-draft is soken by the fan located on the top of the cooling tower
in counter flow direction to the water. In order to increase the time for energy and
mass transfer, the water rinses down over filler built into the cooling tower. As the
outcome of CT operation is cooled water, the cooling of 1 kg water from 35 to 28 °C
in Germany for the overall usage time is chosen as the functional unit for the LCA.
The impact assessment has been conducted using CML 2001 methodology.

As it is assumed that all processes of the life cycle take place in Germany, data
for this area have been used. For raw materials and manufacturing of industrial CT,
mainly stainless steel coils for the body and polyvinylchloride films (PVC) for the
filler packages are considered. The fillers are replaced completely every 5 years
as maintenance and prevention for clogging. For the peripheral aggregates, electric
motors for pumps and a fan are taken into account. Due to the individual CT design,
the pipe system is neglected in this use case. The usage time of this CT accounts for
20 years. During this time, the electricity demand of pumps and fan are considered
as energy input flows. Furthermore, regular exchange of cooling water causes fresh
water demand as well as waste water generation. As in this case study the CT is
located in Germany, data for the energy and fresh water demand for the location of
Berlin are taken from Schulze et al. (2018). In end-of-life, a treatment of the scrap
is considered for the fractions steel, plastics and electrical components. The details
and data for LCI are listed in Table 1.

3.2 Life Cycle Inventory Analysis of Industrial Cooling
Towers

In order to analyse the LCI, the flows of energy and material in each life cycle
stage have to be determined. Adequate datasets have been selected from Ecoinvent
3 database for modelling the resource demand in UMBERTO (Ecoinvent 2016).

3.3 Results of the Life Cycle Impact Assessment (LCIA)

The impact assessment has been conducted using CML 2001 methodology. The
LCIA results are presented exemplarily in Fig. 3, as well as detailed in Tables 2, 3,
4 and 5 for the categories climate change GWP 100a, human toxicity HTP 100a,
freshwater aquatic ecotoxicity, FAETP 100a, terrestrial ecotoxicity TAETP 100a.
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The results coincide that the environmental impacts primarily occur during the
usage stage of the industrial CT. The life cycle stages of raw material and manufac-
turing as well as end of life only play minor roles here. These findings correlate with

Fig. 3 Total impact share of
life cycle stages on the
impact categories GWP,
HTP, FAETP, TAETP
exemplarily, results in
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Fig. 4 Results for climate change, GWP 100a



142 C. Schulze et al.

Table 1 LCI of the industrial CT (Schulze et al. 2018)

Life cycle stage Objective Amount Unit

Raw materials and
manufacturing

Stainless steel (body) 850.0 kg

PVC (fillers) 192.3 kg

2 electrical motors
18 kW (pumps)

600.0 kg

Electrical motor
15 kW (fan)

135.0 kg

Usage Operating hours 8500 h/a

Electrical energy
demand

864.0 MWh

Fresh water demand 63740000.0 kg

Waste water
generation

21246000.7 kg

End of life Electric scrap 735.0 kg

Scrap steel 850.0 kg

Waste PVC 192.3 kg

findings of previous studies (Markus et al. 2015). The high environmental impact dur-
ing the usage stage results from the long operation time (20 years and continuously
demand of electrical energy and fresh water).

Focussing the impact category climate change, GWP100a, a contribution analysis
is presented in Fig. 4. Comparing the resource in- and outputs listed in Table 1, the
electrical energy demand is by far related to the highest GWP, followed by the fresh
water demand and waste water treatment. Thus, the three main driver processes for
GWP are part of the usage stage, explaining its dominant share regarding total GWP
(96%). The processes of raw material and manufacturing stage accounts for only
3.75% of total GWP. The end of life process GWP impacts are negligible. This can
be explained by the effective recycling treatment of stainless steel and low-emission
end of life treatment of PVC and electrical devices. The detailed results can be found
in Table 2 (Appendix).

4 Conclusion and Outlook

This paper presents the first LCA of industrial CTs, identifying the hot spots regard-
ing environmental impacts along the entire life cycle. Confirming previous studies
reviewed before, the results show that the usage stage has been revealed as the main
driver for environmental impacts. This conclusion can be drawn for the selected
impact categoriesGWP,HTP, FAETP andTAETP respectively. This can be explained
by the long usage time of 20 years, which is not unusual for TBS devices. With a
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Table 2 LCIA results for climate change, GWP 100a [kg CO2-eq]

Life cycle stage Processes of CT life
cycle

[kg CO2-eq] Total share (%)

Raw material and
manufacturing

2 electric motors
(pump)

2350.92 3.75

Electric motor (fan) 528.96

Stainless steel (body) 3036.88

PVC (fillers) 11,821.11

Usage Wastewater treatment 8157.32 96.04

Electrical energy
demand

427,639.13

Fresh water demand 18,766.55

End of life Waste PVC 682.85 0.14

Electronics scrap 314.01

Scrap steel 5.73

Results 473,303.46 100.00

zoom in for GWP, the electrical energy demand for pump and fan operation is the
main driver of environmental impact by far. Furthermore, water-based objectives as
fresh water demand and water treatment are at the next positions for environmental
impact. As mentioned before, cooling tower is an example of the water-energy nexus
in production, it is necessary to consider water in LCA studies. As CT operation is
highly impacted by the environmental conditions, different locations should be con-
sidered for future LCA work as well. As the environmental footprint of countries’
specific electricity generationmix is typically in continuous change, in particular due
to a significant increase in installations of renewable energies, further work should
consider future electricity mixes as well. A first study considering different locations
and energy mixes is given by Schulze et al. (2018), focussing the usage stage only.
Furthermore, there are various types of CT which entail different environmental
impacts (Schodorf and Geiger 2012). This study has been applied for an open circuit
draft-forced CT only, which is one of the main applied types for industrial purposes.
For further studies, the authors propose the extension of the objective to a broaden
range of CT types.

Appendix

See Tables 3, 4 and 5.
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Table 3 LCIA results for freshwater aquatic ecotoxicity, FAETP 100a [kg 1.4-DCB-Eq]

Life cycle stage Processes of CT life
cycle

[kg 1.4-DCB-Eq] Total share (%)

Raw material and
manufacturing

2 electric motors
(pump)

4714.00 5.62

Electric motor (fan) 1060.65

Stainless steel (body) 8904.99

PVC (fillers) 4166.97

Usage Wastewater treatment 6647.30 93.81

Electrical energy
demand

296,771.86

Fresh water demand 10,987.25

End of life Waste PVC 813.65 0.24

Electronics scrap 1019.22

Scrap steel 77.47

Results 335,163.35 100.00

Table 4 LCIA results for human toxicity, HTP 100a [kg 1.4-DCB-Eq]

Life cycle stage Processes of CT life
cycle

[kg 1.4-DCB-Eq] Total share (%)

Raw material and
manufacturing

2 electric motors
(pump)

12,094.76809 48.51

Electric motor (fan) 2721.32282

Stainless steel (body) 48,993.06576

PVC (fillers) 7577.173661

Usage Wastewater treatment 11,474.86226 51.37

Electrical energy
demand

56,542.81797

Fresh water demand 7577.173661

End of life Waste PVC 63.67050381 0.04

Electronics scrap 117.8246506

Scrap steel 2.872899321

Results 147,165.55 100.00
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Table 5 LCIA results for terrestrial ecotoxicity, TAETP 100a [kg 1.4-DCB-Eq]

Life cycle stage Processes of CT life
cycle

[kg 1.4-DCB-Eq] Total share (%)

Raw material and
manufacturing

2 electric motors
(pump)

4.432153852 4.68

Electric motor (fan) 0.997234617

Stainless steel (body) 2.664751244

PVC (fillers) 2.41021486

Usage Wastewater treatment 21.26068213 95.23

Electrical energy
demand

169.5303375

Fresh water demand 23.10492157

End of life Waste PVC 0.181955083 0.08

Electronics scrap 0.032152093

Scrap steel 0.005028801

Results 224.62 100.00
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Bioplastics and Circular
Economy—Performance Indicators
to Identify Optimal Pathways

Sebastian Spierling, Venkateshwaran Venkatachalam, Hannah Behnsen,
Christoph Herrmann and Hans-Josef Endres

Abstract With a growing demand of resources and environmental issues like cli-
mate change, circular economy has become an inevitable fundamental principle in
resource consumption. While conventional plastics have become an essential mate-
rial group in the 20th century, bio-based and/or biodegradable alternatives are still
evolving. Principles of the circular economy need to be implemented for all kinds
of material flows and bioplastic is no exception, as biomass is a limited resource as
well. To identifiy environmentally favourable pathways for bioplastic waste streams,
it is helpful to develop suitable specific indicators. To review the current status quo,
a literature review was conducted with focus on (bio-) plastics. While general cir-
cular economy approaches are available manifold, only few literature on specific
circular economy indicators for (bio-) plastics is available. Especially the aspect of
biodegradability is unique for bioplastics and therefore enables further waste treat-
ment options. An already existing framework is therefore extended for these waste
treatment options to enable the identification of optimal pathways also for biodegrad-
able plastics.

Keywords LCA · Bioplastics · Circular economy

1 Introduction

Materials enable us to meet our daily demands like housing, transport, communi-
cation or packaging. With a growing world population as well as economic devel-
opment, the demand for materials is predicted to more than double from 2015 to
2050 (UNEP 2017). A material group, which has become more and more essential
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in the 20th century, are plastics (Geyer et al. 2017). In 2015, the global production of
plastics has been 322 million tonnes and is estimated to further grow within the next
years. Plastics are versatile materials, which are used in many different application
areas like packaging, building and construction, automotive, medical or electrical &
electronic appliances. In Europe, the market is dominated by short life applications
like packaging with 39.9% of total plastic material demand (PlasticsEurope 2016).
Currently the main share of these plastics is made up by fossil-based resources like
crude oil. Around 4%of theworld’s annual oil production is used for plastics (Kreiger
et al. 2014). Against the background of the finiteness of fossil resources as well as the
challenges of global warming, the development of bio-based alternatives has been in
the focus of research in recent years (BMBF 2014).

Bioplastics can be either bio-based and biodegradable (e.g. PLA—Polylactide)
or bio-based and durable (e.g. Bio-PE—Bio-Polyetyhlene). The third type of bio-
plastic is fossil-based and biodegradable, e.g. PCL (Polycaprolactone) (Endres and
Siebert-Raths 2011). Furthermore, it is important to distinguish between chemi-
cal novel bioplastics and so called drop-in bioplastics. Chemical novel bioplastics,
(e.g. PHA—polyhydroxyalkanoate) have a unique chemical structure and therefore
have unique properties, processing profiles as well as waste management demands.
The drop-in types (e.g. Bio-PE) have the same chemical structure as their conven-
tional counterparts and differ only in terms of feedstock’s (biomass instead of fossil
resources). Therefore, their processing, utilization and disposal properties are identi-
cal to the conventional ones. In 2016, the production capacity of bioplastics amounts
to merely 2.05 million tonnes and therefore constitutes currently just a small mar-
ket share in comparison with conventional plastics. A growth of up to 9.20 million
tonnes of bioplastics has been forecasted for 2021. The main share of bioplastics are
bio-based plastics, which are based on biomass feedstock like sugar cane or corn
(IfBB 2017). With a further evolving bioeconomy, the overall demand for biomass
will increase as its usage in fuels, energy, heating and materials will broaden (Scar-
lat et al. 2015). However, given the limited biomass production capacities, resource
efficiency and circular economy thinking are not only immanent for limited fossil-
based product systems but also for bioeconomy ones like bioplastics. Defining what
a ‘Circular Economy’ (CE) is, needs a multi-faceted approach. There exist differ-
ent definitions for CE and there have been instances, where the understanding of CE
(Geissdoerfer et al. 2017) and its different definitions have been extensively analyzed
(Kirchherr et al. 2017). From these publications, it can be found out that defining
a CE can be subjective and there are various possibilities for defining CE (Lieder
and Rashid 2016). Out of all these definitions, the most famous definition of CE
has been provided by Ellen MacArthur Foundation (Ellen MacArthur 2012), which
reads: “CE is an industrial system that is restorative or regenerative by intention and
design. It replaces the ‘end-of-life’ concept with restoration, shifts towards the use
of renewable energy, eliminates the use of toxic chemicals, which impair reuse, and
aims for the elimination of waste through the superior design of materials, products,
systems, and, within this, business models”. While plastic production capacities are
growing, the circular economy thinking has not been fully implemented yet (World
Economic Forum 2016). This is also applicable for bioplastics. As highlighted by
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Fig. 1 Life cycle of bioplastics and loop of different waste treatment options

Geyer et al. (2017) in the timeframe of 1950 until 2015, about 8300 million tonnes of
plastic have been produced. The main share of these plastics (4900 million tonnes)
has been discarded (e.g. in landfill or litter into the environment), while 800 million
tonnes were incinerated and just 600 million tonnes recycled. Another 2500 million
tonnes are still in stock.

Therefore, it is indispensable to increase circular economy thinking within the
plastic economy.While this is partly being implemented for the conventional plastics,
bioplastics should also be involved. While the drop-in types can highly benefit from
developments in the conventional plastic sector with regards to increase of recycling
technologies etc., the chemical novel types have to be kept in the research focus.
Furthermore, bioplastics offer additional waste treatment options in the form of
aerobic and anaerobic digestion. In Fig. 1 it is highlighted on which stage of the
value chain, different waste treatment options can be fed back in the bioplastic life
cycle.

It is also important to distinguish between pre- and post-consumer (bio-) plastic
waste. Pre-consumerwaste occurs in the polymer production andprocessing step (e.g.
off-grade material or scrap) and is usually not subject to sorting as it is homogeneous
(same plastic type). Post-consumer waste occurs after the use phase and can be
contaminated e.g. with food waste, is subject to collection and sorting and therefore
has usually a low homogeneity.

To develop optimal pathways for bioplasticswithin a circular economy, it is impor-
tant to develop indicators, which take technical implications onmaterial properties as
well as environmental or sustainable (environmental, social and economic) impacts
of different waste treatment options into account. This study aims to contribute to
a stronger integration of circular economy thinking into the bioplastic development
and thereby creating more sustainable bioplastic value chains. To do so, the study
will review current approaches to identify optimal circular economy pathways (e.g.
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performance indicators) in the area of conventional plastics and adapt them to bio-
plastics. The focus will be set on the biodegradability as a unique aspect of waste
treatment options of some bioplastic types.

2 Review of Circular Economy Approaches for (Bio-)
Plastics

To review the circular economy approaches, a literature review has been done using
established scientific search engines like web of science, science direct or springer
link using a search word combination of ‘circular economy’ and ‘(bio-) plastic’
terms. While the topic has been discussed theoretically in many studies, few have
developed or incorporated indicators. To assess the circularity, resource efficiency
and environmental performance of bioplastics, it is essential to develop metrics and
performance indicators for the corresponding products. Several approaches to assess
the circularity of a product system have been developed so far. The cyclical use rate
indicator for the reused and recycled material input (Ministry of the Environment,
Japan 2003), the material circularity indicator to assess circularity at product and
organization levels (Ellen MacArthur Foundation and Granta 2015) and the circular
economy index to measure circularity based on the recycled material value (Di Maio
and Rem 2015), to name a few. However, there is no standardized method for mea-
suring the circularity of products (Linder et al. 2017) as of now. In addition, most of
the above-mentioned studies are generic and are not product specific, which makes
it difficult to interpret and apply them to plastics.

With respect to (bio-) plastics, only two recent studies were identified, that also
applied indicators: Huysman et al. (2017) and Hildebrandt et al. (2017). Therefore,
these will be discussed in detail and developed further. Huysman et al. (2017) have
developed a so-called circular economy performance indicator, which is applied to
a case study for post-industrial (pre-consumer) plastic waste. The proposed circular
economy performance indicator (CPI) is defined as quotient of actual environmental
benefit of the current applied waste treatment option and the ideal environmental
benefit according to quality. The actual environmental benefit differs from the ideal
one by taking recycling rates, quality loss as well as environmental impact of the
recycling process into account. Following the ISO 14044 standard’s (ISO 2006)
distinction in closed-loop and open-loop recycling, the waste treatment options are
classified into 4 options (also refer to Table 1: Options Ib, II, III and IV). Which
option is most suitable for a plastic depends on the technical quality of the plastic.
The technical quality is solely based on the aspect of miscibility of plastics and plas-
tic blends. As the focus is set on conventional plastics, the additional waste treatment
options enabled by biodegradability are not taken into account. While miscibility is
an important aspect, other technical properties should also be taken into account and
might differ in importance depending on the product applications. Furthermore, the
recycling processes are mainly focusing on mechanical recycling and novel options
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Table 1 Extended framework for circular economy and bioplastics (adapted from Huysman et al.
(2017) for bioplastics)

Option Waste treatment
option

Actual environmental
benefit

Ideal environmental
benefit

Option Ia* Re-use Vα − R Vα

Option Ib Mechanical recycling r × Vα − R Vα

Option Ic* Chemical recycling,
Anaerobic digestion

r × Vα − R − T Vα

Option II Mechanical recycling r × p × Vα − R p × Vα

Option III Mechanical recycling r × m × Vβ − R m × Vβ

Option IV Incineration,
Anaerobic digestion

E −I E

Option V* Aerobic digestion B−I B

B Benefit for produced biomass; E Obtained amount of energy (Electricity and Heat); I Impact
of incineration/anerobic and aerobic digestion process; m Mass balance to material substituted; p
Maximal percentage of substituted virgin material; r Recycling rate; R Environmental impact of
recycling proceess/refurbishment; T Treatment impact back to plastic; Vα Avoided impact of virgin
material; Vβ Avoided impact of secondary material
*Extension for the circular economy performance indicator framework of Huysman et al. (2017)

like chemical recycling should also be considered. On pre-consumer level, compa-
nies like NatureWorks conduct chemical recycling for off grade PLA on an industrial
scale (NatureWorks 2017). Hildebrandt et al. (2017) focus on cascade use rather than
circular economy. However, the focus of the work is set on bioplastics. The study
highlights a novel procedure for calculating performance metrics along the cas-
cade use chain for polymers. The proposed indicators include the cumulative energy
demand, rate of material use efficiency, rate of energy recovery and substitution of
virgin materials. While indicators are set up, they are not applied on the different
waste treatment options for bioplastics or a case study.

3 Extended Framework for Circular Economy
and Bioplastics

Bioplastics can offer additional waste treatment options in comparison to con-
ventional plastics. While drop-in bioplastics can use the existing waste treatment
structures of conventional plastics the chemical novel plastics might need modified
structures or additional collection streams and separation processes. Biodegradable
plastics can undergo aerobic (industrial/home composting) or anaerobic digestion
(biogas plant) and thus provide further options of waste stream management.
Therefore, it is important to develop circular economy performance indicators,
which also include the biodegradable types of bioplastics. In Table 1, an advanced
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framework for covering waste treatment options of biodegradable plastics extended
from Huysman et al. (2017) is presented. The extensions are highlighted with a “*”.

The framework from Huysman et al. (2017) has been extended for the waste
treatment options aerobic and anaerobic digestion, which are unique to bioplastics.
Furthermore, chemical recycling and re-use were added, as it is important to con-
sider them in a circular economy. However, these waste treatment options are also
suitable for conventional plastics. In extension to the framework, options Ia, Ic and
V have been added. Following the Huysman et al. (2017) approach, the quotient
of actual environmental benefit and ideal environmental benefit form the circular
economy performance. An indicator with “1” as value is therefore an ideal circular
economy option. The new proposed framework is set up for pre-consumer recycling.
Post-consumer recycling has to take collection and sorting into account, whichmight
differ for various waste treatment options. In addition, it is important to highlight
that not all bioplastics are suitable for all pathways (e.g. Option Ib—anaerobic diges-
tion is suitable for a few bioplastics like PHA but not for durable biobased plastics
like Bio-PE, as PHA is biodegradable and resulting biogas can be fed back into the
PHA value chain). For option Ia, the waste treatment option is re-use. The actual
benefit is set up of Vα (avoided impact of virgin material) minus the environmental
impact of the refurbishment process (R). Accordingly, the ideal environmental ben-
efit is Vα. Option Ib is mechanical recycling, taking the recycling rate as well as the
environmental impact of the recycling process into account. Option Ic for chemical
recycling and anaerobic digestion also takes the impacts of the processing back to
plastic grade into account as both waste treatment options generate intermediates like
biogas or different bio-based oligo-or monomors, which can be used as feedstock for
a new (re-)polymerization process. However, the resulting material has therefore the
same properties as virgin material and no quality loss. Option II and option III con-
sider mechanical recycling of lower quality, where either additional virgin material
is needed or another secondary material is substituted. Option IV include inciner-
ation and anaerobic digestion. The actual environmental benefit is calculated with
obtained amount of energy (electricity and heat) from direct incineration of plastic
or biogas minus impact of incineration or biogas process. This means that option
IV focuses on the energy usage of the reaction products of the anaerobic digestion
process, while option Ic focuses on their usability as polymer feedstock. Option V
is aerobic digestion with the actual benefit of the benefit from produced biomass
as a digestion residue minus impact of aerobic digestion process (composting). The
potential benefit and associated credit of the created biomass during aerobic diges-
tion have to be further investigated. However potential benefits of biodegradability
e.g. in connection with marine litter are not taken into account in this framework.

The highlighted formulas can be used to calculate the CPI for different waste treat-
ment options and impact categories of bioplastics. Thereby more optimal pathways
from technical and environmental perspective can be chosen. A challenge however
is the incorporation of technical aspects. Huysman et al. (2017) use the quality fac-
tor to assess which option is, from a technical point of view, best suitable for the
waste stream. However, Huysman’s proposed quality factor is solely based on com-
patibility (with current assumptions like binary compounds), just preliminary and
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needs further research. Beside other technical quality aspects, it is also important to
assess the impact of a waste treatment option on the next waste treatment phase in
further life cycles stages (cascade use). As different waste treatment options might
have a different impact on this issue, such aspects also have to be considered. E.g.
mechanical recycling of (bio-) plastics might cause the reduction of material quality
in several life cycle stages, while chemical recycling has the opportunity to create
recycled material without significant quality loss.

4 Conclusion and Outlook

To identify optimal circular economy pathways, it is important to develop perfor-
mance indicators. For bioplastics, no performance indicators have been developed
yet. As bioplastic value chains are currently established, it is important to provide this
information to foster circular economy. As bioplastics provide additional waste treat-
ment options like biodegradation, indicators have to be included also for aerobic and
anaerobic digestion. The proposed framework provides indicators for bioplastics and
considers these aspects for pre-consumer waste. Seven formulas enable to determine
the circular performance for all available waste treatment options for bioplastics.
When considering post-consumer (bio-) plastic waste, it is important to include the
impact of collection and sorting processes as well. In addition, these might differ for
various waste treatment options.

In the next step, this framework will be applied for different case studies on
a product level, in cooperation with producers. Furthermore, the concept will be
extended to post-consumer waste, by including collection and sorting procedures.
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Spatially Differentiated Sustainability
Assessment of Products

Christian Thies, Karsten Kieckhäfer, Thomas S. Spengler
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Abstract Due to the globalization of supply chains, the environmental and social
impacts related to products are often dispersed over many locations. Life cycle-
oriented sustainability assessment methods aim at compiling the total impacts with-
out explicitly considering their spatial distribution. This paper illustrates how the
incorporation of spatial differentiation in sustainability assessment can influence
assessment results and lead to different conclusions about the design of supply chains
to improve product sustainability. Comparing two alternative configurations of a sim-
plified supply chain for beer production and concentrating only on environmental
impacts, it is found that the consideration of environmental and technological het-
erogeneity has the potential to reverse the rank order of the alternatives.

Keywords Sustainability assessment · Spatial differentiation · Environmental
heterogeneity · Technological heterogeneity

1 Introduction

While functionality, quality, and cost have typically been the predominant criteria in
the assessment of products, it has been observed that sustainability aspects are now
receiving increased attention (O’Rourke 2014). Product sustainability, as understood
in this paper, refers to the environmental, economic, and social impacts related to the
different stages of the product’s life cycle. Due to the global value chains of many
products, these impacts are often dispersed over multiple locations.
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While some of the impacts, such as the emission of greenhouse gases, are of global
importance, other impacts, such as the emission of acidifying or toxic substances,
and particularly social impacts, are primarily applicable on a regional or even local
scale.

Life cycle-oriented sustainability assessment methods (Kloepffer 2008;
Finkbeiner et al. 2010; Zamagni et al. 2013), such as environmental life cycle assess-
ment (LCA), usually compile the total impacts related to a product supply chain
without explicitly considering their spatial distribution. Instead, global average val-
ues with regard to the inputs and outputs of the involved processes as well as average
characterization factors are applied to compute aggregate impact indicators covering
the entire product life cycle. These results are often used to identify sustainability
hotspots in the product supply chain or to make comparisons between alternative
products.

Neglecting the spatial dimension of the product supply chain may be problematic
for the following reasons. First, interregional trade flows require that raw materials
and products are transported over thousands of kilometers and the total transporta-
tion distance depends on the locations where the processes are carried out. Second,
the inputs and outputs of manufacturing processes are influenced by technological
heterogeneity. For example, the technologies for electricity generation and the result-
ing impacts are quite different throughout the world. Third, the local impacts of the
same process (with identical inputs and outputs) carried out in different regions may
vary due to environmental, social, and economic heterogeneity. As an example, the
regionalized characterization factors for the acidification potential of nitrogen oxides
can vary to a factor of more than 100 across European countries (Hauschild and Pot-
ting 2005). Thus, the geographic dispersion of the supply chain should not be ignored
when assessing product sustainability. Instead, spatially differentiated assessments
taking into account regional differences should be carried out. From this, important
information about the design of the supply chain can be derived in order to improve
product sustainability.

The topic of spatial differentiation has been discussed for many years in the life
cycle assessment community (Potting and Hauschild 1997; Finkbeiner et al. 1998;
Potting and Hauschild 2006; Reap et al. 2008; Finnveden et al. 2009). The main
approaches to implement spatial differentiation within LCA are inventory regional-
ization, inventory spatialization, and impact regionalization (Patouillard et al. 2018).
While inventory regionalization refers to the improvement of the geographic repre-
sentativeness of inventory data (type and quantity of economic and elementary flows),
inventory spatialization aims at attributing geographic locations to the unit processes
and their corresponding elementaryflows. Impact regionalization addresses the appli-
cation of regionalized characterization factors that are more representative of spe-
cific geographic areas. For example, regionalized characterization factors have been
developed byHauschild and Potting (2005) andVerones et al. (2016). Computational
models to perform spatially differentiated LCA calculations have been proposed by
Mutel and Hellweg (2009) and Yang and Heijungs (2017).
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However, in practice, spatial differentiation is rarely applied. A recent review
of 142 articles in the context of operations research and sustainability assessment
(Thies et al. 2018a) found that in only 20 of the articles a site-specific assessment,
taking into account the local specifics, was carried out. In 20 further articles was the
assessment site-dependent, considering at least some characteristics of the region or
country. The most frequent use of spatially explicit data was at the inventory analysis
level, but rarely with regard to the characterization factors.

Motivated by the discussion above, the objective of this paper is to show how the
application of spatial differentiation in sustainability assessment can influence the
assessment results and the conclusions that can be drawn on the design of supply
chains in order to improve product sustainability. To this end, a hypothetical setting
considering a supply chain of beer is introduced and the results for different scenarios
of spatial differentiation are compared. For the sake of simplicity, the assessment
concentrates on environmental impacts. Finally, the potentials and limitations of
spatial differentiation in sustainability assessment related to supply chain design
decisions are discussed and avenues for further research are identified.

2 Exemplary Setting for Spatially Differentiated
Sustainability Assessment

In this section, a hypothetical setting to highlight the consequence of spatial differ-
entiation in sustainability assessment is introduced. This example considers selected
environmental aspects of a highly simplified supply chain for beer production and
is adapted from Yang and Heijungs (2017). While the original example contains
spatially differentiated data on production technologies and environmental charac-
teristics, transportation processes and alternative supply chain configurations have
been added for the purpose of our analysis.

The structure of the supply chain for beer production is depicted in Fig. 1. It
comprises two production processes, grain cultivation and brewery, which are con-
nected by transportation processes. The final product beer is to be delivered to three
different regions (R1, R2, R3), which define the geographic boundaries of the supply
chain. While the production processes can be carried out in each of the regions, it
is assumed that the production technology (grain yields, brewing efficiency) as well
as the set of environmental characteristics (sensitivity to acidifying substances) is
different in each region. The functional unit of the assessment is the delivery of 1 L
of beer to each of the demand regions.

The two alternative supply chain configurations under investigation are depicted
in Fig. 2. In the decentralized structure, demand in each region is served by a local
brewery that sources barley from local producers. In the centralized structure, demand
in each region is served from a central brewery in R3, which sources all barley from
a producer in R1. The transportation distances are assumed to be 50 km within a
region and 200 km across regions.
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Grain
cultivation Transport Brewery Transport Beer

Outputs (emissions, waste)

Inputs (seeds, fertilizer, water, fuel, energy)

Fig. 1 Structure of the simplified supply chain for beer production
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Fig. 2 Alternative supply chain configurations: (a) decentralized structure, (b) centralized structure

The process parameters for grain cultivation, brewery, and transportation are pro-
vided in Table 1. Next to the global average value of each parameter, a set of spatially
differentiated values is given, reflecting the technological heterogeneity across the
regions. The yields of grain cultivation are assumed to be highest in R1, followed by
R2 and R3. Consequently, the emissions per kilogram of barley are lowest in R1. The
brewery technology is assumed to be identical in R1 and R2, and more efficient in
R3, which is reflected by the lower barley input and lower emissions. The parameters
of the transportation processes are assumed to be identical in all three regions.

Similarly, the characterization factors for impact assessment are provided in
Table 2. With regard to climate change as an impact category that is effective on
a global scale, the characterization factors are identical for all regions and corre-
spond to the global average value. In contrast, region-specific characterization fac-
tors for acidification are provided to reflect the environmental heterogeneity across
the regions.
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Table 1 Process parameters for grain cultivation, brewery, and transportation

Parameter Unit Global average
value

Spatially differentiated
values
R1 R2 R3

Grain cultivation
CO2 emissions per kg barley
NOx emissions per kg barley

kg
kg

0.2
0.3

0.15
0.2

0.18
0.24

0.3
0.4

Brewery
Barley input per L beer
CO2 emissions per L beer
NOx emissions per L beer

kg
kg
kg

3
0.4
0.8

3.2
0.45
1.1

3.2
0.45
1.1

2.5
0.25
0.5

Transportation
CO2 emissions per t*km
NOx emissions per t*km

kg
kg

0.7
0.4

0.7
0.4

0.7
0.4

0.7
0.4

Table 2 Characterization factors for climate change and acidification

Parameter Unit Global average value Spatially differentiated values

R1 R2 R3

Climate change
CO2

kg CO2-eq 1 1 1 1

Acidification
NOx

kg H+-eq 1.2 0.9 1.5 1.3

3 Results and Discussion

For both design options, a region-specific inventory of inputs and outputs is calculated
and the impact assessment is carried out via a spreadsheet model that has been
implemented in MS Excel. The results of the assessment are shown in Fig. 3 for four
scenarios of spatial differentiation: (a) no spatial heterogeneity, (b) environmental
heterogeneity, (c) technological heterogeneity, (d) environmental and technological
heterogeneity.

In scenario (a), global average values for process parameters as well as charac-
terization factors are applied. The total climate change and acidification impacts are
higher for the centralized supply chain structure than for the decentralized supply
chain structure, which is solely due to the longer transportation distances. Thus, the
decentralized supply chain would be considered advantageous over the centralized
structure from a global sustainability perspective.

Environmental heterogeneity is introduced in scenario (b). In this instance, the
spatially differentiated characterization factors are applied, but global average values
are used for process parameters. Compared to scenario (a), the results for climate
change remain unchanged. However, with regard to acidification, the total impact
of the centralized supply chain structure becomes lower than in the decentralized
case because the emission of nitrogen oxides mainly takes place in regions where
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(a) no spatial heterogeneity
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R1 R2 R3

Fig. 3 Impact assessments results for the decentralized and the centralized supply chain structure
in the categories climate change and acidification in different scenarios of spatial differentiation
(a–d)
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the spatially differentiated characterization factors are lower than the global average
value.

Similarly, technological heterogeneity is introduced in scenario (c) by applying
spatially differentiated process parameters while fixing the characterization factors
to their global average values. This affects the results for both climate change and
acidification.Due to the highyields of grain cultivation inR1and the efficient brewery
technology in R3, the centralized structure gains advantages over the decentralized
structure in both impact categories.

Finally, environmental and technological heterogeneity are considered simulta-
neously in scenario (d) by applying the spatially differentiated values for process
parameters and characterization factors. In this case, the effects of scenarios (b) and
(c) add up, and as a result, the centralized structure has lower total impact with regard
to climate change and acidification. Consequently, from a global sustainability per-
spective, the centralized structure should be preferred.

The results also reveal the spatial distribution of impacts. This is especially inter-
esting for acidification as a regionally relevant impact category. It can be observed
that although the total acidification impact is lower in the centralized structure, the
regional acidification impact in R1 and R3 is slightly higher. Only in R2, the regional
impact is much lower. Thus, a decision maker with a regional perspective on sus-
tainability might prefer another design option than a decision maker with a global
sustainability perspective.

4 Conclusions

This paper addresses the issue of spatial differentiation in sustainability assessment.
Using a simplified example of beer production and concentrating on environmen-
tal sustainability aspects, it is shown that the application of region-specific process
parameters and characterization factors instead of global average values influences
the assessment results and has the potential to change the rank order of the alterna-
tives. Furthermore, it gives insights into the geographic distribution of the impacts,
highlighting potential conflicts of objectives between the perspectives of local and
global decision makers.

The results underline the need for a consistent framework that allows for the
spatially differentiated modeling of production and transportation processes and
integrates regionalized impact assessment methods. Such a framework would not
only enable a more accurate assessment of product sustainability, but also support
the design of appropriate supply chain structures that allow for an improvement of
product sustainability. Furthermore, the framework would not be limited to environ-
mental sustainability aspects, but also integrate economic and social indicators. To
this end, additional resource flows (e.g. labor) and respective characterization factors
(e.g. wages, work accidents) need to be considered. A more detailed discussion on
this is provided in Thies et al. (2018b).
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In futurework,more realistic supply chains and additional indicators for economic
and social sustainability issues need to be investigated. To this end, the computational
logic,which could be implemented in a spreadsheetmodel for the illustrative example
above, needs to be formalized and implemented in a more sophisticated modeling
environment. Furthermore, suitable data structures to handle the various materials
and processes need to be developed.

With an increasing complexity of the supply chain, the number of possible design
options to be considered than can be solved by manual iteration. The design of the
supply chain should therefore be supported by appropriate optimization algorithms
with options for decisionmakers to interactwith the parameters/results and input their
preferences. This would allow for the inclusion of many additional features of the
decisionmaking process, transcending the constraints set by numerical optimizations
and leading to better human centered decisions.
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Life Cycle Assessment of German Energy
Scenarios

Nils Thonemann and Daniel Maga

Abstract The transition of the German energy system is in full swing. Although
the targets for the so-called “Energiewende” are set by the German Federal Gov-
ernment, different development paths are drawn by studies on energy scenarios.
One major goal of the “Energiewende” is providing an electricity mix with reduced
environmental impacts. Consequently, the goal of this study is to environmentally
analyze the different energy scenarios. In a first step, a systematic literature review
was followed to come up with 14 studies and 26 energy scenarios. After reducing
the number of scenarios to five due to selection criteria, the environmental impacts
of these five scenarios were analyzed applying life cycle assessment. Assumptions
were made to transfer the scenarios into a sound life cycle assessment model. The
life cycle assessment was conducted using the GaBi software as well as the GaBi
database to investigate the environmental impacts of future electricity mixes in the
years 2020, 2030, 2040, and 2050. The results show that the calculated impact on
global warming of electricity generation in the different scenarios is higher compared
to the greenhouse gas emissions presented in the respective studies. The differences
can be explained, for example, by neglecting transmission losses in the calculation
of the global warming impact in the studies.

Keywords Life Cycle Assessment · LCA · German Energy Transition · Energy
Scenarios · GaBi

1 Introduction, Motivation, and Goal

The German energy transition is bringing about a huge change in the energy sec-
tor. In 2016, 31.7% of electricity was generated by renewable energies in Germany
(Federal Environment Agency 2017). According to the Federal Government’s goals,
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their share should increase to 80% by 2050, while reducing greenhouse gas emis-
sions by 80–95% compared to 1990 (Federal Ministry for the Environment, Nature
Conservation and Nuclear Safety (BMU) 2016; Federal Ministry of Economics and
Technology (BMWi) and BMU 2010). However, in the literature, the transformation
process of the energy sector towards a renewable energy-based electricity production
is considered very differently (Grimmelsmann 2016).

The goal of this contribution is to select electricity scenarios and ecologically
assess them. For the selection of electricity scenarios we took the results from the
systematic literature review on German electricity scenarios conducted by Grim-
melsmann (2016) and for the environmental analysis, a life cycle assessment (LCA)
was carried out. The developed LCAmodels are used to ecologically evaluate future
electricity scenarios which are currently applied in the Fraunhofer project “Strom als
Rohstoff” and the project “Carbon2Chem” funded by the Federal Ministry of Edu-
cation and Research (Federal Ministry of Research and Education [BMBF] 2016;
Weidner and Pflaum 2017).

In the next section the methodological approach, which is based on a system-
atic literature review and an LCA, is described. Thereafter, the section contains the
results and a critical discussion is given. Finally, the contribution is completed by a
conclusion and an outlook.

2 Methodological Approach

A systematic literature review, conducted by Grimmelsmann (2016), has shown that
there is a variety of studies that calculate future energy scenarios for Germany. In
total, the review includes 14 studies from the years 2011 to 2016 including 26 energy
scenarios (see Table 1).

The goal of the literature review was to identify a future energy scenario that
comprise information on the development of excess energy, energy prices and related
CO2-emissions (Grimmelsmann 2016). In order to address excess energy, the future
gross electricity consumption was defined as first selection criterion. In order to
analyze energy prices, the investment requirements for the energy producer parkwere
defined as second selection criterion. Finally, to estimate the related CO2-emissions,
the current expansion targets for renewable energies of the Federal Government were
chosen as third selection criterion.

According to the first criterion, we choose scenarios, which are in line with the set
target by the BMU (2016) to reduce the gross electricity consumption by 25% until
2050 compared to the base year 2008. Regarding the second criterion, scenarios
were chosen which undercut the investment barrier of 560 billion Euros set also
by the BMU (2016). For the third criterion, scenarios were chosen which go along
with the expansion targets set by the German Renewable Energy Act (BMWi 2017;
Grimmelsmann 2016).
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Table 1 Overview of the observed studies
Author Title Year Scenarios Reference

50 HzTransmission
GmbH; Amprion
GmbH; TenneT TSO
GmbH; TransnetBW
GmbH

Network Development
Plan Electricity 2025

2015 B1
B2

50 Hertz Transmission
GmbH et al. (2015)

Agora Energiewende Electricity storage in
the energy transition

2014 2033 Scenario
90% Scenario

Agora Energiewende
(2014)

Dena Integration of
renewable energies in
the German-European
electricity market

2012 Without name Dena (2012)

DLR; Fraunhofer
IWES; IfnE

Long-term scenarios
and strategies for the
expansion of renewable
energies in Germany,
taking into account
developments in Europe
and globally

2012 A
THG 95

DLR et al. (2012)

Fraunhofer ISE Energy system
Germany 2050

2013 DE 2050 Fraunhofer ISE (2013)

Fraunhofer IWES Analysis of
Power-to-Gas energy
storages in the
renewable energy
system

2014 Basis Fraunhofer IWES
(2014)

IAEW; consentec Evaluation of
flexibilities of
electricity generation
and CHP plants

2011 Basis scenario IAEW and consentec
(2011)

IAEW; Fraunhofer
IWES

Roadmap storage 2014 C IAEW and Fraunhofer
IWES (2014)

Nitsch, Joachim Current scenarios of the
German energy supply
taking into account the
key figures of the year
2014

2015 Corridor
Corridor-Over
Corridor-Under
Scenario 100

Nitsch (2015)

Nitsch, Joachim The Energiewende after
COP 21—Current
Scenarios of German
Energy Supply

2016 Trend
Climate 2040
Climate 2050

Nitsch (2016)

Öko-Institute;
Fraunhofer ISI

Climate protection
scenario 2050—2. Final
report

2015 AMS
KS 80
KS 95

Öko-Institute and
Fraunhofer ISI (2015)

Prognos Development of Energy
Markets - Energy
Reference Forecast

2014 Trend scenario
Target scenario

Prognos (2014)

UBA Projection report 2015 2015 MMS UBA (2015)

VDE ETG Energy storages in the
Energiewende

2012 40% Scenario
80% Scenario

VDE ETG (2012)
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After applying the selection criteria, the number of scenarios was reduced to
five. The “Climate Protection Scenario 80 (KS80)”, the “Current Measures Scenario
(AMS)” and the “Climate Change Scenario 95 (KS95)” from Öko-Institute and
Fraunhofer ISI (2015), as well as Prognos (2014) “Trend Scenario (Trend)” and
“Target Scenario (Target)” were selected.

To calculate the environmental impacts of the different electricity mixes the LCA
software GaBi was used. As scope we use the system boundary starting from the
extraction of resources to the provision of the electricity to the end consumer. The
functional unit was chosen to be the provision of 1 kWh. Since the main political
goal of the energy transition is to reduce greenhouse gas emissions, the LCA study
focuses on climate change. The following assumptions were made to transfer the
information contained in the scenario descriptions to the requirements of the LCA
model.

Pumped storage power plants, for example, were considered to operate with an
overall efficiency of 80% (Giesecke et al. 2014). The required electricity for pumping
is expected to be provided by the national electricity mix. Future import surpluses are
considered with the EU-28 power mix of the respective year depicted by processes
of the GaBi Database: Extension II: energy 2017 (Thinkstep 2017). However, export
of electricity to other European countries is neglected since there is no disaggregated
data for exports by energy sources in the given scenarios. Additionally, the export
does not influence the environmental impacts of the German electricity mix. This can
be explained by the fact that, if export is taken into account, the relative composition
of the net electricity providers is not changed. Imports or exports via high-voltage
direct current cable is not considered in the analysis as it has only a small total
contribution and almost identical amounts of electricity are imported or exported
(Öko-Institute and Fraunhofer ISI 2015). For transmission losses, a value of 6.37%
was calculated according to Federal Statistical Office (Destatis) (2017).

Besides these general assumptions, special assumptions for the LCA modeling
of the respective studies were made. For the energy scenarios from Öko-Institute
and Fraunhofer ISI (2015), the net electricity providers summarized under the term
“others” in the sub-category “other” were allocated to the remaining net electricity
producing technologies. For the AMS, the electricity generation by municipal waste
incineration plants was concluded to remain constant over time and was therefore
set to the fixed value of the reference year 2012 (6.9 TWh). According to the KS80
and the KS95, 0.6 TWh of annual electricity production were assigned to “other” net
electricity production sources in the sub-category “other”. Heavy oil and coal gases
were distributed on the basis of the partitioning in the climate protection scenario 80
and the climate protection scenario 95.

Special assumptionswere alsomade for the Prognos (2014) scenarios. Similarly to
the aforementioned scenarios, the Prognos (2014) scenarios provided a little-detailed
breakdown of net electricity providers, hence, assumptions were made on the same
basis as for the other scenarios introduced above. The net electricity providers’ solid
biomass and biogas were differentiated according to the primary energy consump-
tion for the respective sectors (heat generation, power generation, and mobility)
mentioned in Prognos (2014). The net electricity provider category “other” was dis-
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tinguished in geothermal energy, mine gas, sewage and landfill gas, as well as in
biogenic and other wastes. For the provision of electricity from geothermal sources
a rise to 0.7 TWh per year by 2020 according to the Federal Republic of Germany
(2012) was assumed and that thereafter the contribution would remain at a relatively
constant level (Prognos 2014). The electricity generation via mine gas, sewage gas,
and landfill gas is supposed to decrease over time (Prognos 2014). Energy fromwaste
incineration, on the other hand, was expected to increase slightly to about 6 TWh
due to the increased incineration of waste (Prognos 2014).

The choice of the net electricity producing technologies was one of the crucial
parts of this LCA study. For consistency reasons, only processes from the GaBi
database were used. Net electricity producing technologies were assigned to the
LCA processes as shown in Table 2. In Table 3 the share of energy sources for KS95
over different years is listed. The mentioned assumptions were applied to the life
cycle inventory for the electricity mixes in GaBi.

3 Results and Discussion

In this section, the results are presented and discussed. The results focus on the
global warming potential over a time horizon of 100 years (GWP100). First, the cal-
culated global warming potential (GWP) of the energy scenarios will be introduced.
Secondly, the contribution of different energy sources to the overall GWP will be
shown. Thirdly, the differences of the calculated GWP values to the GWP values of
the energy mixes from GaBi will be presented. Finally, the dependency of energy-
intensive processes on the selection of background data for the energy mix will be
investigated as an example.

Figure 1 shows the GWP of the different scenarios as calculated via LCA and the
values for GWP as stated in the reports on the electricity mix scenarios. It can be
observed that in all scenarios the GWP is decreasing over time, which corresponds to
the target set by BMWi and BMU (2010). However, there are discrepancies between
the calculated values and the values, which are given in the respective studies.

For a more detailed analysis, the relative deviation between the calculated GWP
values and those taken from the studies is shown in Table 4. The results reveal that
the discrepancies between the calculations and the study results differ depended on
the selected scenario and year. The AMS and Trend scenarios are reflected best in
terms of relative discrepancy. Nevertheless, especially the calculated GWP for KS95
demonstrates a large relative difference; for example, in the year 2040, the relative
discrepancy is 205.17%. This means, for this case, the calculation gives a value
approximately two times larger than the value reported in the study. Consequently
the contribution of processes is investigated for KS95 in the following.

Focusing onKS95, in Fig. 2 the relative contribution of different energy sources to
the GWP is shown. For the energy mixes for 2012–2040 the energy carriers‘lignite
and hard coal are contributing the most to the GWP. In 2050, the GWP is result-
ing from various energy sources, but mostly by energy produced from natural gas,



170 N. Thonemann and D. Maga

Table 2 Net electricity
producing technologies
assigned to processes from
the GaBi database

Processes from
GaBi database

Net electricity producing technology

Öko-Institute and
Fraunhofer ISI
(2015)

Prognos (2014)

DE: Electricity
from nuclear ts

Nuclear energy Nuclear energy

DE: Electricity
from lignite ts

Lignite Lignite

DE: Electricity
from hard coal ts

Hard coal Hard coal

DE: Electricity
from coal gases ts

Refinery gas –

Blast furnace gas

Coke oven and
town gas

DE: Electricity
from natural gas ts

Natural gas Gas

Backup-plants

DE: Electricity
from heavy fuel oil
(HFO) ts

Oil Fuel oil

DE: Electricity
from biomass
(solid) ts

Biomass –

Vegetable oil

DE: Electricity
from biogas ts

Biogas –

DE: Electricity
from waste ts

Waste –

DE: Strom aus
Windkraft

Wind onshore Wind power
onshore

Wind offshore Wind power
offshore

DE: Electricity
from photovoltaic
ts

Solar PV

DE: Electricity
from hydro power
ts

Water Run-of-river power
plants and storage
water

IT: Electricity from
geothermal ts

Other renewable
energy

–
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Table 3 Share of energy sources within KS95

Energy source 2012 (%) 2020 (%) 2030 (%) 2040 (%) 2050 (%)

Lignite 25.24 14.59 1.03 1.57 0.00

Hard coal 18.20 11.13 6.26 2.98 0.00

Coal gases 1.55 1.78 1.30 0.43 0.01

Nuclear 16.06 12.61 0.00 0.00 0.00

Natural gas 12.80 12.55 19.25 11.24 2.32

Heavy fuel 1.06 0.58 0.10 0.02 0.00

Wind onshore 8.49 19.96 31.68 38.81 51.02

Wind offshore 0.12 5.17 10.50 18.30 23.56

Biogas 4.48 4.12 2.59 0.55 0.08

Biomass 2.62 2.54 2.39 0.82 0.42

Hydro power 3.70 4.38 4.76 3.68 3.23

Photovoltaic 4.50 9.07 13.61 12.31 16.15

Waste 1.18 1.22 1.09 0.67 0.47

Geothermal 0.00 0.22 0.86 1.24 1.61

Import 0.00 0.06 4.59 7.38 1.14
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Fig. 1 GWP100 of the calculated and given results of the energy scenarios over time

photovoltaics and wind onshore. The deviation of 205.17% between the calculated
GWP values based on KS95 and those presented by KS95 for the year 2040 can be
explained by the underestimation of the impact of the electricity production from
lignite and hard coal on global warming within KS95.
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Table 4 Relative
discrepancy between the
calculations and the results
from the studies

KS80 (%) AMS (%) KS95 (%) Trend (%) Target (%)

2020

4.24 0.32 4.77 17.91 14.45

2030

21.43 −9.68 80.50 −1.14 20.49

2040

96.02 7.71 205.17 24.42 74.52

2050

30.13 −4.60 121.03 2.38 21.46
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Fig. 2 Contribution analysis for processes of the electricity mixes within KS95

In order to analyze the impact of choosing background data of electricity produc-
tion for an LCA of energy-intensive products, the highly energy-consuming produc-
tion process of hydrogen via electrolysis was selected. According to Carmo et al.
(2013) the electricity demand for the production of one Nm3 hydrogen (H2) via poly-
mer electrolyte membrane (PEM) electrolysis is 5 kWh. The results of this sensitivity
analysis, where the lowest and highest values of the GWP for electricity production
considering the calculated values were chosen, are shown in Fig. 3.

The difference between the scenarios varies between 0.08 kg CO2 eq./Nm3 H2

to 1.01 kg CO2 eq./Nm3 H2. Relatively the range lies between 3 and 460% and
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Fig. 3 GWP100 for the electricity production of hydrogen electrolysis over time

thereby the relevance of the selection of the different energy scenarios is proven. For
consideration of these differences, sensitivity analysis should be conducted to show
the range of total impacts especially for product systems which are mainly influence
by electrical processes.

4 Conclusion and Outlook

LCA results are often sensitive to the impact of the electricity mix. Consequently,
in many cases, the selection of background data for the electricity mix is very rel-
evant to the final outcome of an LCA. It was shown that deviations exist between
the conducted GWP calculations of the energy scenarios and the results presented
in the observed studies. One reason for the observed discrepancies between the cal-
culated values for the GWP and the reported GWP values in the studies is, that
different assumptions to transfer the energy scenarios into LCA models were taken
into account. One assumption, for example, is that electricity imports in future energy
scenarios were neglected for calculating the GWP within the studies. Another rea-
son is the usage of different background data in the studies as in this LCA model
GaBi-datasets were used as background data. For example, in the case of electricity
production from lignite and hard coal within KS95, the differing background data
caused the underestimation of the GWP.

As an outlook, further research is needed to investigate and analyze the impact
of future energy scenarios within additional impact categories. Results are already
available but have not yet been analyzed. It is also important to consider that cur-
rent LCA models work with background data representing the present state of the
art technology of power generation systems. The compliance with future limit val-
ues for emissions and the environmental impact of future energy carriers are only
partly taking into account. The consideration of technological developments of power
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generation systems for estimating the impact of future energy scenarios is not yet
adequately reflected. Additionally, future research should focus on the deviations of
the LCA results and how to build a LCA model with smaller uncertainties.
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