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Abstract

In times of fast-growing stakeholder interest in sustainability, the ecological and
social perspective of industrial companies and its products is gaining increasing
importance. In particular, the emission of greenhouse gases (GHG) in the automo-
tive industry has come to the forefront of public and governmental attention. The
transport sector accounts for 27% of all European GHG emissions and constitutes
the largest emitter of CO,e (CO, equivalents) among all energy demanding technol-
ogies. Due to increasingly efficient combustion engines and technology innovation
towards e-mobility, the emissions from car manufacturing gain in importance. So far
little focus has been laid upon the emissions created throughout the production pro-
cess in automotive supply chains from a purchasing perspective. The purchasing of
raw material from environmentally efficient suppliers can constitute a possibility to
significantly reduce CO,e emissions in automotive supply chains and thus contribute
to the two degrees global warming goal. Supplier selection decisions, which cover
approximately 75% of the value adding process of a car, are today mainly cost and
quality-driven. In order to integrate CO,e as decision criterion for supplier selec-
tions, site-specific and comparable data on CO,e emissions from the upstream sup-
ply chain is necessary, but currently lacking. To estimate CO,e emissions of steel
suppliers’ production sites, a model has been developed to estimate manufactur-
ing processes on a site-specific level without the necessity of confidential primary
data. The model is applied on 22 integrated steel mills in EU-15. The results, which
can be transferred and used for various products and industries, e.g. the construc-
tion industry, demonstrate the partially large disparities of manufacturing efficiency
regarding CO,e emissions among steel manufacturers due to different levels of pro-
cess integration and internal process know-how. A range between 1879 and 2990
(kg CO,e/t crude steel) has been revealed. Finally, the estimated data on CO,e per-
formance of suppliers is applied in a case study of supplier selection of a German
automobile manufacturer in order to simulate environmental as well as economic
effects.
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1 Introduction

The global governmental goals of limiting greenhouse gas emissions (expressed in units
of carbon dioxide equivalents—CO,e) and global warming to 2 °C (Jaeger and Jaeger
2010) lead to increased emphasis on the topic of CO, emissions for various stakeholders.

In Europe, the passenger car sector alone, with 259 million registered vehicles
in 2016 (European Commission 2018), accounts for 11% of the total EU emissions.
The EU regulation of limiting the average fleet consumption to 95 gCO,/km in 2021
(European Commission 2009), has recently been updated and now sets a limit 37.5%
lower for 2030 compared to 2021 (European Commission 2019). This will provide
the legal framework for accomplishing the 2 °C target and encourage the quick and
affordable development of sustainable technologies for implementation.

Within the automotive industry, the focus regarding CO, emissions is on the vehi-
cle usage phase. An extension of the scope of CO,e emissions to the manufacturing
process of every component in the upstream supply chain is expected and also neces-
sary to account for the CO,e emissions of the whole supply chain. Even though cur-
rently there are no regulations for CO,e emissions for the production phase of cars,
the European Political Strategy Center, the in-house think tank of the European Com-
mission, has identified the embedded emissions for vehicle manufacturing as one
future field of activity (EPSC 2016). Taking into consideration the currently ongoing
technology shift from internal combustion engine vehicles ICEV) towards battery
electric vehicles (BEV), the focus shifts from CO,e emissions within the use phase
to the manufacturing phase. According to German Environment Agency (UBA 2016)
the manufacturing phase of an ICEV, in case of a lifetime mileage of 168,000 km,
has a proportionally small share of 15% of the overall CO,e emissions (64% use-
phase, 17% fuel production and 4% for disposal and maintenance). In comparison
to a BEV100 (electric driving range of 100 km), calculated with the German energy
mix, the manufacturing phase with a climate impact of 27% gains more importance
(68% energy consumption and production and 5% for disposal and maintenance).
Newly released initiatives, such as the new Volkswagen ID car project with a start of
production by the end of 2019, even strive for carbon-neutrality throughout the whole
product lifecycle including the manufacturing phase (Volkswagen 2019).

This change towards carbon emission efficiency or neutrality may represent
a major challenge especially for the purchasing sector, as up to 75% of the value
adding process of a car takes place in the upstream supply chain (Bai and Sarkis
2011; Hartley and Choi 1996). This is particularly challenging as in the past, car
manufacturers have mostly been following economic preferences, combined with
the satisfaction of quality requirements. The focus started to extend with social as
well as environmental factors gaining importance (Biiyiikozkan 2012; Guinée et al.
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2011; Roy et al. 2009; Zimmer 2016; Zimmer et al. 2016). Therefore, stakeholders
in supply chains are obliged to create and apply new strategies as well as methods to
reduce carbon emissions.

A closer look at the material composition of passenger cars, taking the example
of the Volkswagen Golf as the bestselling car in Europe in 2014, shows the impor-
tant role of steel and iron (62.9% of the car weight) among other materials used
(Schmid and Zur-Lage 2014). In the iron and steel industry a certain lack of data
transparency exists which can be traced back to two main aspects. Particularly in
integrated iron and steel mills, there is high complexity due to the material and
energy flows and the trading of intermediate products with varying levels of process
depth among different manufacturer’s production sites.! Furthermore, access to site-
specific primary data is very limited due to industrial secret. In the last decade one
of the most frequently used approaches to determine CO,e emissions in the steel
industry has been the life cycle assessment (LCA) method (Bieda 2014; Burchart-
Korol 2011, 2013; Gielen and Moriguchi 2002; Huang et al. 2010), which consid-
ers all inputs and outputs related to the product system as well as the evaluation of
environmental impact (Guinée et al. 2011). In the case of evaluating and compar-
ing the environmental impact of specific steel products at site level, two particular
shortcomings with LCA remain. On the one hand, a nonconformity of requirements
regarding the setting of system boundaries make a comparability difficult. On the
other hand, when primary data is not available, industry average data (not site-spe-
cific) are often consulted which do not allow for a site-specific differentiation (Bilec
et al. 2006; Suh et al. 2004). Therefore, a comparability of specific production sites
is currently not possible.

In order to reduce CO,e emissions within the manufacturing phase, the selection
of more efficient suppliers may constitute a promising opportunity. Once specific
limits for amounts of CO,e emitted during production and the corresponding penal-
ties for exceeding these limits are introduced, a change in current supplier selec-
tion practices is unavoidable. Thus, a necessity for a more detailed consideration of
supplier selection and development, with a focus on site-specific CO,e performance
of suppliers, may arise. Therefore, the goal of this study is to develop an approach
which closes the transparency gap and thus allows for a formulation of CO,e as an
additional supplier selection criteria against the background of a practical applica-
bility in real life decision-making situations.

In the following study, the related literature in the field of supplier selection and
life cycle assessment (LCA) is discussed (Sect. 2) before the research approach
is defined (Sect. 3). The focus of the study lies on the description of the concept,
necessary framework information, data sources and the development of the model
(Sect. 4). A case study illustrates the application of the model and the derived results
(Sect. 5). The paper concludes with a critical appraisal of the model and suggestions
for future research (Sect. 6).

! Site and plant are used synonymously in the following.
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2 Literature review
2.1 Green supplier selection

Supplier selection plays a key role in managing supply chains (Hashemi et al.
2015; Hsu et al. 2013; Seuring and Miiller 2008; Verma and Pullman 1998; Zim-
mer et al. 2016). Decisions in supplier selection require simultaneous evalua-
tions from multiple viewpoints, whilst reflecting upon trade-offs among criteria
(Chai et al. 2013; Kim and Wagner 2012). The goal is to select the supplier which
meets the requirement of multiple, both qualitative and quantitative criteria, best
(Arikan 2015; Nielsen et al. 2014). Before making a final selection, companies
need to identify the needs and specifications, ultimately formulating criteria as to
evaluate and qualify suppliers’ performance (Igarashi et al. 2013; Zimmer et al.
2016).

During the 1980s and 1990s the first actions towards green supplier manage-
ment and more specifically green supplier selection appeared and its importance
has constantly been growing ever since (Dowlatshahi 2000; Igarashi et al. 2013).
Research primarily focuses on the final selection stage and the additional process
of weighting decision criteria (Igarashi et al. 2013; Zimmer et al. 2016). Accord-
ing to Zimmer et al. (2016), mathematical analytical, multi-criteria decision anal-
ysis and artificial intelligence approaches have been most frequently employed.
Among them, Fuzzy Logic, AHP, ANP, DEA and TOPSIS are the most consulted
methods. From a data perspective, the majority of approaches identified in the
overall area of supplier selection concentrates on expert opinions (Zimmer et al.
2016). In terms of performance data for the supplier selection, however illustra-
tive, simulated data is primarily used due to restricted accessibility of validated
supplier data (Azadnia et al. 2015).

The research on criteria formulation phase, as part of sustainable or green sup-
plier selection process is however scarce. In a literature review study by Zimmer
et al. (2016) only eight papers could be identified using decision making meth-
ods, while others deal with the application of various criteria from a generic con-
sideration. The revealed single methods comprise Delphi and Ishikawa-Diagram
(qualitative methods) as well as rough set theory and fuzzy logic (artificial intel-
ligence methods). The most widely used environmental decision criteria for sup-
plier selection is the application of environmental management systems. Further
environmental decision criteria involve environmental policies, environmental
planning, product design for environment or the implementation of ISO 14001
certifications separately or as sub-criteria of environmental management systems
(Govindan et al. 2015; Suraraksa and Shin 2019).

Despite this development towards environmental decision making, the specific
research on CO, as one of diverse green selection criteria is still scarce (Govindan
et al. 2015; Karsak and Dursun 2016; Nielsen et al. 2014; Zimmer et al. 2016).
Moreover, investigations on economic effects resulting from green supply chain
management activities are absent (Ahi and Searcy 2015; Igarashi et al. 2013).
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2.2 Life cycle assessment in supplier selection

Only since the last years, first approaches have been presented, which address envi-
ronmental criteria in a more quantitative way by means of life cycle analysis (LCA).
This works in combination with specific modelling approaches for supplier selection
in a multi-criteria environment.

Boosothonsatit et al. (2012) combined two approaches, fuzzy goal programming
(FGP) and min—max operator and system dynamic (SD) simulations for green sup-
plier selection. Among the usage of classical criteria such as cost and lead time,
environmental impact is considered, which is derived from a simplified LCA data-
base based on the Eco-indicator method. Kumar et al. (2014) developed a green data
envelopment analysis (GDEA) approach, that incorporates results from a company
specific LCA. The model, which uses an annual footprint for multiple products, is
applied on a spare part manufacturer in the Indian automotive industry with the goal
of an environmentally friendly supplier selection. Yoshizaki et al. (2014) developed
a model for economic and low-carbon select suppliers based on integer program-
ming combined with LCA. They investigated the country specific differences of sup-
plier selection. An LCI database based on input—output tables from China and Japan
is consulted to estimate environmental impact of a vacuum cleaner. The presented
studies apply either average data from LCA databases for diverse, regional consid-
erations or company-specific non-disclosed data. These approaches illustrate a first
step towards the integration of CO,e performances into supplier selection. However,
it does not comply with the requirements if a selection is made on site-specific per-
formances of suppliers. In a recent study, Dong et al. (2018) analyze the generic
application of LCA in decision analysis and identify LCA as a generally suitabil-
ity approach to integrate environmental impacts. However, they point out several
aspects, such as variations in scope, methodological differences and varying system
boundaries as challenges which need to be overcome at first.

2.3 Life cycle assessment for performance evaluation

Since the 1980s, evaluating the environmental performance of consumer products
has gained importance (Bilec et al. 2006; Guinée et al. 2011). In this context, life
cycle assessment (LCA) has a widespread application today. It is used as a method
for product and service design, decision making, improvement and evaluation as
well as eco-labelling both in a political and business environment (Breun 2016;
Hendrickson et al. 1997; Zamagni et al. 2013).

LCA constitutes a holistic approach, which quantifies environmental effects by
taking the whole life cycle of a product or process (inputs and outputs from raw
material exploitation to the end-of-life recycling) and the resulting burdens on the
environment (Guinée et al. 1993; Hendrickson et al. 1997; Kndungu and Molavi
2014; Roy et al. 2009; Sonnemann et al. 2004; Suh et al. 2004) into account. A global
standard with a general procedure including respective guidelines was published by
the International Organization of Standardization (ISO) within the context of the
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Environmental Management Standards (EMS) (Suh et al. 2004). The ISO standard
14040 defines the principles of LCA, and the ISO 14044 illustrates the requirements
that form the foundation for LCA studies. The proposed ISO process consists of
four stages “(a) the goal and scope definition phase, (b) the inventory (LCI) analysis
phase, (c) the impact assessment phase, and (d) the interpretation phase” Bilec et al.
2006; Guinée et al. 1993; International Standards Organisation 2006a, b; Klopffer
2012). The goal definition and scoping (see Sect. 4.3.2.2) is often considered to be a
crucial step within the process (Roy et al. 2009). It deals with defining the purpose,
intended application, the system boundaries and the functional unit. Based on the
application of the LCA a distinction can be made between two approaches, attri-
butional and consequential LCAs (Weidema 2003). Attributional LCAs describe an
isolated product system, in terms of material and energy flows directly linked to a
defined inventory boundary. In contrast, consequential LCAs are characterized by
dealing with the quantification of emission changes as a consequence of decisions
and the resulting action (Bauer and Poganietz 2007; Brander 2017; Weidema 1993).
Both approaches can be applied in retrospect, assessing past actions, and prospective
consideration, whilst dealing with the assessment of possible future actions (Bauer
and Poganietz 2007; Weidema 2003). In the life cycle inventory phase, all necessary
data needs to be collected, which requires the most effort due to data availability and
time consumption (Bieda 2014; Heijungs et al. 1992; Roy et al. 2009). The collected
data regarding environmental loads (input and output materials for the production)
constitutes the basis for the impact analysis including the contribution to diverse
impact categories such as climate change (Sonnemann et al. 2004). In this category,
the data is classified according to its global warming potential, which is expressed in
CO,¢ (equivalents).

In the past, two methods were distinguished and frequently discussed in litera-
ture: the process method (bottom-up) and the input—output analysis (top-down). In
the process method, all environmental input and output flows of product specific
processes are determined and quantitatively described by a process flow diagram
and the defined functional unit (Kndungu and Molavi 2014; Sonnemann et al. 2004).
In contrast, the top-down input—output approach, which was developed by Leon-
tief in 1936, assumes an existing interdependency among sectors of an economy
and uses economic input—output data of a nation in combination with sector-level
environmental impacts (Bilec et al. 2006; Leontief 1936; Suh et al. 2004). Whilst
the process method and the input—output analysis offer a variety of opportunities,
some limitations arise. When considering the quality of available data, the process
method has its drawbacks (Bilec et al. 2006; Hendrickson et al. 1997; Yellishetty
et al. 2011) due to its respective subjectivity in the definition of system boundaries
(no method standardization), as well as the high data requirements for detailed pro-
cess modelling and the associated necessary effort (Guinée et al. 1993). Due to the
lack of detailed primary data, LCA databases, such as ecoinvent or GaBi (Ecoin-
vent 2007-2013; Gabi 2017), are most commonly used and represent industry aver-
age values for specific processes. The input—output analysis sets a whole economy
as system boundary, but provides an aggregated level of data on sector-level only
and is thus not suitable for a direct comparison of specific products (Bilec et al.
2006; Suh et al. 2004; Zimmer et al. 2017). Since 2000, newly developed hybrid
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methods and approaches have appeared more frequently in scientific literature (Gui-
née et al. 2011). They aim to combine the advantages of the bottom-up and top-
down approaches in order to overcome the previously described limitations.

For a comparability of different manufacturers, the application of a classical pro-
cess LCA does not appear to be appropriate, as primary data on a site-specific pro-
cess level is inaccessible. Moreover, the usage of process LCA databases does not
enable a site-specific consideration of environmental impacts due to industry aver-
age data-levels. The same applies for sectoral input—output datasets which represent
a too aggregated level of data. In scientific literature, several papers on the applica-
tion of LCA within the steel industry have been published, e.g. (Bieda 2014; Bieda
et al. 2015; Burchart-Korol 2011; Cullen et al. 2012, 2012). All identified and ana-
lyzed approaches deal with the issue of environmental performance regarding green-
house gases. However, all focus on an industry level or an in-depth examination of
one-production site, with primary data from selected plants.

3 Research approach

Initially, systematic literature research was conducted in order to identify existing
approaches on supplier selection which include environmental criteria. The main
emphasis was placed on the site-specific performance assessment of CO,e and the
investigation of both environmental and economic effects on decisions. As no suit-
able approach could be identified, the focus of the review was narrowed to methods
used for criteria formulation and life cycle analysis for impact assessment of prod-
ucts (Sects. 2.1-2.3).

Based on the results of the desk-based research, in a first step, a multi-criteria
decision analysis approach, consisting of two qualitative methods for decision sup-
port, was developed (Sects. 4.1, 4.2). In this sub-model, the analytical hierarchy pro-
cess (AHP) is combined with technique for order preference by similarity to ideal
solution (TOPSIS). In order to define the basis for decision making, the literature
was reviewed for supplier selection criteria with experts from a German original
equipment manufacturer (OEM) being consulted. Subsequently, experts from the
same OEM were consulted in single, personal interviews to derive criteria pref-
erences and the respective weightings for the AHP method by means of pairwise
comparisons. Each expert opinion was investigated for judgement consistency and
subsequently aggregated to group preferences. For the ranking of supplier alterna-
tives the TOPSIS method was consulted. According to the chosen selection criteria,
real-world supplier performance data was collected from the OEM for a selected
mechanical component case.

In a second step, a systematic and modular LCA based approach was developed in
order to create transparency of site-specific environmental performance thus to enable
a comparability of steel suppliers’ performances (Sects. 4.1, 4.3). The model makes
use of data which was collected from publicly available sources without the depend-
ency of primary data, which is highly restricted. In this sub-model, technical process
flows are calculated (bottom-up data) and combined with site-specific top-down infor-
mation on environmental impact (CO,). The trading of intermediate products between
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different production sites and technical restrictions are also considered. The model
development steps and the data results were validated with experts from a global man-
ufacturer for steel produced in integrated iron and steel mills (Sect. 5.2).

In a third step, the results of the site-specific CO,e model (Sect. 5.1) were inte-
grated into the developed decision support sub-model as performance data for the
additional criteria CO,e (Sect. 5.3). Consequently, a sensitivity analysis will be per-
formed in order to evaluate the robustness of the model and to investigate its effects
on current supplier selections (Sect. 5.4). Finally, by means of ‘what-if’ scenario
simulations the dynamic behavior of the model is investigated in order to study how
decisions may change when CO2e is formulated and implemented as new criteria,
considering both ecological as well as economic effects (Sect. 5.5).

The main contribution of this study is the creation of transparency and comparability
of environmental impacts in upstream raw material supply chains, the development of a
decision support model for criteria formulation and the combination of both approaches
in an integrated simulation model in order to enable a reduction of GHG emissions.

4 Integrated CO,e assessment and decision support model
for supplier selections

4.1 Model structure

The model for integrating site-specific environmental impact assessment in sup-
plier selection is structured into two parts. In the following course the sub-models
are addressed as sub-model for decision support and environmental performance
assessment. The results of estimating the environmental performance of suppliers
are integrated in the decision support model, representing the coupling point for the
sub-models (see Fig. 1). The integrated model is implemented in Microsoft Excel
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Fig. 1 Structure of the outlined model to integrate CO,e in the supplier selection process
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and allows for an easy handling for practitioners. Selection criteria, supplier perfor-
mance data as well scenario simulation parameters can be adjusted according to the
decision environment and user specific preferences. The sub-model for environmen-
tal performance assessment is programmed in Microsoft Visual Basic and coupled
with the Microsoft Excel model. The created simplicity of the model and tool with-
out a significant loss of data accuracy enables a user-friendly, practical application
in an industrial environment. Thus, not only regular data updates (e.g. for a new time
frame of the study, for plant modifications, etc.), but also the manual integration of
varying primary data (e.g. material conversion rates) with the purpose of increasing
data accuracy can be completed.

4.2 Sub-model for decision support to integrate new criteria in supplier selection
4.2.1 Model concept

In order to enable the formulation and integration of CO,e as supplier selection
criteria, a model, which allows for the consideration of qualitative expert judg-
ments combined with current supplier performance data, was developed.

Therefore, a mathematical analytical, MCDA approach, comprising of a com-
bination of the Analytic Hierarchy Process (AHP), developed by Saaty (1980),
and the Technique for Order Preference by Similarity to Ideal Solution (TOPSIS),
developed by Hwang and Yoon (1981), was selected (see Fig. 1). AHP allows for
a prioritization of conflicting criteria (tangible and intangible) or alternatives in
a multiple criteria environment achieved by pair-wise comparisons. It supports
decision makers by converting complex decision problems into a simplified and
structured problem hierarchy (Bruno et al. 2012; Singh 2014).

However, the application of AHP for the ranking of alternatives is time exten-
sive and difficult when several alternatives are simultaneously evaluated. In con-
trast, in TOPSIS all suppliers are evaluated and ranked simultaneously according
to their quantitatively expressed performance score (cardinal absolute measure-
ment) in reference to the selected set of criteria (Shih et al. 2007). In order to
determine a ranking, the performance of an alternative is compared to the ideal
best and ideal worst solution. The alternative with the shortest distance to the
positive ideal solution and longest distance from the negative ideal solution is
accordingly placed first. For a more detailed understanding of the selected
approaches and their applications, reference is made to (Biiyiikozkan 2012; Fox
et al. 2015; Hanine et al. 2016; Hwang and Yoon 1981; Saaty 1980, 2001). At this
point, the two sub-models are coupled (see Fig. 1). The results of the sub-model
for the estimation of site-specific CO,e performance, which will be described in
the course of this research, are integrated.

4.2.2 Model development
According to the motivation of the research, a hierarchical structure of the problem

was developed. Therefore suitable criteria had to be selected, a pairwise comparison
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matrix to be constructed and ratio scales (weights) to be derived by the principal
eigenvector method (Saaty 1980). The chosen main and sub-criteria on level one
and two of the problem hierarchy (see Table 1) rely on an extensive literature
research and were further verified by five experts from the purchasing division of
the OEM to fit the case study (company-specific requirements). In total 41 purchas-
ing experts from different purchasing divisions (purchasing for consumable and
non-consumable resources as well as strategic purchasing division) and on various
hierarchy levels (specialist buyer, team leader, department manager, senior depart-
ment and division manager) were consulted in face-to-face interviews to conduct
a pairwise comparison of the selected criteria. At this point, a selection of the 25
experts from the non-consumable division was made in reference to the chosen case
of application (see Table 2). The criteria from the two levels, the main criteria with
the according sub-criteria, are firstly evaluated by the experts (global level) and then
multiplied in order to synthesize local criteria weights (Saaty 1987).

The judgments of each expert were individually checked for consistency. All
judgements show a consistency ration (CR) below 10%, which defines the accept-
able limit for consistency violations (Saaty 1980). Following the single judgements
were aggregated to group weights, applying the aggregation of individual judge-
ments method (AJP) in combination with the geometric mean method (Aczél and
Saaty 1983; Forman and Peniwati 1998). This approach is suitable for homogenous
groups, which holds true for the selected sample of purchasing experts from the
non-consumable division (GroSelj et al. 2015; Ossadnik et al. 2016; Saaty 1989).

The derived criteria weights show a continuing importance of economic and
quality aspects. During the interviews it became apparent that CO,e from the manu-
facturing phase does not play a role in current decision making. However, due to
the pairwise comparison of the applied AHP methodology, a weight of 2.67% was
assigned to the new decision criteria (see Table 1), indicating a minor role of the
criterion. This issue is further addressed in the context of sensitivity analysis in
Sect. 5.4. The generated weights can be utilized to evaluate the supplier performance
in the TOPSIS approach and to create a corresponding ranking of alternatives/sup-
pliers. Therefore, one example part, sourced in the non-consumable division, was
chosen for the case study. The performance scores per criteria of five example alter-
natives and respectively suppliers, were analyzed (see Table 2).

4.2.3 First application and derivation of necessity to model site-specific CO,e
performance

At this stage a simplified material composition was applied to show the general func-
tionality of the selection model and the further necessity for a more detailed analysis
of suppliers CO,e performance. From scientific publications data on regional industry
averages can only be found for some selected countries. Furthermore, the results from
site-specific assessments studies only cover a few selected plants. However, variations
in level of detail and setting of system boundaries, as well as the limited regional and
site-specific scope do not allow the application for Europe in the chosen supplier selec-
tion example. Hence, the availability of data is limited to LCA databases which use
industry averages and provide the highest degree of granularity on a regional, European
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Supplier Ranking CO,e/ Supplier (C51)
! 2 3 4 5 kg CO2/ part
Casel M. 4420 4420 4420 [s4] 4420 4420
Case2 s 40.67 46.41 45.53 42.88 4553

ge RER (ecoinvent) - Steel
ge RER (ecoinvent) incl. simulation - Steel

Fig.2 Influence of CO,e (C51) on supplier ranking (Part 1)

level (RER). For the steel produced in integrated steel mills, including emissions from
all upstream activities, the average cradle-to-gate value is 2408 kg CO,e/t crude steel
(Ecoinvent 2007-2013). The selected part, with a weight of 18.36 kg, was at this stage
assumed to be produced only from crude steel. With the application of the average
European value it shows an equal environmental performance score of 44.20 kg CO,e/
part for all suppliers (see Fig. 2, case 1). The emissions for further processing as well
as transport emissions to the Tier-1 and from the Tier-1 supplier to the OEM were not
considered in this study. This was due to generally small share of CO,e emissions of
approximately 10% for processing and transport in proportion to the raw material pro-
duction in case of primary steel (Ecoinvent 2007-2013). The first application of the
AHP/TOPSIS model including environmental performance data shows the following
supplier ranking: S1 — S3 — S2 —S5 — S4.

Currently the average European value is slightly manipulated for the five suppli-
ers considered in this study (see Fig. 2, case 2). The average value of 2408 kg CO,e/t
crude steel is changed by +5% for supplier 1 (46.41 kg CO,e/part), by +3% for sup-
plier 2 (45.53 kg CO,e/part), by —8% for supplier 3 (40.67 kg CO,e/part), by —3% for
supplier 4 (42.88 kg CO,e/part) and by +3% for supplier 5 (45.53 kg CO,e/part). The
application of the manipulated performance scores leads to change in supplier rank-
ing, S3 — S1 — S2 — S5 — S4 and puts supplier 3 in first position (see Fig. 2). The
performance scores of supplier 1 and 3 show a deviation of only 14.13%. This confirms
and further strengthens the motivation of the research as real-world supplier selections
are based on the performance of suppliers according to the site where the products are
manufactured.

4.3 Sub-model for the assessment of site-specific environmental performance
4.3.1 Model concept

In addition to the classical LCA models, Breun (2016, 2017) developed a model
to simulate metal plants on individual process level in order to evaluate future cli-
mate policies. The approach combines a non-linear programming model with an
input—output model by Leontief (1936) and uses technological restrictions as well
as plant specific data on GHG emissions. The newly developed approach—ECCO,
steel (evaluation tool to compare CO, emissions of the iron and steel industry)—
which follows the model from Breun (2016) and Breun et al. (2017), uses however
a sequential step-by-step calculation (see Sect. 4.3.2.5) in contrast to a simultaneous
calculation applied by Breun (2016). It shows a lower complexity while achieving
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a similar accuracy of results. It can be considered as a combined approach based
on the process LCA method, applying bottom-up and top-down site-specific data,
which does not include Leontief’s input—output model on an economic sector level.
The model makes exclusive use of publicly available data and is thus independent
of confidential company internal data. However, if primary data is available, the
model allows for an easy integration and can thus enable an even more widespread,
practical application. The developed approach falls into the category of attributional
LCAs (see Sect. 2.3).

A schematic framework for life cycle sustainability analysis (LCSA), originally
developed by Guinée et al. (2011) and further revised and modified by Zimmer et al.
(2017), is ideally suited to categorize the proposed site-specific CO,e model into
the range of varying LCA approaches (see Fig. 3). Whereas process LCA is usu-
ally found at the product-oriented, micro level exclusively, the presented approach
extends the object of analysis as the data availability for the conduction of a site-spe-
cific process LCA is not given. In the iron- and steel industry, especially the inter-
company trading of necessary intermediate products and the accompanying CO,e
emissions do not allow the use of a classical LCA approach. Therefore, the object
of analysis has been extended to meso, company level (Magerholm Fet 1998) by
integrating reported environmental data (CO,) on production site-specific level (see
Sects. 4.3.2.4, 4.3.2.5). The boundaries between these levels are not to be seen as

| Goal and scope definition |
et

— Broadening the scope of indicators —»

Environmental

Macro-level Multi-regional 10

—

IO / hybrid LCA

Broadening the object of analysis

Meso-level
Site-specific CO,e model
(ECCO, steel model)
Micro-level LCA
|
.t
| Interpretation

10: Input Output Analysis

LCA: Environmental Life Cycle Assessment

ECCO, Steel: Evaluation tool to compare CO, emissions of the iron and
steel industry

Fig.3 LCA Framework (based on Guinée et al. (2011) and Zimmer et al. (2017))
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Gate-to-Gate (CO,)

SYSTEM BOUNDARY: SYSTEM BOUNDARY: Production Plant SYSTEM BOUNDARY:
Upstream SC Power Plant
icslsien e Process Gases (origin & internal reuse)
Process Products

Carbon Footprint Process steps T C
Input Material - -

COKE OVEN
:

Coal, Electricity,
etc.

Quicklime,
Transport, Iron
Ore, etc.

SINTERING PLANT
(0s) Output— Input

Coal, Iron pellets,
Transport, etc.

&LQ;ST FURNACE — Output— Input I

Quicklime,
Oxygen,

s,
Electricity, etc. )

Natural gas,

ROLLING MILL
Electricity, etc. (pss)

Output— Input

| 5 Outputs- 5 Inputs >0
Use in power plant (C CO,) POWER

Natural gas

PLANT (ps¢)
i, . - o

Fig.4 Process steps of an integrated iron and steel mill including designated system boundaries and the
contemplated material as well as energy flows

definite, as the application of methods or data from one level might advantageously
be used on another level.

4.3.2 Model development

4.3.2.1 Process steps in the manufacturing process of an integrated steel mill The
production of crude steel, which is primarily (70%) conducted in integrated iron and
steel mills, has the highest complexity in steel making processes (European Commis-
sion 2013) due to the high interdependency of process steps (ps,) as well as material
and energy flows (see Fig. 4). The production process in integrated iron and steel
mills centers on the blast furnace (ps;), where pig iron is produced on the basis of
oxidic iron ore by the application of coke as a reducing agent. Liquid steel as well as
certain waste and by-products, such as blast furnace slag, dust or sludge, remain after
the reduction of iron ores (Das et al. 2007).

The secondary product blast furnace slag, for example as granulated blast furnace
slag (GBFS), has a widespread application in various areas such as in the cement
industry (Huang et al. 2016) (Siddique 2014). Iron ore is agglomerated to sinter in
the sintering plant (ps,) using coke breeze as fuel (Zhou et al. 2015). It can have a
significant impact on the efficiency of the sintering process depending on the size
distribution of coke particles. The upstream production of coke, by the carboniza-
tion of coal in thermal decomposition, takes place in a prior process, the coke oven
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(psy). By the injection of oxygen (refining) in the downstream process into the basic
oxygen furnace (ps,) the remaining carbon content of the crude steel is reduced to
less than 1% (Worrell et al. 2009). Through the oxidation of impurities, unwanted
tramp elements in the pig iron, such as silicon, sulfur and phosphor are isolated from
the crude steel in a swimming layer of slag. The swimming layer of slag is sepa-
rated when crude steel is tapped. According to customer requirements and material
specifications (e.g. a car manufacturer), alloying elements can deliberately be added
in ladle furnaces in a secondary metallurgy treatment. Finally, liquid crude steel is
further processed to semi-finished products and prepared for downstream finishing
operations such as forming and rolling. This is done either in ingot or in the more
widespread technology of continuous casting, which represents more than 96% in
Europe (World Steel Association 2013), (pss). Process gases (coke oven gas: COG,
blast furnace gas: BF gas, basic oxygen furnace gas: BOF gas), which are generated
during the production of crude steel and can provide more than 60% of the energy
demand of steel plants (World Steel Association 2019), are modelled to be internally
reused as energy source at several process steps in the production plant. Further-
more, an existing surplus of gases from the production process is used for power
generation in the power plant.

4.3.2.2 Scope of the site-specific CO,e approach and functional unit The scope
was determined on the CO, emissions, as they represent 98.3% of greenhouse gases
(GHG) emitted in the iron- and steel production (UBA 2018a). The flow diagram,
presented in Fig. 4, shows all considered process steps, gas flows and external sup-
plies which have an impact on the site-specific CO,e emissions. For the upstream
supply of raw materials all greenhouse gases were considered. Geographically, the
study focuses on 22 iron and steel mills in EU-15 countries (see Fig. 5), which are
suppliers to the European automotive industry. This selection of manufacturers was
made based on four expert interviews from leading international Tier-1 suppliers and
one OEM.

For this study, the functional unit for the quantitative reference to which a nor-
malization of the LCI dataset has to be carried out (Roy et al. 2009; Sonnemann
et al. 2004), was defined as one t crude steel. This performance measure, which
is the crucial concept in LCA (Bieda et al. 2015) and highlighted in the DIN ISO
14044 framework, allows a comparison (Kndungu and Molavi 2014) of the selected
sample of manufacturers as crude steel is the output product of all examined sites.
The model includes all emissions, intermediate products, process gases and energy
supply directly related to the manufacturing of crude steel.

4.3.2.3 System boundaries The definition of the system boundaries, in combina-
tion with the functional unit enables a valid comparison of results (Tanaka 2012).
This is especially important in the steel production area (Brunke and Blesl 2014)
due to the complex interconnection/coupling of process steps and the existing
trade of intermediate products as not all process steps are on-site (see Table 3) and
capacity restrictions prevail. All operations that are necessary for the production of
crude steel are covered within the “Production Plant” boundary (gate-to-gate). The
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Fig.5 Geographic location of the considered integrated iron- and steel mills in Europe

system is extended by connected power plants (“Power Plant”) which are used for
power generation from locally produced process gases but report CO, emissions
separately (see Fig. 4). In order to complete the environmental impact (CO,e)
from the upstream supply chain, the external raw material supply was included
into the product system (cradle-to-gate) by consultation of industry average values
from publicly available data bases (see Sect. 4.3.2.4) as more detailed site-specific
information is not available. Further secondary products, e.g. blast furnace slag,
were not considered in the scope of this study, as they are not directly linked to the
defined functional unit and no detailed information regarding the further proces-
sual use was available.

4.3.2.4 Data collection The LCI comprises the comprehensive gathering of data in
order to estimate the site-specific environmental impact. Due to limited access to pri-
mary data in the steel industry, the collection of data was focused on publicly avail-
able data sources (reference year 2012), which are updated on a regular basis. Thus,
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Table 4 Data sources applied

Data scope Type of data Source
Plant specific data Capacities PLANTFACTS data base (S&P Global Platts 2015;
VDEh 2014a)
World electric power plants database (S&P Global
Platts 2015)

Production volumes  Statistical yearbooks (VDEh 2014b)
Company specific reports
Emissions European Pollution and Transfer Register E-PRTR
(European Environment Agency 2012)
General technical parameter Production process  Best Available Techniques BAT (European Com-
mission 2013)
Non-linear programming approach (Breun 2016)

Country specific data Electricity mix German Environment Agency (UBA 2012)
Ecoinvent Data Base (Ecoinvent 2007-2013)
Carbon footprint Input material steel Ecoinvent Data Base (Ecoinvent 2007-2013)
manufacturing

the time horizon under study can continuously be extended. Due to the Industrial
Emissions Directive 2010/75/EU, each installation plant in Europe needs to apply
for and receive a permit for operation which follows the best available techniques to
achieve a high level of environmental protection (European Commission 2010). The
published best available techniques reference document for the iron and steel indus-
try (European Commission 2013), combined with the limited published site-specific
data (see Table 4) provide the framework information for the technology-driven bot-
tom-up calculation (see Sect. 4.3.2.5).

Regarding emission reporting, the regulation (EC) No 166/2006 of the European
parliament and the council (European Commission 2006) obliges member states to
annually report amounts of released air pollutants, which include the production of
metals. This includes the production of pig iron or steel, rolling mills and power
plants for combustion (depending on a certain production volume). This creates the
basis for the top-down integration of site-specific CO, emissions (see Sect. 4.3.2.5).
For more detailed information about the data applied, please refer to “Appendix”.

4.3.2.5 Site-specific CO,e performance modelling As addressed in Sect. 4.3.2.3, sev-
eral production sites under study do not have the process step to produce the com-
pulsory intermediate products (sinter, coke) on-site but procure them externally. Fur-
thermore, the existing procurement also includes products such as pig iron due to
capacity constraints. As the amount of crude steel produced on-site requires a certain
amount of intermediate products (European Commission 2013), the CO,e emissions,
which are emitted during the production of intermediate products at the selling plant,
need to be allocated to the site where the intermediate products are further processed.
The resulting hurdle of incomparability of production plants is overcome by the inte-
gration of a credit system for procured and sold intermediate product which then
allows a normalization to kg CO,e/t crude steel per site.

@ Springer



Integrating site-specific environmental impact assessment...

(S1) Simulate production volumes (PVys, 1) for prior
process steps on-site, limited to capacity restrictions
(CAPys,i1)

PVps,iq > PVLReOT

DSxil

(S2-4) Calculation of surplus process gases for
electricity production at power plant - energy and
carbon balance (0pgps, — iPgps,)

(S7) Sale of intermediate products (S7) Purchase of intermediate products
(S5) Allocation of reported carbon emissions to single (APVWSfri'l) (APVPSzrirl)
process steps (emiss’.

pseit) I}

(S8) Conversion via a local emission (SS} Qonverslon oakalerera celind ity
) ) e ] ot e e D (R emission factor per process step
(S6) Simulation of fully integrated steel mill, all sl (efactys,)
intermediate products produced on-site (PV,ﬂ:,-"I) ] l
(S8) Incorporation emissions from use of (S8) Incorporation emissions from use of
process gas surplus (electricity production) | |process gas surplus (electricity production)
Vs i = PV;;“ con at powe:‘eglil?:dusmg alocal emission factor | |at power plantc :Jsmg an average emission
(efactps i) factor (efactps,)
[ J
(S5) Reported emissions from plant on process step (S8) Adjustment of reported emissions (S5) by
level (emissky ;) emissions from intermediate trading (emissieoi; )

!
v

(S8) Integration of emissions for upstream raw

material supply chain, cradle-to-gate (emissyg"* ) ‘
I Calculation of production volumes of intermediate products

[ ] Calculation of amount of gases and electricity
[ ] Caleulation of emissions

Fig.6 Flow chart of the site-specific CO,e approach for predefined calculation steps. Note The single
steps (S1-8) correspond to Sect. 4.3.2.5 and will be further explained in the text

The modular combination of a bottom-up and top-down LCA based approach is
structured in eight steps (see Fig. 6). In Step 1 to Step 4 (S1-S4), the technology-
driven bottom-up calculation of site-specific material and energy flows is described.
In Step 5, the combination of the pre-results with the top-down, publicly avail-
able CO, emissions per production location is completed. The modelling of fully
integrated production plants is carried out in Step 6 and finalized with the credit
calculation procedure for intermediate trading in Step 7 and Step 8. The analysis
has revealed, that several facilities (i) per process step (x) at location (/), may exist
(ps,ipx € {1;6},i € {l,...n},l € {1,...m}) and are therefore separately consid-
ered in the model. The production efficiency of each facility for one process step is
assumed to be equal in the model. As the model development highly depends on the
purpose of the study and the available data, the following modelling approach and
the application of diverse structural data for the modelling phases are combined.

Step 1: Plant set-up to scale reported production volumes to process steps.

The examination of the plant set-up at the different production locations (see
Table 3) aims at defining the basis for the later calculation of the internal mate-
rial and energy flows and thus enables the determination of trading for intermedi-
ate products (exclusively within the boundaries of the European steel industry). The
capacities for single process steps (CAP,, ;,), published in the PLANTFACTS data
base from the Association of German Steel manufacturers (VDEh 2014a), were
used to determine if production for coke and sinter exist and is located on-site (see
Table 3). The capacity restrictions for process steps which determine the external
purchase or sale were also included in combination with the simulated production
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volumes. Steel manufacturers publish their production volumes on different levels
of process steps (PV), ;,). The most detailed level of reporting includes the quan-
tity of pig iron produced in the blast furnace PV, ;; (see Table 6). In this model,
the reported production volume of the blast furnace at each examined location (see
Sect. 4.3.2.2 and Fig. 5) was defined at this stage as a reference value for the defini-
tion of the amounts of intermediate products from upstream processes (coke oven
PV, i, and the sintering plant PV, ;). In order to simulate the overall production
volumes including all process steps, average material conversion rates (mcr,, )
were utilized whenever the actual production volume of a prior process step is
unknown:

CAP

i
PV, = (mcrml’plY3 +mery, g, X mcrmzqm) X 7§1 PV, X ZLIC—:*]’IIII’ CAP, ;>0
0, CAP,, ;=0
(la)
mcr Xzﬁ:PV ~-><ﬂ CAP, ;>0
PVpap=q P TG T T cany gt T e (1b)
0, CAP, ;=0

i and 71 serve as auxiliary variables and correspond to i and 7. The auxiliary varia-
bles are used throughout the further steps of calculation (ps,; ;i € {1,...7i}). The
1ps, . ” ..
o ) relies on the upper and lower limits for
single material and energy flows defined in the Best Available Techniques (BAT)
documents, published by the European Commission (2013). It follows the approach
presented by Breun (2016) based on a German industry average value for eight

assessed integrated iron and steel mills:

calculation of the conversion rates (in [

mcr, = 0.30,mcr, ,,, = 0.05, mcr,

P51 psyps; = 1.09,mery, o = 0.82 and mer, = 1.

S4:PS5

Company specific efficiency measures were neglected at this stage due to non-
availability of data, but are incorporated within the actually reported CO, emis-
sions in Step 5 and further discussed in the critical appraisal in Sect. 6. Downstream
processes conducted in the basic oxygen furnace (PV,, ;) and the rolling plant
(PV,,, ;) were modelled according to the reported production volumes in propor-
tion of the capacities of the single facilities (CAP,, ;) to the total capacity for each
process step.

Step 2: Energy balance of process gases for reutilization on-site.

During the production of crude steel, several process gases such as coke oven gas
(COG) (in ps,) and blast furnace gas (BF gas) (in ps;) are produced depending on
the process depth located on the considered location. Also specific technologies
which have a direct influence on the process gas flows, as for example basic oxygen
furnace gas recovery (BOGR, € {1;0}), which leads to the availability of basic oxy-
gen furnace gas (BOF gas) reuse (in ps,), were explicitly incorporated. The reutili-
zation of these gases, former waste products, as energy source during the production
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process is very common in the steel manufacturing process. In 2012, the share of
self-produced electric power in Germany presented a share of 44% in comparison to
the 56% share externally purchased electricity. Thus, steel manufacturers can reduce
the dependency of external sources and operate more efficiently (VDEh 2013). The
calculation was carried out by an input—output consideration of the process gases for
each process step, depending of the plant setup and the existence of the process steps
on-site. An energy balance was applied in order to determine a possible surplus of
gases which is, in case of the installation of an on-site power plant, used for electric-

. Lo MJ
ity production in pse. Therefore average amounts of energy <[W]>
Intermedaialeproaucips,

per gas output at the origin of creation and gas input at the origin of reuse (see gas
flows in Fig. 4) were applied according to the amount of actual intermediate prod-
ucts (PV,,, ;) produced in the reference year (further calculations see Table 7).

I:choa+’:P8fggus+i}78501ram X PVpsl,i,l’ PVpsl,i,l >0A PVpA‘3,i,1 >0A BOGR, =1
e = % X PV, i PV, .1 >0APV, ;;>0ABOGR, =0
Pt BEOC S PV, 0 PV, i1>0APV, ., =0ABOGR, =0

0, PV, ., =0

Psy
(2a)

The values were derived from the NLP model for eight German production plants
developed by Breun (2016) which are originally based on minimum and maximum
values of the Best Available Techniques documents (European Commission, 2013)
for Europe (see Table 8). A replacement of this data is possible if plant-specific pri-
mary data is available.

Step 3: Electricity production in connected power plants.

In this step, an estimation of electricity production was carried out, based on the
energy balance and a calculated surplus of process gases. Additional secondary fuels
for the power plant were included. Due to the scarce power plant data, no explicit
amounts of secondary fuels could be determined. Furthermore, it was assumed that
the electricity consumption remains constant over the years and that variations in a
power plant specific energy balance are compensated by the addition of externally
purchased natural gas. Subsequently, the ratio of an average factor for additional sec-
ondary fuels (sff = 1,68 GJ) per t crude steel (Breun 2016) in relation to a calcu-
lated average factor of electricity production per t crude steel in Germany
(aepg = 1,28 GJ) was applied on the plant-specific factor of electricity production

er t crude steel ( power, = PP SO0
p p P

5ol = 000 ) The site-specific power plant

output (ppopsﬁ’i,,) in MW per calendar year with an utilization rate of 50% was incor-

porated (see Table 3). With this approximation, power plant-specific average factors
for additional secondary fuel (here: natural gas) were derived

(ipgNG,, = % X powerpsﬁ,l-’,) The model uses the amount of pig iron produced in

the blast furnace (ps,) as reference value for the amount of required secondary fuels
in the power plant. This simplification was assumed due to the high amount of sur-
plus gases from the blast furnace, which are generally crucial for the operation of a
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power plant. Thus, the electricity production (elect,, ;,) could be estimated by the
utilization of an average electrical efficiency of 40% (ee,,) dependent on the type of
generator and the calorific value of the gas used. This value was obtained from the
BAT document (European Commission 2013). With locally produced electricity, the
dependence on external electricity supply can be reduced and furthermore electric-
ity and heat can be sold to external parties.

n n

eleCtp.¥6,i,l = Z Opgpﬁ,pg,p.u,f,l - Z lpgpxl,psz,p.g ,ps4,pss,f,l
i=1 i=1
i 3)
_ Capy,, ;
+ lpgNG, X vapx3,f,l X eeps6 X ~n
= st CaPys i

The estimated amount of produced electricity is also used to calculate emission
factors (see Step 7) which are applied in the credit procedure. By putting the elec-
tricity amount (see Eq. (3)) in relation to the production volume of pig iron from the
blast furnace (PV),,_;), the local electricity factor elect[[,f’yijl and the average electricity

factor elect? ( [#] ) for the 22 examined plants were determined. In
Ps3\ | tintermediate productps;

two cases, no power plant is installed and thus a surplus of gases is assumed to be
flared. This leads to additional CO, emissions without the possibility of energy
recuperation.

Step 4: Carbon balance for process step specific carbon emissions.

According to the energy balancing in Step 2, a carbon balance was calculated to
subsequently quantify the amount of carbon emissions from the power plant (emissy).

it o i - . it - CCNG
(Zf:l Opgps] PS3.PS4.01 Z}:l lpgps] DS2.PS3.PS4.PS5 ,i.I) + lpgNG, X 2}:1 pvp.V3 Sl X 1000

emiss,, ;| =

cCco,
Capp,?(,,i,/

Z?:] Cappsﬁ,f,l

4)

Therefore, initially the process gases were examined for its carbon content per
energy (Pfeifer et al. 2009): coke oven gas 0.010 (kg C/MJ), blast furnace gas
0.071 (kg C/MJ), basic oxygen furnace gas 0.051 (kg C/MIJ), natural gas
0.020 (kg C/M1J). In combination with the previously calculated average amounts
of energy per gas output as well as gas input at the different process steps and a
scaling to the actual amount of the according intermediate product produced on-
site, a carbon balance could be quantified. Due to the utilization of secondary
fuels for electricity production in the power plant, the carbon content of natural
gas (ccyi) and the amount of produced pig iron as reference value needed to be

included in the calculation. To estimate the carbon emissions of the power plant,
kg C
kg CO,

an average factor for the carbon content of carbon dioxide (ccy,) of 0.3

was consulted.
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Step 5: Allocation of reported carbon emissions to calculated carbon emissions.

In Step 1 to Step 4, the energy related CO,e emissions of the connected power
plants (incl. secondary energy input) of specific production plants were estimated
using a technology-driven bottom-up approach. Within Step 5, the actually reported
CO, emissions ((31111’ss1rfé7 f:.,rlted) on site level are integrated and constitute the basis for
a following definition of local process related emission factors on a process step-
level. This enables the final emission adjustment for intercompany trading (see
Table 10).

Taking a look at the reported site-specific CO, emissions (top-down), usually a
non-conformity of CO, emission quantification becomes evident. Due to a miss-
ing standardization of the level of detail for the publication of plant-specific CO,
emissions, the granularity of data varies highly within the publications between a
single CO, emission value for the overall plant and seven single values for sepa-
rate process steps. Thus, for an assignability to the according process steps, an
intermediate calculation is necessary.

Similar to Step 1, the overall structure of the production plant was examined
by the information obtained from the PLANTFACTS data base (VDEh 2014a)
with respect to local process steps on site and number of facilities per process
step (see Table 3). In an intermediate step, theoretical emissions
(emiss;’fyi‘fif , = efact,, X PV, ;) for each process step were calculated based on the
production volumes defined in Step 1 by using average emission factors (see
Table 9) derived from the BAT document (European Commission 2013). The
reported emissions (European Environment Agency 2012) can now be physically
allocated accordingly to the distribution of theoretical emissions for single pro-

;o otheor
reported EMISS il

cess steps on a production site (emisszz ., = emiss ); X serves
x 2% !

pSyisl ZLI emlvvl’]"v‘;”lr
as an auxiliary variable and corresponds to x. Thus, it is ensured that the calcu-
lated overall emissions correspond to the published emissions and that a plausible
distribution on process step level is performed. For the power plant level, the
same normalization was applied referring to the CO,e emissions from the produc-
tion of electricity, calculated in Step 4.

Step 6: Simulation of fully integrated steel mills to create a comparability

In terms of European emission reporting obligation, integrated iron and steel
mills are defined as facilities which are located next to each other and function-
ally connected for the production of pig iron and further processing to crude steel.
Preprocess steps for input materials such as coke and sinter are not yet separately
considered in the reporting scheme (BMIJV 2013). Thus, all required process
steps for the production of crude steel are not necessarily carried out on-site. Fur-
thermore, it is not assured that the amount of intermediate products produced on-
site meets the necessary input amount for the down-stream process. Thus, trad-
ing of intermediate products results, and the reported CO, emissions per site can
consequently report too low (external procurement) or too high emission values
(external sales).

To define the emissions for purchased or sold products, all 22 plants were
modelled as fully integrated sites, meaning that all substantial intermediate
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products are simulated to be produced on site. The production volume of the
basic oxygen furnace (PV, ;; = PV;’E”Z’Z) was used as reference value to define
the production volumes for the three upstream process steps. By means of mate-
rial conversion rates (see Step 1) the production volumes for the process steps
psy, ps, and ps; were simulated backwards. For example, the theoretical produc-

tion volume (PV”’””) for the blast furnace, which is oriented by the following
process step, is calculated as follows (further calculations see Table 11):

CAP,. .,
Pvtheor X mcr PS3.i )
theor R Pl PS3:PS4 Z LCAP, 3’ CAP[’-Y:;,IJ >0
L, = i=1 30 (Sa)
Ps3iisl ZE Pv,ﬁwﬂxm"ms o
e CAP,, /=0

The downstream process in the rolling plant (pss) equals the amount of pro-
duction in the basic oxygen furnace (conversion rate of 1). This step creates the
basis for a balancing of these differences in production volumes and resulting
CO,e emissions by means of a following credit procedure (see Step 7).

Step 7: Credit procedure to integrate trading of intermediate products

Based on Step 1, the allocated actual production volumes (PV,, ;) on a process
step level were set in relation with the theoretical volumes (PV”’””) in order to esti-

mate additional production volumes which can be posmve or negative:
APV, 1 =PV i1~ PVIi’;‘fol.’l. A negative APV, ;, illustrates that the actual produc-

tion volume does not meet the theoretical production volume and thus leads to a
purchase of intermediate products in order to meet the actually produced amount of
crude steel in the basic oxygen furnace. Correspondingly, the same applies for a pos-
itive additional production volume. The additional production volume is included in
the emission adjustment (in Step 8).

However, not only the traded production volume is included but also energy
amounts derived from the traded intermediate products have to be considered.
Hence, according to Step 3, the amount of additional production volume from the

blast furnace was referred to as a reference value. For purchased pig iron, an average
GJ
tintermediateproductps;

Solsl S aisl

electricity factor electgs3 ([ ]) (see Step 3) was applied as the

explicit origin of supply could not be predetermined in the model. In the opposite
case, the local estimated electricity factor elect'**! <[L]p was
ps3.il tintermediateproductpss
utilized:
7
I
21 APV, 5, X elect "f”, APV, ;>0
=
APV =3 7 - (6)
PSe.is Z‘i APV, 51X electps% APV, i1 <0
i=
0, APV, ;=0

Step 8: Emission adjustment to combine the reported and calculated emissions.
Based on the previous calculation steps, the plant-specific estimation of CO,e
emissions, referred to the functional unit, can be computed. Besides the amount of
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electricity produced in the power plant, the trading of intermediate products has a
direct influence on the CO,e balance of the examined process steps and thus on the
overall plant emissions. By means of emission factors, the emissions resulting from
the trading were defined (emiss;’; ‘l ;) on a process step level:

APV, /X efact}l)‘;iﬁ{ p APV, >0

emiss;’z :i,z =1 APV, ., Xefact,, ;. APV, ;<0 (7
APVpsk,i,l =0

Purchased products which could not be traced back, were adjusted via an aver-
age industry factor efact,, (European Commission 2013). On the other hand,
resulting from Step 5, a local factor for sold products was applied. Therefore, the
reported emissions which were allocated to the single process steps were put in

. emis. i
relation to the actual production volumes | efact*¢d! = — =il
Pspbl PV,

Pyl

. A particular

focus was again set on the power plant as a sink for the management of internal
energy flows from the process gases. For the credit procedure of the power plant
(see Eq. (8)), the overall amount of produced electricity was credited at first, by
means of an average emission factor efactzlsi"””i" (see Table 12) depending on the
country where the manufacturer is located (Ecoinvent 2007-2013; UBA 2012).
Then, corresponding to the previous calculation, a distinction between the traded
products and its emission factor had to be made. Thus, an average factor efact;;

of all 22 investigated plants was calculated from the carbon balance in Step 4 in
relation to the locally produced amount of electricity. It served to adjusting the
externally sourced products, whereas sold products were adjusted by a plant-spe-
cific emission factor efact f’l”ed that was derived from the CO,e emissions which
were allocated to the power plant in combination with the locally produced
electricity.

electmix reported _ electmix
elect, ;X efact, " + APV, iy X (efactpsml efact; ), APV, i1>0

is apv electmix cc electmix
emiss, electmﬁ,i,l X efactm6 + APVM’I-’, X efactm6 - efactmﬁ s APVpsb.iJ <0
0, APV, ;=0
3

In order to reach the targeted comparability, the reported CO, emissions from
production sites and the extended adjusted emissions due to the intermediate trad-

. . adjusted
ing were summed up to emiss’ "
Dpsil

n n

n
. adjusted . pv .
Z emiss®" = Z emiss” .+ z emiss™" . 9)
DSl DSyl DSyl
i=1

i=1 i=1

The values were conclusively standardized to the amount of crude steel in order
to meet the primarily defined functional unit kg CO,e/t crude steel.

Finally, industry average CO,e emission values derived from the ecoinvent data
base (Ecoinvent 2007-2013) for the upstream raw material supply chain,
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cradle-to-gate, were integrated depending on the necessary production volumes

heor
Pths,,,i,z (see Step 6).

ii
. Urmsc __ urmsc theor
emiss, " = efactpsx x 1000 x Z PVst,?,l (10)

i=1

Due to the missing data availability regarding the exact energy balance for single
process steps, average input for electricity and natural gas was used for all process
steps in the production plant. As electricity plays a major role being one of the top
three triggers for CO,e emissions in the upstream supply chain, the carbon footprint
for the electricity input at the different process steps was adjusted on a regional-
country-basis (see Table 12). On country level, the country specific data for conver-
sion rates of the energy mixes to CO,e are available (see Sect. 4.3.2.4 and Table 12).
For the power plant (ps,) the amount of produced electricity was consulted.

R o 2?21 elecrpsﬁ,l o
emiss) "¢ = ——————— X 1000 X efact; ™" (11)
PSe» ee PSe
PSe

The secondary fuel natural gas has already been used in several steps of the cal-
culation. As illustrated in Eq. (8) the overall amount of electricity which includes
the addition of natural gas in the power plant has been credited and then adjusted by
the amount of products traded. However, the actual CO,e emissions for the exter-
nally purchased natural gas for the power plant (ipgy;) have not been included yet.
These are calculated with average values (efath?Z"S”’NG) from (Ecoinvent
2007-2013), scaled to the power plant-specific average factors for additional sec-
ondary fuel (see Step 3), and the theoretical production volume of the blast furnace

at the considered plant.

n

. urmsc,NG __ theor . urmsc,NG
emiss, = Z VPW.J X ipgng, X efactm (12)
i=1

5 Combination of sub-models and application on automotive case
study

5.1 Results of the site-specific CO,e model applied on EU-15 steel manufacturers

The model was applied on the EU-15 integrated steel plants (22 locations)
which have a maximum of four facilities (i) per process step (x) at location (/)
(ps,i-x € {1:6},i € {1;4},1 € {1,22}). The results of the estimation (see Fig. 7)
clearly show wide differences among the steel mills under study. This confirms the
initially described need for a site-specific assessment of suppliers CO,e performance
(see Sect. 4.2.3), when CO,e shall be used for making supplier selection decisions.
The estimated overall amounts for fully integrated steel mills in kg CO,e/t crude
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Fig. 7 Results of the 22 integrated steel mills in EU-15 after the emission adjustment

steel (see Sect. 4.3.2.5) range from “Best-in-Class” (BiC) 1879 kg CO,e/t crude
steel to “Worst-in-Class” (WiC) 2990 kg CO,e/t crude steel and illustrate a deviation
of 58%. On average, 2352 kg CO,e/t crude steel are emitted among the investigated
steel plants. The differences of the estimated manufacturer’s performances can be
traced back to several reasons. One significant reason is that not all plants are fully
integrated, meaning that some necessary process steps are not located at site and
thus the according intermediate products need to be purchased externally. This can
have a negative effect as for example the reuse of process gas flows and the internal
energy management are not linked as efficiently as possible in comparison to fully
integrated plants. Variations in capacity utilization rate additionally reinforce this
argument. Moreover, company internal process know-how on efficiency measures
and process step specific adjustments of technological installations play an impor-
tant role. The country specific energy mix depending on the location of the manu-
facturing plant can also affect the results, as the avoidance of external electricity
generation is credited in the model. Due to the top-down integration of the reported
CO,¢ emissions and the further conducted allocation of the process steps, the values
for the single production steps do show discrepancies. However, all reported CO,
emissions were incorporated and the overall value per production plant (see Fig. 7)
is oriented to the main production volumes and the according emissions.

In an exemplary application, the results obtained from the developed site-specific,
attributional approach were used to derive consequences for the overall amount of
emissions in Europe. A projection of all new registered 14,648 Mio cars in Europe
in 2015 [share of 912 kg steel from a VW GOLF VII (Lieberwirth and Krampitz
2015)] with the estimated average environmental impact from the examined steel
manufacturers 2353 kg CO,e/t crude steel, illustrates a~1% share of the overall
European GHG emissions. Thus, a comparison of the BiC and WiC steel supplier
in terms of environmental impact, calculated with the same parameters as above,
shows an annual reduction potential of 15 Mt CO,e with respect to all newly reg-
istered cars in Europe, here calculated for 2015. It confirms the necessity of a site-
specific consideration and more generally the need to foster technological improve-
ments of steel manufacturers from a sustainable perspective. As currently not all
customers can possibly source the material from the BiC supplier due to capacity

@ Springer



A. Schiessl et al.

restrictions, it represents only an individual perspective. However, a rising demand
for ‘greener’ produced steel from several customers will urge supplier to rethink
existing processes in order to maintain competitive advantages and market share.
In addition, it will in consequence, create a movement of the entire steel producing
market in terms of reducing the carbon footprint of steel products. Moreover, if a
carbon neutrality is pursued, as illustrated by the Volkswagen ID project in Sect. 1,
even the most efficient, BiC supplier will be obliged to further develop new produc-
tion technologies and continue to maximize efficiency in production processes.

5.2 Validation of the CO,e assessment model

A validation with the primary data of three out of the 22 manufacturers was carried
out. Over a period of 2 years, each step of the calculation, the described assump-
tions as well as the logic for creating a comparability by simulating fully integrated
plants (each process step on-site) were analyzed. This was carried out in depth and
validated with one manufacturer from the German-speaking region. The modeled
trading of intermediate products at various process steps was confirmed while no
confidential company internal know-how was disclosed. Due to confidentiality rea-
sons, only variances in percent of the overall plant value (kg CO,e/t crude steel)
can be published but these illustrate an auspicious deviation of max. 5%. Moreover,
the estimated average of 2352 kg CO,e/t crude steel goes coherently with the con-
sulted ecoinvent average values for Europe—2408 kg CO,e/t crude steel (Ecoinvent
2007-2013) and show only a deviation of 2.3%.

5.3 Integration of site-specific CO,e emissions into the decision support model

As initially described, an integration of CO,e as decision criteria was not possible as
only average values were accessible and these do not allow for a site-specific consid-
eration, which is necessary for making a supplier selection. With the developed site-
specific CO,e approach this hurdle can be overcome. Thus, similar to first applica-
tion in Sect. 4.2.3, now the results for the EU-15 steel manufacturers are integrated
in the supplier selection model and a ranking is derived. The same sample part with
a total weight of 18.36 kg, which was again assumed to be produced exclusively
from crude steel using, was used, however the CO,e performance varies due to now
consulted site-specific values per t crude steel (see Fig. 8, case 3).The supplier spe-
cific values lead to a total CO,e performance of 50.53 kg CO,e/part for supplier 1
(by 2753 kg CO,e/t crude steel), of 43.17 kg CO,e/part for supplier 2 (by 2352 kg
CO,e/t crude steel), of 37.68 kg CO,e/part for supplier 3 (by 2053 kg CO,e/t crude
steel), of 43.17 kg CO,e/part for supplier 4 (by 2352 kg CO,e/t crude steel) and of
42.92 kg CO,e/part for supplier 5 (by 2338 kg CO,e/t crude steel). The supplier spe-
cific performance scores, which are now integrated into the sub-model for decision
support based on the investigated criteria weight of 2.67%, lead to a new supplier
ranking of S3 — S1 — S2 — S5 — S4. The deviation of environmental perfor-
mance score of 34.10% for supplier 1 and 3 in case 3 leads to a different decision,
preferring supplier 3 over supplier 1. Hence, the initially described necessity of
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Fig. 8 Influence of CO,e (C51) on supplier ranking (part 2)

site-specific CO,e performance values as basis for the integration of CO,e as criteria
for supplier selection is considered to be confirmed.

After the general confirmation of the functionality of the model, from this point
onwards, a more complex material composition of the sample part was applied,
which represents a real-life case of a part sourced by a German OEM from a Tier-1
supplier. This was chosen to demonstrate the possibility of the model to include dif-
ferent materials in the decision-making process in combination with site-specific
CO,e performances. The part, with the same total weight of 18.36 kg, consists of
various components (see Table 5) made by primary and secondary steel as well as
aluminum, plastics (Polyamide 6) and a small share of additional materials (the cal-
culation of aluminum and plastics, which follow the principles of the site-specific
CO,e model, are currently not yet published). The consideration of the real life case
for a part (see Fig. 8, case 4), consisting of diverse raw materials, shows the follow-
ing CO,e performance scores: 38 kg CO,e/part for supplier 1, 27 kg CO,e/part for
supplier 2, 20 kg CO,e/part for supplier 3, 21 kg CO,e/part for supplier 4, and 27 kg
CO,e/part for supplier 5.

The emissions for further processing and logistics, as described in Sect. 4.2.3,
were excluded and the focus was laid on the CO,e emission from raw materials used
in the selected part. The different CO,e performance scores per part can be attrib-
uted on the one hand to the site-specific efficiencies from the raw material suppliers,
as illustrated in Sect. 5.1 for primary steel and on the other hand, to slight varia-
tions in the material composition of the raw material used. For example, primary
aluminum has a very high CO,e performance score per t compared to steel, due to
the strong dependency on electricity and thus the country specific energy mix. Due
to confidentiality no further breakdown of the percent share of material could be
published. The application of the real-life case, which shows a changed ranking with
S3 as preferred supplier, S3 — S1 — S2 — S5 — S4, finally confirms the necessity
and general functionality of the model.

5.4 Sensitivity analysis
A sensitivity analysis was performed to further analyze the stability of the results
from the pairwise comparison and thus test the robustness of the model. This shall

help decision makers to identify most critical pairwise comparisons and to derive,
if necessary, adjustments in selection criteria. By means of a numerical incremental
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Fig.9 Effects of the sensitivity analyses under different criteria weights (OAT)

analysis, the criteria weights were constantly changed one-at-a-time (OAT) in steps
of £5% up to +£25% (Leonelli 2012) and the ranking results were analyzed. The
OAT was carried out based on the derived criteria weights (see section Table 1) and
was applied on the real-life case study part (see Table 2), including the supplier spe-
cific CO,e performance scores in case 4, which were derived from the site-specific
CO,e model (see Table 5).

The results show an overall robustness for all criteria of 95% in terms of first
ranked supplier, 94% of first and second ranked supplier and 91% of the first three
rankings. It illustrates that the proposed decision-making process including CO,e
as new criteria is relatively insensitive to criteria weighting. The examination of the
single criteria conducted in this matter identifies “Infrastructure and supply” as sub-
criteria of the local criteria “Flexibility” (see Tables 1, 2) as the most critical crite-
ria. It shows a robustness of 57% for the first ranked supplier, 57% for the first and
second ranked supplier and 52% of the first three rankings. The results, illustrated
in Fig. 9, may lead to a re-evaluation of the necessity of this criteria by the decision
maker.

In Fox et al. (2015), a course of action is explained whether the criteria shall
remain for the decision process. Accordingly, the purchasing experts were re-con-
sulted and the necessity of the criteria was confirmed. The pairwise comparisons
were then critically reviewed in order to ensure that the results represent the deci-
sion maker’s preferences (see Table 1) and were presented to the purchasing experts.
Consequently, a strong focus needs to be laid upon data gathering and accuracy of
results when the decision criteria is used (Fox et al. 2015). Based on the goal of the
study to integrate CO,e from the manufacturing phase into supplier selection deci-
sions, a special focus was laid upon the sensitivity analysis for the new criteria. A
robustness of 100% for the first ranked supplier, 90% for the first and second ranked
suppliers and 93% for the ranking of the first three suppliers is derived from the one-
at-a-time sensitivity method, if the criteria weight is increased.

However, a more in-depth examination (see Fig. 9) of each single criteria reveals
that a reduction of only 2.14%, resulting in a weight of 0.53%, has a strong impact
on the ranking and causes a switch of the top two ranked suppliers and makes C51
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the Absolut-Top (AT) critical criteria (Triantaphyllou and Sanchez, 1997). In addi-
tion, C51 also represents the Absolut-Any (AA) critical criteria, meaning that the
smallest change among all criteria, leads to any change in the ranking. The analy-
sis shows that the increase of 3.03% already triggers a switch of the 4th and Sth
ranked suppliers (see Fig. 9). Equally to the proposed treatment of criterion C32, the
integration of C51 requires an even stronger focus on data collection and precision
for decision makers. As the expert interviews revealed that CO,e is basically not
of importance for the current decision-making process, the results of the sensitivity
analysis highlight even more that not only the introduction of CO,e as new criteria
is important. Also the integration in form of weighting assignment requires a thor-
ough procedure. Finally, the rank reversal issue was tested by adding another sixth
alternative/supplier (copy of the last ranked supplier performance) and deleting one
alternative (Fox et al. 2015). The results show no changes in the ranking further con-
tributing to the general robustness of the model.

5.5 Scenario simulation to support the formulation of CO,e as decision criteria

At this point the created CO,e performance scores of suppliers, exclusively for cra-
dle-to-gate raw material production, were used to simulate different future scenarios
from an environmental and economic perspective.

One way of scenario simulation could be the integration of CO,e performances
directly into the existing cost criterion C11. Based on the expert interviews, from a
corporate perspective, this would be the most preferable solution in order to estab-
lish a consistent application of the CO,e criteria in decision making processes.
As the European Commission (EPSC 2016) has started first discussions on possi-
bly regulating CO,e from the manufacturing phase in the future, a simulation was
carried out assuming a CO,e limit in combination with a monetary penalty for the
exceeding of the limit, similar to the principle of regulating CO, emissions in the
use-phase. The objective pursued was to investigate how these assumptions might
affect current supplier selection decisions. The currently separate criteria weight for
CO,e was proportionally distributed among the other criteria. This assumption was
justified with the initially investigated zero importance of CO,e from manufacturing
during the expert interviews (see Sect. 4.2.2). The adjusted criteria weights without
the CO,e criteria can be found in Table 1. The application of these weights results in
the following supplier ranking: S1 — S3 — S2 — S5 — S4.

A penalty of 80.00 €/tCO,e corresponding to the cost approach from the German
Federal Environment Agency for CO, relation to climate damage (UBA 2014) was
assumed. Now the performance score of the currently selected supplier S1, 38 kg
CO,e/part was used as basis for simulating possible CO,e reduction targets. This
procedure follows the principles of sensitivity analysis for investigating the most
critical measure of performance (Triantaphyllou and Sanchez 1997). The simulation
analysis shows that the setting of a CO,e limit per part of 20.60 kg CO,e/part, which
represents a reduction of 45.80% of the performance of the currently selected sup-
plier 1, leads to a first change of the supplier ranking: S3 — S1 — S2 — S5 — S4.
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Total cost / project Total emissions / project

Mio € t CO2e

282.00 40,000
38,000

281.67

281.50 35,000

281.00 30,000

280.50 28044

25,000

280.00

280.00 20,000

279.50 s1 i s3 15,000

279.00 10,000

4 Criteria (proportionally adjusted)
incl. CO2e in cost (penalty: 80€/t 4 Criteria (proportionally adjusted) — Limit
CO2e, limit: 17,1 t CO2e/ project)

4 Criteria (proportionally adjusted)
Fig. 10 Illustration of results of a simulation of environmental and economic effects

As the environmental performance of S3 lies below the introduced limit, no pen-
alties have to be considered. In order to better demonstrate the idea of the simulation
procedure, a limit of 17.10 kg CO,e/part, representing a reduction of 55.00%, was
used for the subsequent simulation. Before the integration of the CO,e performance
into the cost criteria with the assumed penalty and limit, the overall project cost
of the selected supplier S1 would be 280.00 Mio €. This corresponds to emitting
38,000 t CO,e over the project duration. Supplier S3 would be ranked second with
overall project cost of 280.21 Mio € while emitting only 20,000 t CO,e. After the
introduction of the CO,e criteria the ranking changes and supplier S3 would become
the best ranked alternative by 280.44 Mio € by a remaining CO,e performance (see
Fig. 10). Supplier S1 would now be ranked second due to overall project cost of
281.67 resulting from its higher emission of CO,e. Even though supplier S3 would
initially represent slightly higher project cost of 0.210 Mio € and would also have
to pay a penalty of 0.232 Mio €, its selection would result in a reduction of 18,000
t CO,e, and an avoidance of 1.230 Mio € additional cost. The illustrated example
shall serve to demonstrate how a variety of future scenarios (economic and environ-
mental) can be modelled in order to formulate the specification of a new selection
criteria, as in this case CO,e and derive sustainable supplier selection strategies.

6 Conclusion and outlook

Given the overriding goal to limit global warming, further accompanying fields of
research are gaining importance. The manufacturing of passenger vehicles might
constitute one out of many areas which could contribute to the set environmental
goals.

As mentioned previously, the public availability of primary data is currently
restricted and does thus not allow a decision to be made on a site-specific level.
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In order to integrate suppliers’ environmental performances, e.g. per t CO,e/t crude
steel, into supplier selection, industry averages do not present the necessary data
granularity. The proposed approach overcomes this hurdle by putting the focus on
extending the commonly used bottom-up LCA method with the top-down integra-
tion of reported company specific emissions. By this means, company specific pro-
cess improvement measures, which outline the core competences of the suppliers
and might vary not only between companies but also between production sites, are
included (see Sect. 4.3.2.5, Step 6). Hence, the missing availability of data is over-
come and the complexity regarding the level of process depth is efficiently limited
to the necessary maximum. The developed model presents a possible approach to
estimate site-specific CO,e emissions in order to create comparability between steel
manufacturers’ production sites and thus enables an integration into supplier selec-
tion. Due to the created transparency and comparability, the developed methodology
aims at contributing to the scientific field of sustainability management. This illus-
trates a step forward as to enable an integration of CO,e performances as decision
criteria in the supplier selection process. In terms of the practical application of this
model and the refinement of the estimation, it is possible to easily integrate updated
data of future reference years, changes in the steel industry as well as site-specific
primary data when available.

The results show that the integration of CO,e as decision criteria, based on a site-
specific supplier performance assessment, can support the supplier selection process
in order to significantly reduce CO,e emissions. Furthermore, the proposed AHP/
TOPSIS model combined with a sensitivity analysis and scenario simulation can
assist decision makers with the formulation of the new criteria in order to improve
sustainable efficiencies of products while considering the economic effects. In the
field of multi-criteria decision making, the application of other ranking as well as
sensitivity methods, such as probabilistic simulations, or mathematical models,
could be promising in order to investigate reproducibility of results. Moreover, other
selection criteria could be consulted in order to further examine effects on sensitiv-
ity of the new CO,e criteria. Further emphasize on the illustrated scenario modelling
on economic effects could illustrate a promising field for future research. Different
cost rates, e.g. derived from the German vehicle taxation model (Gawel 2011) or
the European trading scheme for carbon dioxide (UBA 2018b), could be analyzed
in the developed approach. In combination, research on the definition of emission
limits relating to the defined environmental goals could be extended. Interesting
approaches regarding the reduction of CO,e could be the European regulations on
vehicle usage, fleet targets for vehicle manufacturers (European Commission 2009),
or the sectoral decarbonization approach, a method for companies to set emission
targets contributing to the two degrees goal (Science Based Targets Initiative 2015).
In order to derive even more universal conclusions, the model should be applied to
a broader scope of parts from a company. Additionally, the principle of sensitiv-
ity analysis could be applied while the ratio of economic and environmental per-
formance is investigated. It could be used to derive a certain monetary value for
CO,¢e from the perspective of the decision maker and for new strategic alignments in
supplier selection processes. An application extension of the estimated site-specific
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emissions to supplier development and monitoring could furthermore illustrate an
interesting field for scientific research.

However, some existing limitations could be investigated in future research. For
missing actual production volumes of process steps such as coke production, a cal-
culation was carried out (see Sect. 4.3.2.5, Step 1). Due to the unavailability of
data, the approach assumed the production volume of the blast furnace as basis
for the calculation of upstream process steps. Some manufacturers could produce
more coke than needed for the on-site pig iron production for market sales. At this
point site-specific primary information could be integrated, if available. To create
comparability, the alloying process was neglected as the composition of the alloys
highly depend on customer-specific requirements and do not influence the energy
management system of a production plant. However, the according data could be
integrated accordingly to the addition of the carbon footprint of raw materials in
Step 8. The carbon footprint for raw and all other necessary input materials was
included by the use of average data from an industry data base. Future research
on the transparency of upstream supply chain material production on site-specific
level could illustrate an interesting topic to increase the accuracy over the whole
supply chain. The presented approach primarily focused on the environmental per-
formances in the focus system “Production Plant”. However special attention was
placed upon the internal process gas flows reutilization, either as energy carrier
for other process steps directly or a surplus of gases for electricity generation in a
connected power plant. A future extension of the focus system towards inter-indus-
trial trading of by-products respectively residues and a resulting credit procedure
for the avoidance of emissions could be of interest. Production residues comprise,
among others slags, dust, sulphur or sulphuric acid, ammonium sulphate, benzene,
coke tar and coke pitch (European Commission 2013). The reuse of steel and blast
furnace slag in cement production or of process gases in the chemical industry, as
for example described in the “carbon2chem” initiative (Thyssenkrupp 2018) could
be investigated. Furthermore, the scope of the research on supply chain transpar-
ency should be extended by the currently not considered emissions from trans-
port, further processing in the supply chain and other emissions in the produc-
tion process (e.g. CO, NO,/NO,). From a geographic perspective, an extension to
non-European plants appears promising to create transparency for global supply
chains. Based on that, a further enhancement of the case study with multiple parts
from diverse industries incl. an in-depth examination of manufacturing processes
and logistic chains could be interesting. The results could also be applied for the
environmental assessment and supplier selection situations in industries such as
the construction industry, which alone uses more than 50% of the global steel pro-
duced (World Steel Association 2017).

Summarizing, the developed approach can raise awareness within industrial com-
panies of the environmental impact of upstream supply chain processes and create
the basis for a change towards more sustainable supplier selection. Furthermore,
it can support legislation on future environmental regulations, for example for the
vehicle manufacturing phase similar to the use phase of cars, but also in other indus-
trial sectors.
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Appendix
See Tables 6, 7, 8,9, 10, 11, 12, 13.

Table 6 Reported production volumes (t/a) (ArcelorMittal 2013; Ruukki 2013; SSAB 2013; TATA
STEEL 2013; VDEh 2014b; Voestalpine 2013; World Steel Association 2013)

Basic Oxygen

Prod. Site  Blast Furnace Rolling Mill
Furnace
1 5,330,000 4,340,000 4,700,000
2 1,475,841 1,370,000 1,475,841
3 4,786,000 4,343,000 4,743,000
4 2,299,000 1,893,384 2,299,000
5 6,370,000 5,990,000 3,595,000
6 3,941,000 3,888,000 3,637,000
7 11,559,000 11,419,000 8,876,559
8 1,145,000 0 512,000
9 2,058,944 0 354,949
10 4,588,000 4,273,000 3,340,000
11 5,200,000 4,620,000 595,775
12 3,200,000 2,944,494 3,199,000
13 2,272,000 3,799,997 1,359,936
14 1,300,000 1,500,000 1,500,000
15 8,076,500 6,651,550 8,076,500
16 6,600,000 5,435,551 4,950,000
17 4,276,000 3,972,000 3,851,000
18 1,927,000 1,587,016 0
19 879,000 1,242,893 532,000
20 3,000,000 3,133,660 2,250,000
21 2,213,235 1,822,750 0
22 3,100,000 1,695,703 2,325,000

Own assumption calculated with installed capacity on site and a ratio
of company- and country specific utilization rate as well as share of
capacity (VDEh, 2014a; World Steel Association, 2013)

Own assumption calculated with material conversion rates per
according process step - see section 4.1 (Breun, 2016; European
Commission, 2013)
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Table 7 Calculation of the energy balance for process gases reutilization on-site

et s PV, Yy iy > APV, 1y > OAPY, >0 (@b)
P8ps,.it = T X PV, i1, PV, i1 >O0APV, ./ >0APV, ;<0
X PV, =0
bco s 5 PV, 1 PYpit > OAPYy 1> OAPY, >0 @)
iP8ps, it = LI X PV, i1, PV, i1 >O0APV, ./ >0APV, ;<0
) PV, =0
Dot P s py PV, S OAPY, > OAPY, >0 @d)
i = ineed™ pretl et puid Pt
PEps,il =\ To00” X PVpu,i,P PVm,iJ >0A PVm,,-v, >0A PVps;,i,/ <0
X PV, =0
. . . 26
e e <o Pl 0 s St
ipgﬂss,i,l = ipgcoc}OOO ) il st o Pt o9 prtd - -
“ooor X PV it PV it >OAPV, 11> 0APV, ;;=0ABOGR, =0
0, PV, =0

Table 8 Average process gases (MJ/t) for reutilization on-site (Breun 2016; European Commission 2013)

Coke oven gas Blast furnace gas (BF

Basic oxygen

(COG) gas) furnace gas (BOF
gas)
Output 7888 4572 458
Input
Coke oven 562 2892 287
Sintering plant 31 29
Blast furnace 361 1599 130
Basic oxygen furnace 446 18
Rolling mill 735 186 37

Table9 Average emission
factors (tCO,/t) per intermediate
products (Breun 2016; European
Commission 2013)

Process step

Emission factor

Coke oven (coke)

Sintering plant (sinter)

Blast furnace (pig iron)

Basic oxygen furnace (crude steel)
Rolling mill (rolled steel)

Power plant (pig iron)

0.68
0.27
0.50
0.12
0.15
0.87
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Table 11 Simulation of fully integrated steel mills, producing everything on-site
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