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Introduction

Human influence causes unprecedented global changes. Unsustainable levels of fishing,
water withdrawals, soil degradation, and deforestation cause global crises. Agriculture
alone is responsible for 70% of global water withdrawals, 40% of forest losses in tropics
and subtropics, and is a major driver of water eutrophication due to nitrogen fertilizer
emissions (FAO 2019). Climate change is considered the most significant of the human-
induced global crises. The sixth assessment report of the Intergovernmental Panel on
Climate Change (IPCC) stresses the unequivocal linkage between human activity and
global warming (IPCC 2021). Due to the emission of greenhouse gases, their
concentration in the atmosphere, and the subsequently occurring greenhouse effect,
global surface temperatures are more than one degree Celsius higher than they were a
century ago (IPCC 2021). This is already causing weather extremes, wildland fires,
rising sea levels, disturbances in ocean currents, increased temperatures of water bodies,
and shifts in climatic zones and seasons, affecting humankind and ecosystems alike.
Coastal-specific risks alone will put a billion people at risk, the prevalence of dengue
fever is projected to increase significantly, and the already vulnerable access to water
and food will further deteriorate for a large portion of the global population until 2040
(IPCC 2022). The IPCC (2022, p. 11) estimates that “3.3 to 3.6 billion people live in
contexts that are highly vulnerable to climate change”. Global warming also causes a
dramatic loss in biodiversity. A sizeable portion of terrestrial species faces extinction
even in the optimistic scenario where global warming can be limited to +2 °C until
2100. Currently, land and oceans take up about 56% of CO2 emissions. This slows the
greenhouse effect but increases the oceans’ pH values (acidification) and puts further
strains on, among other things, marine biodiversity. The uptake rates and their
partially compensational effect in terms of climate change are expected to decrease in
the second half of the 215t century (IPCC 2021). The existential risks posed by these
global changes are widely acknowledged, but current actions to achieve sustainable and
especially climate-neutral societies are not adequate. In 2021, the German Federal
Constitutional Court held that the country’s climate change act is partially
unconstitutional, as the reduction pathways outlined in it past 2030 are insufficient to
protect fundamental freedom rights against the risks posed by climate change (BVerfG
2021a, 2021b).

These global changes can ultimately be traced back to human demand and to the over-
consumption of materials, energy, land, and other ecosystem services (Steffen et al.
2015). Human demand is the result of the “pursuit of social and economic goals” (Haberl
et al. 2019, p. 1) and the driver of the socioeconomic system (Sinha 2016). The concept
of a circular economy is a widely accepted key solution to minimize socio-economically
induced environmental and social pressures. It aims at closing material cycles to avoid
waste, the loss of finite resources, and the inevitable environmental impacts that socio-
economic activities entail (Moreno et al. 2016; Brears 2018). This presumes a
sociometabolic perspective, where socio-economic activities and biophysical processes
are seen as integrated systems with interconnected biophysical stocks and flows (Haberl
et al. 2019). Figure 1 exemplifies the idea of a circular economy and the sociometabolic
perspective by embedding the prominent circular economy systems diagram of the
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Ellen McArthur Foundation (2014, 2015) in a depiction of the scope of sociometabolic
research (based on Haberl et al. 2019, p. 2). Ultimately, the goal is decoupling socio-
economic well-being from the environmental impacts that biophysical leakages from
the socio-economic system exert (Zeug et al. 2021). Since perfect circularity is
impossible due to dissipation (Helbig 2018) and for economic, electrochemical, or
fundamental thermodynamic reasons (Steinbach and Wellmer 2010), unavoidable
leakages should be channeled to safe sinks (Kral et al. 2013) to minimize the
environmental externalities.

Socio-economic product and material use can be divided into finite and renewable
materials (Ellen MacArthur Foundation 2015). Finite materials are seen as stocks of
the socio-economic system and should circulate in technical cycles (Figure 1). In
biological cycles, biological nutrients and materials are ultimately circulated back into
the biosphere after consumption and contribute to regrowing the previously harvested
biomass. This may be the case for, e.g., food byproducts and wastes, which can directly
be composted and anaerobically digested, or bio-based products such as wooden
furniture or cotton clothes, which have previously been circulated through the technical
cycle (Ellen MacArthur Foundation 2019). Here, a key concept is cascade utilization of
biomass: for example, wooden biomass can cascade from material use (from the whole
wooden product to sawn wooden panels, to strands for paper production) to chemical
use (lignocellulose), to energy use (wood as fuel; biogas, biofuels) (Taskhiri et al. 2016).

Similar to biological cycles, finite materials in technical cycles may be considered
“technical nutrients” (Ellen MacArthur Foundation 2014). Cascade use is also possible
and often referred to as downcycling or retrieval of parts (Krikke 2011). However,
Krikke (2011) argues that it is substitution in closed-loop supply chains that yields the
largest environmental benefits. Substitution occurs when recovered products or
materials re-enter the original supply chain and replace a part of the forward supply
chain and its associated environmental pressure. The European waste hierarchy
(Directive 2008/98/EC) defines the order of recovery options descending by the
percentage of value recovered. Waste prevention by maintaining a good’s condition and
thus prolonging its use phase takes overall priority (Hutner 2017). After a good has
passed the waste threshold, i.e., when the owner has disposed of it, preparation for
reuse (e.g., inspection, cleaning, repairing) should take place so that the good can be
redistributed and thus substitute the upstream part of the forward supply chain. When
major refurbishments and parts replacements are necessary, the good re-enters the
supply chain at the final manufacturing stage; when only materials recovery (recycling)
is possible, only the environmental impacts associated with virgin materials
procurement are substituted (Bressanelli et al. 2020). Lastly, the lowest-value recovery
option in both biological and technical cycles is thermal recovery, which is only
considered a last resort, as it leads to air emissions (i.a., COg, fly ash) and wastes
(bottom ash) that need to be disposed of (Sabbas et al. 2003).
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Figure 1. Technical and biological cycles in a circular economy as biophysical flows in a sociometabolic
system (own depiction based on the circular economy systems diagram, Ellen MacArthur Foundation
2014, 2015, as well as on Haberl et al. 2019, p. 2)

Waste Electric and Electronic Equipment (WEEE) and products of the bioeconomy
are two representatives of technical and biological cycles. Both are product categories
that have been important subjects of sustainability discussions over the last two
decades. WEEE is often cited as a prime example of the exploitative and wasteful
nature of anthropogenic handling of earth’s resources (Casey et al. 2019) and the
detrimental effects of product manufacturing and poor waste management on the
environment (Xue et al. 2015). Printed wiring boards account for the largest
environmental impacts in the manufacturing stage of forward supply chains (Farrant
and Le Guern 2012), and their toxic components require sustainable end-of-life
strategies (O’Connor et al. 2016). However, scholars have pointed out that circularity
alone does not automatically render reverse processes sustainable. Instead, multiple and
possibly conflicting economic and environmental objectives (Quariguasi Frota Neto et
al. 2010), strategic network design choices of, e.g., facility locations (Krikke 2011), and,
for WEEE in particular, trade-offs between the energy-consuming use phase and
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primary production (Boldoczki et al. 2021) need to be balanced based on actual
environmental impacts (Krikke 2011).

In contrast to the environmentally detrimental example of WEEE, bio-based products
are seen as promising examples of environmental advantageousness. Biofuels in
particular have the potential to avoid a sizeable portion of the environmental impacts
when substituting fossil fuels, the conventional, petrochemical counterpart (Mat Aron
et al. 2020). The two most important biofuels in Germany in 2019 were biodiesel and
bioethanol (Fachagentur Nachwachsende Rohstoffe 2021). Biodiesel is produced
through transesterification from lipid-rich oilseeds, such as rapeseed, and replaces
conventional diesel, while bioethanol (alcohol, EtOH) is produced through fermentation
of sucrose or starch (Mat Aron et al. 2020). First-generation bioethanol (1G EtOH)
stems from cultivating sugar crops (e.g., sugar beet, sugar cane) and starch crops (e.g.,
potatoes, maize, other cereal crops) or from energy plants with a high share of cellulose
(e.g., switchgrass, miscanthus), which can be converted to sucrose and in turn to
ethanol (Busi¢ et al. 2018). Bioethanol can substitute fossil petrol, e.g., by blending 10
vol.-% ethanol and 90 vol.-% petrol (E10). On the one hand, both biodiesel and
bioethanol yield the benefits of carbon sequestration during photosynthesis, where
monosaccharides and eventually cellulose and starch are formed (Mahapatra and
Kumar 2019; Prasad et al. 2019). The carbon dioxide released during combustion thus
corresponds to the airborne COs previously bound within the biomass. This results in
significant benefits of biofuels vis-a-vis fossil fuels in terms of climate change (Hjuler
and Hansen 2018). On the other hand, the extensive agriculture required to cultivate
energy and sugar crops with its negative impacts - acidification, eutrophication,
toxicity, water scarcity, and land use changes - is often overlooked (Correa et al. 2017;
Mat Aron et al. 2020). Furthermore, it requires areas that could alternatively be used
for food production and thus also arguably aggravates global hunger (Muscat et al.
2020). Cellulosic, second-generation bioethanol (2G EtOH) alleviates the
aforementioned issues by only using residues of agricultural food production such as
straw and stover (Aditiya et al. 2016). In the EU, 2G EtOH is gaining traction: by
2030, a minimum of 14% of the energy consumed in road and rail transport must be
from renewable sources (European Commission 2018), while simultaneously, fuels from
cereals, other starch-rich, sugar, or oil crops are limited to 7% (Directive
2015/1513/EU). However, 2G biofuels are only just on the brink between pilot and
commercial scale (Hjuler and Hansen 2018).

Both WEEE and EtOH (especially 2G EtOH), despite originating from different
environmental domains (lithosphere / biosphere) and different industry sectors (mining
sector, manufacturing, semiconductor industry / agriculture, chemical industry),
underline that the largest environmental savings potentials lie in a circular economy
and closing supply chains. They also demonstrate the interconnectedness between
anthropogenic activities and natural ecosystems and show that sustainability issues
cannot be solved on the level of individual actors. Closing WEEE cycles necessitates
consumers to prolong use phases, to repair instead of replace, to buy second-hand, and
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to be willing to return used products (Stindt et al. 2017; Georgantzis and van Langen
2021). Policy-makers are required to enact effective framework legislation, municipal
authorities to organize and operate functional and accessible collection and recovery
systems (Bruno et al. 2021), and producers to conform to take-back responsibility and
to close cycles, where possible, at higher tiers than recycling (Leclerc and Badami 2020).
Attempts to close bio-based cycles often even lack knowledge about the available
feedstock (e.g., amounts of agricultural residues, Thorenz et al. 2018; Wietschel et al.
2019). Furthermore, many biogenic products such as bio-based plastics and bio-based
fuels lack economic competitiveness vis-a-vis their fossil-based counterparts (Horvat et
al. 2018) and require political subsidies to unlock their environmental potential in terms
of categories such as global warming without neglecting possible social or environmental
issues in other regards.

On a superordinate level, closing technical and biological cycles supports the
achievement of the Sustainable Development Goals (SDGs; cf. section 1.2, Table 3).
The SDGs, proclaimed by the United Nations in 2015 (United Nations 2015), set the
frame for all of humankind’s efforts toward a sustainable future and concern global
challenges such as e.g., poverty, hunger, equality, peace, biodiversity, prosperity, and
climate change. The SDGs are primarily a political framework. They were adopted on
the political level, pertain to all countries worldwide, and the specific 169 targets
subordinate to the 17 overarching goals are formulated at government and policy level
(Weidema et al. 2020). Nonetheless, the SDGs have also been a “wake-up call” (PwC
2019) for companies, with 72% of surveyed companies mentioning the SDGs in their
financial or sustainability reports (PwC 2019). Circular economies and socio-economic
activities embedded in the sociometabolic nexus can be viewed in light of the 17 SDGs.
The goal of realizing a circular economy with its implied environmental and social
benefits is formulated in SDG12 (responsible consumption and production). Socio-
economic goals are reflected in SDG7 (affordable and clean energy), SDGS8 (decent work
and economic growth), and SDG9 (industry, innovation, and infrastructure). Explicit
and direct externalities linked to anthropogenic activities, which cause global
environmental change, are covered by SDGI13 (climate action), SDG14 (life below
water), and SDG15 (life on land). These externalities can, however, also have adverse
social and societal impacts. They may stem from the conflict for arable land between
energy and food production (SDG2, zero hunger), from human-induced water scarcity
(SDG6, clean water and sanitation), or from compromised health, e.g., due to pollution
(SDG3, good health and well-being) (cf. Zeug et al. 2021). In addition, how processes
are designed and activities organized within the socio-economic system impacts all
aspects of human well-being (e.g., poverty, education, equality, peace, justice; SDGs 1,
4,5, 10, 16).

This dissertation explores and quantifies the potentials of closing technical and
biological cycles, exemplary for WEEE and 2G EtOH, as well as the environmental,
social, and economic benefits and impacts that this entails. On a superordinate level,
this dissertation addresses 16 of the 17 SDGs. While the first contribution is a case
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study, four of the five contributions (cf. section 1.2) focus on corporate or political
decision-making in the context of strategic and sustainable supply network design.
Section 1.1 introduces the principal employed methods, and section 1.2 summarizes the
five contributions of this dissertation, their particular research questions, and which
SDGs they address. Section 2 presents the contributions in full. Lastly, section 3
discusses the added value of the research (section 3.1) and lays out an agenda for future
research (section 3.2).

1.1 METHODOLOGICAL BACKGROUND

At the highest level, the methodological foundation of this dissertation lies in the
integration of methods, techniques, and hereby obtained results of the field of Industrial
Ecology into models of the discipline of Operations Research (OR). Industrial ecology
embraces the afore presented perspective on society-nature metabolisms, interpreting
socio-economic activities as part of biophysical ecosystems (Haberl et al. 2019). It is
“the study of the flows of materials and energy in industrial and consumer activities,
of the effects of these flows on the environment, and of the influences of economic,
political, regulatory, and social factors on the flow, use, and transformation of
resources” (White 1994, p. v). Systems modeling and life cycle thinking are
indispensable for informed decision-making and are pivotal principles of Industrial
Ecology (Lifset and Graedel 2002). The life cycle perspective requires the evaluation
of, e.g., products and services quantitatively as well as vertically, ‘from cradle to grave’,
from the extraction of resources to end-of-life management (Petti et al. 2018), or ideally
‘from cradle to cradle’ in a circular economy (Dahiya et al. 2020).

Life Cycle Sustainability Assessment (LCSA) is the umbrella concept of the
Industrial FEcology methods employed in this dissertation. LCSA addresses the
requirement for life cycle thinking and is the framework for a quantitative,
transdisciplinary, and integrated assessment of the environmental, social, and economic
pillars of sustainability of a system (UNEP 2011; Goffetti 2020). Its goal is to provide
decision support and inform political and corporate decision-makers about the impacts
of the system (Valdivia et al. 2021). Analogously to the three sustainability pillars,
LCSA comprises the three methods Life Cycle Assessment (LCA), Social Life Cycle
Assessment (SLCA), and Life Cycle Costing (LCC), with varying levels of
methodological maturity and data availability (Valdivia et al. 2021). LCSA faces
several challenges, ranging from lacking methodological consistency and
standardization to availability and applicability of indicators and impact assessment
methods (cf. Zeug et al. 2021). Applicable and case-specifically relevant quantitative
indicators for measuring environmental and especially social sustainability change with
scope, context, and regionality of the problem (Petti et al. 2018; Sikdar 2021). In
addition, Zeug et al. (2021) state that the most common LCSA approach is an additive
approach, where the individual results of LCA, SLCA, and LCC make up the overall
LCSA. This creates a particular need for harmonization and synchronization of the
results. They and others (e.g., Goffetti 2020) endorse an integrated instead of the
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additive approach, where social, environmental, and economic aspects are “integrated
into a wunified assessment and methodological framework”, aligned with the
aforementioned transdisciplinary, sociometabolic perspective, in which the
environmental and socio-economics systems “are not seen as separate entities, but
rather facets of one and the same object” (Zeug et al. 2021, p. 3). LCSA ultimately
aims to bridge the gap between the transdisciplinary, sociometabolic perspective of
Industrial Ecology and the “high-level shared blueprint” (Valdivia et al. 2021, p. 1) of
the SDGs. The very first steps to formalize the link between LCSA results and affected
SDGs are taken (Wulf et al. 2018; Weidema et al. 2020; Zeug et al. 2021), but the
discrepancy between the political and country-level conceptualization of the SDGs and
the micro-level and product- or process-focus of LCSA remains a challenge (Wulf et al.

2018).

Together with others, such as Material Flow Analysis (MFA) and environmentally
extended input-output analysis, (environmental) Life Cycle Assessment (LCA) is
a central method in Industrial Ecology (Shmelev 2012) and the most mature of the
three methods of the LCSA framework. Life Cycle Assessment is used to model the
input and output flows of material and energy along the entire life cycle and all stages
of the value chain of a product, a service, a process, or a facility (Lifset and Graedel
2002). Figure 2 shows the methodological framework for Life Cycle Assessment.
According to the ISO 14040 and 14044 (ISO 2006a, 2006b), an LCA study follows four
steps. Step 1 (goal & scope definition) defines system boundaries, underlying
assumptions, and the functional unit, i.e., a unit of a product, process, service, or
facility, to which the further steps refer. In step 2 (Life Cycle Inventory, LCI), the
functional unit is modeled in terms of the inputs and outputs that occur during its life
cycle, often as a composition of a number of sub-processes, which in turn entail their
own inputs and outputs. In step 3 (Life Cycle Impact Assessment, LCIA), the
cumulated input and outputs are characterized to quantify their environmental impacts
in various categories (midpoints), which can be aggregated to measure the overall
damages to areas of protection (AoP, endpoints). Several existing LCTA methods differ
in characterization factors, assumed time horizons, and impact and damage categories,
which is not predefined by the ISO standard. Figure 2 presents the characterization
exemplary for selected materials and midpoints, and based on the LCIA method
ReCiPe 2016 (Huijbregts et al. 2016). ReCiPe 2016 comprises 18 midpoints and the
three endpoints, damage to human health, damage to ecosystem quality, and damage
to resource availability, which are measured in disability-adjusted life years (DALY,
species-years (time-integrated species loss), and USD2013 (surplus costs), respectively.
Step 4 represents an iterative evaluation of the three aforementioned steps and of
intermediate and final results, as well as the provision of recommendations and
conclusions (European Commission 2010).
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2006a, 2006b). Exemplary cause-effect chains, impact categories (midpoints), and damage on areas of

protection (AoP, endpoints). ! characterization factors, midpoints, and endpoints are representative for
ReCiPe 2016 (Huijbregts et al. 2016).

Such a standardized approach with established impact and damage categories and
widely accepted characterization and damage factors does not yet exist for Social Life
Cycle Assessment (SLCA), the newest of the three LCSA methods (Goffetti 2020).
In 2009, the Guidelines for Social Life Cycle Assessment (GSLCAP; UNEP/SETAC
2009) were a first attempt to align SLCA with LCA methodologically and to enable
the assessment of “the social and socio-economic aspects of products and their positive
and negative impacts along their life cycle” (Petti et al. 2018, p. 422). The GSLCAP
and the succeeding GSLCAPO (Guidelines for Social Life Cycle Assessment of Products
and Organizations; UNEP 2021a) define six central socio-economic stakeholders (local
community, society, workers, consumers, value chain actors, children), comparable to
LCA’s areas of protection, and a total of 40 subcategories. In the accompanying
Methodological Sheets (UNEP/SETAC 2013; UNEP 2021b), a total of 292 generic as
well as site-specific qualitative, semi-quantitative, and quantitative indicators were
proposed to measure impacts in terms of these sub-categories (Table 1).

Analogously to LCA, SLCA follows life cycle thinking and attempts “to consider
impacts vertically through the supply chain” (Petti et al. 2018, p. 429). This separates
SLCA from more company- or site-specific frameworks for CSR (corporate social
responsibility), such as ISO 26000 (ISO 2010), the Sustainability Reporting Standards
(GRI 2021), AccountAbility 1000 (AccountAbility 1999), or the SA8000 Standard (SAI
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1997). The narrower and more horizontal scope of CSR eases its measurement. In
contrast, the intricacy of SLCA and of achieving methodological parity with LCA lies
in a standardized, guided, and non-arbitrary selection of suitable indicators (Kiithnen
and Hahn 2017) as well as in measuring a product system based on a functional unit.
In LCA, the environmental impacts of the functional unit are “directly linked with
physical input /output” flows (Wu et al. 2014, p. 4208) that refer to the functional unit
and that can be characterized (cf. Figure 2). SLCA assesses impacts on stakeholders
within the socio-economic system, and these impacts are “rather related to the behavior
of a company instead of the function delivered by a given product” (Wu et al. 2014, p.
4208). For practitioners, this means that a mere CSR assessment of the company or
specific sites is more practicable than a life cycle-based, vertical assessment of its and
its products’ social impacts along the value chain. In academia, the methodological
challenges lead to an imbalance in the development of SLCA. Most studies contribute
to a “bottom-up” development, i.e., learning about social impacts based on local case
studies, while more approaches that develop SLCA “top-down” are needed, or else one
risks overlooking cause-effect chains of decisions (Jgrgensen 2013, p. 298). Despite the
sharp increase in SLCA studies that could be observed after the initial publication of
the GSLCAP, SLCA in literature is still deficient despite the advances made. Achieving
parity with LCA by fully realizing and standardizing the life cycle idea and the systemic
approach of Industrial Ecology remains a research gap in SLCA - especially with
regards to functional unit definitions, indicator selection, data availability, and social
impact assessment (Kithnen and Hahn 2017; Petti et al. 2018).

Life Cycle Costing (LCC) is the third component of LCSA. Tts goal is “to capture
all costs across the life cycle”, complementary to LCA (Swarr et al. 2011, p. 390). In
contrast to the mere price of a product, costs occurring from cradle (e.g., R&D) to
grave (e.g., end-of-life, via the use phase) are “borne by different actors” (Swarr et al.
2011, p. 390) at different life cycle stages. An LCC thus may incorporate different
perspectives, such as the producer’s, the consumer’s, or society’s. Since this dissertation
focuses on the environmental and social pillars of sustainability and on the
advancement of the application of LCA and SLCA, a holistic and differentiated LCC
is not part of this work. Instead, as unlocking available environmental and social
potentials (of, e.g., WEEE recovery or 2G EtOH production) needs to be economically
feasible, the economic dimension is represented by the associated costs and revenues
from a producer’s perspective. Extending the existing work by a differentiated LCC
should, however, be part of a future research agenda (cf. section 3.2).
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Table 1. The six stakeholder categories and 40 subcategories defined in the Guidelines for Social Life
Cycle Assessment of Products and Organizations (UNEP 2021a) with numbers of generic and more CSR-
focused, site-specific indicators proposed by the accompanying Methodological Sheets (UNEP/SETAC
2013; UNEP 2021b).

Stake- Proposed indicators
holder site-

category Subcategory total  generic specific

Delocalization and migration
Community engagement

Cultural heritage

Respect of indigenous rights

Local employment

Access to immaterial resources

Access to material resources

Safe and healthy living conditions
Secure living conditions

Public commitment to sustainability issues
Prevention and mitigation of conflicts
Contribution to economic development
Corruption

Technology development

Ethical treatment of animals

Poverty alleviation

Freedom of association and collective bargaining
Child labour

Fair salary

Hours of work

Forced labour

Equal opportunities / discrimination
Health and safety

Social benefit / social security
Employment relationship

Sexual harassment

Smallholders including farmers

Health and safety

Feedback mechanism

Local Community

Society

Worker

Consumer privacy

Transparency

End-of-life responsibility

Fair competition

Value  Respect of intellectual property rights
Chain Supplier relationships

Consumer

Actors  Promoting social responsibility
Wealth distribution
Education provided in the local community
Children Health issues for children as consumers
Children concerns regarding marketing practices
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Six stakeholder categories with 40 subcategories and respective indicators: 292 112
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Introduction

In this dissertation, LCAs and SLCAs are conducted, and their results are integrated
into mathematical optimization models to quantify the effects of strategic network
design decisions. Strategic network design comprises the long-term planning tasks along
both forward and reverse supply chains (Nuss et al. 2015), such as facility locations
and capacities, the structure of the distribution system, supplier selection, and strategic
sales planning (Meyr et al. 2015). Mathematical modeling of complex real-world
decision problems (here: strategic decisions in supply networks) is at the core of the
field of Operations Research (Domschke et al. 2015, p. 3) and a typical approach to
solving network design problems (c.f., Goetschalckx and Fleischmann 2015). Here,
(mixed-integer) linear programming (MILP) is an important technique to
identify optimal decisions under certain restrictions. Decisions, i.e., degrees of freedom
of the decision-maker, are expressed as (partly integer or Boolean type) decision
variables (Suhl and Mellouli 2013, p. 6). They are taken according to a defined
objective, expressed as an objective function, and are limited by a number of linear
constraints, expressed as (in-)equations (Stadtler 2015). Parameters quantify the
contribution of a decision variable to the optimization of the objective function, i.e.,
the minimization of maximization of the objective value, as well as the contribution to
the exhaustion of the constraints. In the work at hand, LCA and SLCA results as well
as economic data are operationalized and used as input parameters in mathematical
optimization models. This allows for determining the effect of strategic network
decisions on different environmental and social categories and, by formulating
environmental, social, and economic objective functions, for identifying optimal
decisions for each category.

Dealing with a vast array of different environmental, social, and economic objectives
almost necessitates that two or more objectives are mutually conflicting, while others
may be mutually complementary or neutral. How conflicting two objectives can be
measured by the degree of goal achievement of one objective when optimizing the other,
and vice versa. Be z; the objective value of maximized objective i and z;(x) the
achieved value of objective i with a solution x, then z;(x)/z] is the degree of goal
achievement (Domschke and Scholl 2008). When x; is the optimal solution of another
objective j and z;(x}) < z;, then { and j are conflicting. In the contributions of this
dissertation, the term ‘opportunity costs’ is used to describe the percental detriment of
one objective i when maximizing another objective j, i.e., (Zl- (x) —z; ) /z}.

Usually, a solution x in a maximization problem is considered a suitable trade-off
between two conflicting objectives when it is Pareto-optimal, meaning that there is no
other solution x’, such that z;(x) > z;(x) and zj(x") = z;(x) (Chircop and Zammit-
Mangion 2013). However, the Pareto-optimal set may comprise several or even an
infinite number of non-dominated solutions. This requires a preference on behalf of the
decision-maker and a willingness to sacrifice a certain degree of goal achievement in
one or each of the objectives. There are several OR methods for multi-criteria (here:
bi-objective) optimization problems that are able to identify possible trade-offs. When
a meaningful set of weights exist to combine several objectives into one objective
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function, weighted sum approaches yield the advantage of simplicity and can produce
a set of Pareto-optimal solution. However, they cannot identify solutions in non-convex
parts of Pareto-optimal frontiers (Chircop and Zammit-Mangion 2013), and
determining the weights requires an a-priori preference of the decision-maker, which
may bias the balance between the diverse environmental, social, and economic
sustainability issues (Finkbeiner et al. 2010). In problems where the objectives can be
arranged in meaningful priority order (e.g., i > j), lexicographical optimization is a
possible method. Here, single-objective optimization of the dominant objective i results
in a set of optimal solutions, which constitute the solution space for the secondary
objective j. One disadvantage is that this is not feasible with only one optimal solution
for i and thus optimization of j requires i to be allowed to deviate from the optimal
solution to some degree (Domschke et al. 2015, p. 62). Furthermore, as this dissertation
aims at advancing the environmental and social dimensions in the application of LCSA,
a-priori prioritizing would counteract this goal. Two methods that rely on the individual
objective values of two objectives, z; and z;, are distance functions (e.g., goal
programming) and the e-constraint method. Distance functions minimize the overall
distance (1-norm, 2-norm (Euclidean), or higher) between achieved and desired values
(e.g., the objective values). They can, and sometimes need to, include a-priori weighting
factors with the aforementioned drawbacks, and relative instead of absolute distances
(Domschke et al. 2015, p. 65). The (here: equidistant) e-constraint method is another
way and a standard method to systematically construct an unbiased set of Pareto-
optimal solutions, from which a decision-maker can choose a posteriori. Between the
two anchor points z;(x;) and z;(x;), for both maximization objectives, a set of n values
ef and s}‘, with k =0,..,n+ 1, is determined with e}‘ = zj(x;) + (zj(x]’-*) - zj(xl’-k)) *

k

— (and vice versa for £f). By solving the single-objective problem

max z;(x)
s.t. zj(x) = e}‘

iteratively for each k and vice versa for z;(x) and &f, a Pareto-efficient frontier is
obtained. This is done in Contributions B, D, and E (section 1.2). The equidistant &-
constraint method yields the benefits of intuitive applicability in a bi-criterion problem
(Chircop and Zammit-Mangion 2013) with an unbiased view on the, e.g.,
environmental, social, or economic, objectives.

1.2 CONSTITUENT ELEMENTS OF THIS DISSERTATION

In this subsection, contributions A, B, D, C, and E (in this order, following the covered
sustainability dimensions) are summarized. Table 2 lists the constituent contributions
of this dissertation, with their different scopes, perspectives, products, industries,
methods, and sustainability categories. While Contributions A & B address technical
cycles by the example of (i.a.) business-to-customer (B2C) and business-to-business
(B2B) WEEE, respectively, Contributions D & E focus on the European bioeconomy
and second-generation bioethanol. Here, Contributions A & D assume a policy
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perspective on the municipal / regional and EU level, respectively, while
Contribution B is conducted from the point of view of an original equipment
manufacturer (OEM). Contribution A evaluates reuse potentials from a feasibility
perspective and thus follows the implicit sustainability goals of a circular economy, and
Contributions B & D & E explicitly assess environmental benefits and impacts of
decision-making in their respective application cases. Contributions C & E distinctly
address the social pillar of sustainability. Methodologically, Contributions B & D & E
are optimization studies and parameterize mixed-integer linear programming models
with (S)LCA-based data, while Contribution C explores the state of the art in socially
sustainable supply chain optimization by means of a structured literature review.

In detail, Contribution A addresses the technical cycle of a circular economy on a
regional and municipal level and for B2C products. The study quantifies the potential
for preparation for reuse in Bavaria. Reuse is the second priority of the European waste
management hierarchy after waste prevention and before lower-value recovery options
(Directive 2008/98/EC). The study presents a methodology for the quantitative
assessment of potentially reusable wastes, which is carried out for the case of WEEE,
used furniture, and used leisure goods at 61 waste collection points (Ger. Wertstoffhdfe)
in different urban or rural municipalities in the German state of Bavaria. For the
aforementioned wastes as well as other bulky products or ones with hazardous or
recoverable materials, municipally operated waste collection points and collection
containers are the primary disposal sites for consumers and thus are expected to yield
the highest reuse potential for B2C products (Parajuly and Wenzel 2017; Curran et al.
2007; WRAP 2011). 3,827 electric and electronic devices, 1,132 pieces of used furniture,
and 245 used leisure goods are examined. Each assessed piece is assigned a quality level
and, if the piece is damaged, a suspected cause of damage. Based on this assessment,
the piece’s theoretical potential for reuse is determined. For example, an undamaged
piece with high quality could theoretically directly be prepared for reuse, while a piece
with low quality is inapt for preparation for reuse and is thus only suited for lower-
value recovery options such as recycling. Between these extrema are those cases with
medium quality, where the damage has either been inflicted after the waste threshold,
i.e., at the collection site, or only before the waste threshold, i.e., during use. Unlocking
reuse potentials in these cases would require changes in the handling at collection sites
and fundamental political and market changes, respectively. The potentials determined
for the assessed sample are extrapolated to the overall waste streams in Bavaria (LfU
2016). Contribution A answers the following research question:

RQ1: What is the quality of different waste streams in different classes of
municipalities, and what are the causes of damages?

RQ2: What is the resulting theoretical potential for the preparation for reuse in Bavaria?

RQ3: Which actions recommendations result from the main obstacles to realizing this
potential at Bavarian collection points?
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Contribution B also addresses the technical cycle, but on EU level and for B2B
WEEE. According to the EU directive on WEEE, OEMs and retailers are obliged to
take back a large share of end-of-life products (Directive 2012/19/EU). This follows
the EU’s goal to collect and recycle, by 2019, at least 65% per year of those devices
put on the market in the three preceding years (Directive 2008/98/EC). However, only
Bulgaria, Croatia, and Poland met this quota in 2019, and 10 member states did not
even meet the previous target of 45% (Eurostat 2022). In addition, the vast majority
of collected WEEE is recycled instead of being reused, refurbished, or remanufactured.
The joint legal framework in the European Union and the importance of this waste
stream suggest notable economies of scale for OEM-borne recovery networks on the
European scale. Furthermore, as electronic equipment manufacturing is a significant
driver of environmental pressure (Quariguasi Frota Neto et al. 2010), higher-value
recovery options promise vast environmental benefits. However, collection and recovery
is often carried out by third-party logistics providers in lieu of OEMs and devices only
recycled, which is partially ascribed to bureaucratic obstacles associated with trans-
border registration of hazardous wastes (Nuss et al. 2016). This study thus explores the
benefits of optimal configurations of European networks for high-value recovery of
WEEE. The network’s configuration comprises decisions on the location and technology
of collection centers and recovery centers, on regional collection amounts by the OEM
and by third-party recyclers, on transportation flows between regions and collection
centers, as well as between collection and recovery centers. These decisions are linked
with economic (revenues, costs) and environmental (saved impacts of primary
production due to recovery, exerted impacts of the network) data. The latter are LCA
results in 21 categories (18 midpoints & three endpoints; cf. Figure 2). This includes
but is notably not limited to global warming. The problem is solved in a model for
mixed-integer linear programming (MILP), where each of the economic and 21
environmental categories represents separate objective functions. First, these 22
objective functions are optimized individually to determine optimal decisions and
resulting objective values for each category. Subsequently, conflicts and congruencies
between the 22 objectives are evaluated based on mutual opportunity costs, and
possible trade-offs are derived from Pareto optimization with the e-constraint method.
In detail, Contribution B answers the following research questions:

RQ1: What are optimal configurations of a Furopean WEEE recovery network?

RQ2: What are economic and environmental benefits of network configurations in
comparison to third-party recycling?

RQ3: How does the quantity of collectible WEEE affect the results?

In contrast to Contributions A and B, Contribution D addresses the biological cycle.
In particular, the study assesses the environmental potentials of second-generation
bioethanol (2G EtOH) in comparison with first-generation bioethanol (1G EtOH) and
fossil petrol in a network optimization study. Instead of taking an OEM perspective,
the assessment is carried out on the level of EU policy-making. Decisions of the generic
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Greenfield optimization model include feedstock (straw) sourcing and transportation,
locations and capacities of biorefineries, distribution of 2G EtOH, and whether to
substitute 1G EtOH or petrol. Similar to Contribution B, the model of Contribution D
comprises an economic objective and separate 21 environmental objective functions (18
midpoints & three endpoints; cf. Figure 2) with LCA-based parameterization. In
addition, as 2G EtOH is only just on the verge of commercialization (Hjuler and Hansen
2018), the study considers five different taxation scenarios to differentiate the economic
dimension further and to discuss political levers to support the creation of large-scale
production networks for 2G EtOH with the associated realizable environmental
benefits. Scenario T1 represents the status quo of bioethanol taxation in each EU
member state (European Commission 2020). In scenarios T2 and T3, an excise tax
abatement of -50% and -100% is assumed for each country, respectively. Finally,
scenarios T4 and T5 assume the introduction of an EU-wide carbon tax of €50 (based
on World Bank 2019) and €375 (based on Ricke et al. 2018), respectively. As in
Contribution B, the 22 objective functions are first maximized independently, and
opportunity costs and Pareto-optimal trade-offs between relevant objectives are
calculated, with particular attention to the different taxation scenarios. In detail,
Contribution D answers the following research questions:

RQ1: What are the benefits of optimal second-generation ethanol production network
configurations to substitute petrol and first-generation ethanol, considering different
environmental and economic aspects?

RQ2: Which environmental objectives are congruent, and which are conflicting
(considering LCIA midpoints and endpoints)?

RQ3: Which taxation scenario supports the scale-up of a second-generation ethanol
production network in the European Union?

By calculating opportunity costs and Pareto-efficient solutions, Contributions B and D
demonstrate that the environmental dimension should not be limited to global warming
(Sikdar 2021) and that decisions with a unilateral focus on one category may lead to
unwanted adverse consequences in a whole array of others. While the more holistic
approach of LCA is still lacking in many similar articles on strategic network
optimization, LCA’s applicability in such optimization models has been proven
(Eskandarpour et al. 2015). However, the same cannot be said about the social
dimension, where indicators are much more complex, subjective, and qualitative and
lack theoretical underpinning and often data (Chazara et al. 2017). This is particularly
true for positive and negative impacts of strategic decisions in Greenfield optimization
models. Contribution C explores the state of the art in integrating social aspects and
indicators in the field of strategic network design. In a structured literature study, 91
studies are identified and analyzed in detail. This includes, inter alia, whether CSR or
SLCA frameworks (such as the GSLCAP; UNEP/SETAC 2009) are cited, whether
framework citing leads to more quantitatively applied indicators, which social aspects
are addressed in optimization models with which application case, and which
quantitative indicators are used. Following this qualitative evaluation, the review
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analyzes how the social indicators are integrated as parameters in optimization models
of the 91 studies. This comprises 85 social objective functions and 14 socially motivated
model constraints. Lastly, the objective functions are analyzed for their unit (e.g.,
‘jobs’), especially in those few cases where more than one indicator is applied. In detail,
Contribution C answers the following research questions:

RQ1: What frameworks for social assessment are referred to, what social aspects are
considered, and how is their selection justified?

RQ2: How are social indicators incorporated into quantitative models?

Contribution C finds that indicators are often selected arbitrarily, the number of jobs
created is often the only applied indicator, and many studies rely on simplistic
weighting methods to assemble social parameters or to aggregate objective function
terms with different units. Contribution E addresses these research gaps. First, it
provides a best-practice approach for a structured selection of a comprehensive set of
quantitative and operationalizable social indicators based on existing SLCA
frameworks. Second, from the indicators and categories provided by the GSLCAPO
(UNEP 2021a), nine applicable SLCA indicators are selected and operationalized for
use as MILP model parameters. Based on the case and model of Contribution D, nine
social objective functions are formulated and solved individually, alongside the previous
economic and 21 environmental objectives. In addition, results from the Social Hotspots
Database (SHDB) are used to quantify global social hotspots in additional 25 categories
when optimizing different objective functions. Similar to Contribution B and D, but
with a particular focus on social optimization and social hotspots, Contribution D
answers the following first research question:

RQ1: What are the social benefits, impacts, and hotspots of socially, environmentally,

and economically optimal large-scale production networks for second-generation
bioethanol in the EU?

The prevalent neglect of the social dimension not only hinders a holistic ex-ante LCSA
of strategic supply chain decisions but also leaves decision-makers uninformed about
the impacts of their decisions on at least 7 SDGs entirely (cf. Table 3) and a vast array
of SDG sub-targets. The social, environmental, and economic categories assessed in
Contribution E can be linked with 16 of the 17 SDGs. In this way, the conflicts and
congruencies between them also represent the relation between the associated SDGs.
This approach enables decision-makers to pay attention to cases where the pursuit of
one SDG may potentially have negative consequences on another. This is reflected in
the second and final research question of Contribution E:

RQ2: Which SDGs are affected, and what are conflicts and congruencies between them?
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Table 2. Contributions A - E and their characteristics at a glance (with title & main or idealized research
question)

Contri-
bution

Sustainability Product / Perspective /
Type of study Methods dimension industry recipient

Potentials of preparation for reuse: A case study at collection points in the German state of Bavaria
RQ: What is the theoretical potential for preparation for reuse in Bavaria?
WEEE (B2C)

empirical observation (feasibility) used furniture
leisure goods

municipal / regional
policy-makers

Economic and environmental benefits of recovery networks for WEEE in Europe

RQ: What is the benefit of optimal configurations of a WEEE recovery network compared to
third-party recycling, considering economic and different environmental aspects?

MILP model economic

aipibisitbipipion Gy LCA environmental

WEEE (B2B) OEMs

How to quantify social impacts in strategic supply chain optimization: State of the art

RQ: What is the state of the art of integrating social aspects in the field of strategic supply
chain optimization?

state of the art review literature search social academia

Environmental benefits of large-scale second-generation bioethanol production in the EU:
An integrated supply chain network optimization and life cycle assessment approach

RQ: What are the benefits of optimal second-generation ethanol production networks to substitute
petrol and first-generation ethanol, considering different environmental and economic aspects?

MILP model economic

timizati tud .
optimization study LCA environmental

2G EtOH EU policy-makers

Assessing the social dimension in strategic network optimization for a sustainable development:
The case of bioethanol production in the EU

RQ: What are the social benefits, impacts, and hotspots of socially, environmentally, and
economically optimal large-scale second-generation bioethanol production networks in the EU?

MILP model economic EU volicv-makers
optimization study LCA environmental  2G EtOH po.ucy-
: & OEMs
SLCA social
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In one way or another, the five contributions themselves concern different Sustainable
Development Goals (SDGs). Table 3 shows which of the assessments made and insights
provided in Contributions A, B, D, and E can be linked with the 17 SDGs on the level
of the overarching goals, sub-ordinate targets (T), or even single indicators (I) of the
SDGs (the literature review of Contribution C not included).

Contribution A, with its narrow focus on the reuse of goods at municipal waste
collection points, lays the groundwork for an improvement of Target 6 of SDG11 and
especially Target 5 of SDG12 (“By 2030, substantially reduce waste generation through
prevention, reduction, recycling, and reuse”) on the municipal or regional level. Detailed
knowledge of the potential for reuse enables action recommendations for municipal or
regional policy-makers to unlock these potentials (Contribution A; Boldoczki 2022).
Furthermore, since product reuse yields significant savings potentials vis-a-vis primary
production in many cases (Boldoczki et al. 2020), the potentials presented in
Contribution A also serve as an upper bound of the overall achievable environmental
savings in various environmental impact categories identified in the follow-up article
by Boldoczki et al. (2021).

Contributions B and D provide detailed information on optimal configurations and
resulting environmental impacts of WEEE and second-generation bioethanol networks,
respectively, on the level of LCIA midpoints and endpoints. This allows for identifying
the implications for SDG3!, SDG62, SDG113, SDG124, SDG135, SDG146, and SDG157.
The economic evaluations of the two contributions are linked with SDG7 and SDGS.
Complementing the economically- and environmentally-focused SDGs, the results of
Contribution E concern the remaining, socially-focused SDGs (except for SDG17, the
targets of which are beyond the system boundaries of this dissertation’s contributions).
This is explored in more detail in Contribution E and the accompanying Supporting
Information.

1 linked to the endpoint human health and the midpoints stratospheric ozone depletion, ionizing
radiation, ozone formation (human health), fine particulate matter formation, and human carcinogenic
and non-carcinogenic toxicity

2 linked to water consumption

3 linked to fine particulate matter formation and land use

4 linked to mineral and fossil resource scarcity

5 linked to global warming

6 linked to ecosystem quality, marine eutrophication, and marine ecotozicity

" linked to ecosystem quality, ozone formation (terrestrial ecosystems), terrestrial acidification,
freshwater eutrophication, terrestrial ecotoxicity, and freshwater ecotozicity
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Table 3. Matching between Contributions A, B, D, and E and the SDGs, implicitly or explicitly, on the
level of the overall goals, their sub-ordinate targets (T), or individual indicators (I).

Sustainable Development Goals

s}
)
=

SDG1 NO POVERTY
T3  Double the [...] incomes of small-scale food producers |...|
SDG3 GOOD HEALTH AND WELL-BEING
T3 End the epidemics of [...] communicable diseases
T4 Reduce by one third premature mortality from non-communicable diseases [...|
T9 11 Mortality rate attributed to household and ambient air pollution --
Tc  Increase health financing |...] of the health workforce in developing countries |...| .
SDG4 QUALITY EDUCATION ' '
T1 Ensure that all girls and boys complete free, equitable and quality [...] education [...] .
SDG5 GENDER EQUALITY
SDG6 CLEAN WATER AND SANITATION ] ||
T1  Achieve universal and equitable access to safe and affordable drinking water for all -
T2  Achieve access to adequate and equitable sanitation and hygiene for all [...| -
T4 Increase water-use efficiency |...| & ensure sustainable withdrawals [...] of freshwater |...| ---
12 Level of water stress |...| . !
SDG8 DECENT WORK AND ECONOMIC GROWTH | | | |
T1 Sustain per capita economic growth |[...] -
T2  Achieve higher levels of economic productivity |...| ---
T5  Achieve full and productive employment and decent work for all [...], and equal pay |...] -
11 Average hourly earnings of female and male employees [...| -
12 Unemployment rate |...] -
T7 Take immediate and effective measures to eradicate forced labour [...] -
T8  Protect labour rights and promote safe and secure working environments for all |...] -
I1 Frequency rates of fatal and non-fatal occupational injuries |[...] .
SDG9 INDUSTRY, INNOVATION AND INFRASTRUCTURE I
T3 11 Proportion of small-scale industries in total industry value added .
SDG10 REDUCED INEQUALITIES '
T3 Ensure equal opportunity and reduce inequalities of outcome [...] . -
T3  Enhance [...] capacity for [...] sustainable human settlement planning |...]
T6 Reduce the adverse per capita environmental impact of cities |...]
12 Levels of fine particulate matter (e.g., PM2.5 & PM10) [...] (population
weighted)
SDG12 RESPONSIBLE CONSUMPTION AND PRODUCTION N
T2  Achieve the sustainable management and efficient use of natural resources ---
T5 Reduce waste generation through prevention, reduction, recycling and reuse
SDG13 CLIMATE ACTION
SDG14 LIFE BELOW WATER
T1 [...] reduce marine pollution of all kinds, in particular from land-based activities [...] ll.
SDG15 LIFE ON LAND
T1 Ensure the conservation |[...] of terrestrial and inland freshwater ecosystems |...| -.
SDG16 PEACE, JUSTICE AND STRONG INSTITUTIONS
T1 Significantly reduce all forms of violence and related death rates everywhere -
T3  Promote the rule of law [...| and ensure equal access to justice for all -
T5  Substantially reduce corruption and bribery in all their forms -
SDG17 PARTNERSHIPS FOR THE GOALS
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CONTRIBUTION A

POTENTIALS OF PREPARATION FOR REUSE:
A CASE STUDY AT COLLECTION POINTS
IN THE GERMAN STATE OF BAVARIA

Lukas Messmann”, Sandra Boldoczki, Andrea Thorenz & Axel Tuma
Published 2019 in the Journal of Cleaner Production, 211, 1534-1546.

* Corresponding author

Available under: https://doi.org/10.1016/j.jclepro.2018.11.264

ABSTRACT

This research addresses the second priority of the waste management hierarchy and
the demand for a circular economy. First, we develop a methodology for the
quantitative assessment of potentially reusable wastes. Second, based on empirically
retrieved primary data following the developed methodology, this study quantifies a
theoretical potential for the preparation for reuse of Waste Electric and Electronic
Equipment (WEEE), used furniture, and used leisure goods in the German state of
Bavaria. We find that between 13% and 16% of these waste streams could immediately
be prepared for reuse, depending on the type of waste. A further potential of 13% to
29% could be unlocked through changes to the mode of collection, storage, and the
overall treatment of wastes at Bavaria collection points. Most notably, 86% of
identifiable damage causes of WEEE are attributed to a lack of sufficient weatherproof
roofing. Conclusively, we derive four key action recommendations for unlocking existing
potentials.
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CONTRIBUTION B

ECONOMIC AND ENVIRONMENTAL BENEFITS OF
RECOVERY NETWORKS FOR WEEE IN EUROPE

Lukas Messmann”, Christoph Helbig, Andrea Thorenz & Axel Tuma
Published 2019 in the Journal of Cleaner Production, 222, 655-668.

* Corresponding author

Available under: https://doi.org/10.1016/j.jclepro.2019.02.244

ABSTRACT

The EU directive on Waste Electrical and Electronic Equipment (WEEE) imposes the
obligation to collect a large share of the end-of-life products on electronics
manufacturers. Environmental aspects, however, are often considered only
rudimentarily. Based on previous research and real-world data, a mixed-integer linear
programming (MILP) model of a European reverse network for WEEE is developed,
including collection, high-value recovery, or third-party collection and recycling. The
results comprise optimal network decisions and corresponding opportunity costs for
economic and 21 environmental categories (18 midpoints, three endpoints). The
evaluation of the environmental impact is based on data from the ecoinvent database,
characterized using the ReCiPe 2016 Life Cycle Impact Assessment (LCIA) method.
The results unveil conflicts and congruencies between the objectives. Collection and
high-value recovery are preferable in up to six countries for economically optimal
networks and in up to 15 countries with optimal benefits for global warming and fossil
resource depletion. Discrepancies in objective values are larger between economic and
most of the environmental solutions than in between most of the environmental ones.
The dimensions land use and freshwater eutrophication show the least conflicts with
the economic rationale. Solutions for mineral resource depletion prefer third-party
collection and recycling. Conflicts between solutions are resolved by the e-constraint
method. Sensitivity analyses show the robustness of key findings. This study
emphasizes the importance of a broad assessment of environmental impacts as well as
mutual economic and environmental opportunity costs in large-scale recovery networks

for WEEE.

25






CONTRIBUTION C

HOw TO QUANTIFY SOCIAL IMPACTS IN
STRATEGIC SUPPLY CHAIN OPTIMIZATION:
STATE OF THE ART

Lukas Messmann”, Victoria Zender, Andrea Thorenz & Axel Tuma

Published 2020 in the Journal of Cleaner Production, 257, 120459.

* Corresponding author

Available under: https://doi.org/10.1016/j.jclepro.2020.120459

ABSTRACT

The development of quantitative social indicators and methods for social impact
assessment is not yet on par with their environmental counterparts. This deficit is
especially apparent in strategic supply chain optimization. This literature study reviews
91 articles on strategic supply chain optimization to identify the state-of-the-art in this
field and to derive a meaningful agenda for future research. First, the review gives an
overview on social frameworks, how articles use them to justify the selection of specific
social aspects in their studies, and the differences in selected aspects between different
kinds of case studies. Second, the social objective functions are compared in detail. This
includes social indicators, i.e., how certain aspects are measured, and how they are
integrated in optimization models as input parameters. This allows for an analysis of
the relations between decision variables (e.g., for facility location or material flows) and
attributed social impacts, as well as of the aggregation of social impacts with different
units within the same function. Our results show that the number of created jobs is
often the only or primary indicator. If more than one indicator is employed in objective
functions, a sizable number of studies addresses the problem of aggregation by
weighting towards a dimensionless, generic social score. This review sheds light on the
need for more sophisticated methods of social impact assessment and social Pareto
optimization. It also assists researchers in identifying previously used, feasible
parameters in optimization models, in order to contribute to a more comprehensive and
more consistently applied set of social indicators.
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CONTRIBUTION D

ENVIRONMENTAL BENEFITS OF LARGE-SCALE SECOND-
GENERATION BIOETHANOL PRODUCTION IN THE EU:
AN INTEGRATED SUPPLY CHAIN NETWORK
OPTIMIZATION AND LIFE CYCLE ASSESSMENT APPROACH

Lars Wietschel*, Lukas Messmann, Andrea Thorenz & Axel Tuma

* Corresponding author

Published 2021 in the Journal of Industrial Ecology, 25(3), 677-692. This article met the requirements
for a gold-gold JIE data openness badge (http://jie.click/badges).

Available under: https://doi.org/10.1111 /jiec.13083
Corrigendum: https://doi.org/10.1111 /jiec.13255

ABSTRACT

The use of agricultural residues for the generation of bioethanol has the potential to
substitute fuels such as petrol or first-generation bioethanol and thereby generate
environmental benefits. Scientific research in this field typically confines the
environmental dimension to global warming, disregarding other environmental impact
and damage categories. By multi-criteria mixed-integer linear programming, this work
examines environmental benefits and economic viability of optimal second-generation
bioethanol production network configurations to substitute petrol and/or first-
generation bioethanol in the EU. The results comprise environmentally optimal
decisions for 18 impact and three damage categories, as well as economically optimal
solutions for different excise and carbon tax scenarios. The impact categories global
warming potential, particulate matter, and land use are affected the most. Optimal
network decisions for different environmental objectives can be clustered into three
groups of mutual congruencies, but opportunity costs between the different groups can
be very high, indicating conflicting decisions. The decision to substitute petrol or first-
generation ethanol has the greatest influence. The results of the multi-dimensional
analysis suggest that the damage categories human health and ecosystem quality are
suitable to unveil trade-offs between conflicting environmental impacts, e.g., global
warming and land use. Taking human health and ecosystem quality as environmental
decision criteria, second-generation bioethanol should be used to concurrently
substitute first-generation bioethanol and petrol (100% and 18% of today’s demand in
the EU respectively). However, economic optimization shows that with current
taxation, bioethanol is hardly competitive with petrol, and that excise tax abatement
or carbon taxes are needed to achieve these volumes.
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ABSTRACT

The complexity of social indicators and their subjective and often qualitative nature
render their inclusion into quantitative optimization models for network design and
strategic decision-making challenging. The social dimension is thus often implemented
only rudimentarily, thwarting a holistic sustainability assessment and neglecting many
of the social issues addressed in the Sustainable Development Goals (SDGs). This work
presents a structured process for including a comprehensive set of social aspects by
selecting applicable quantitative and regionalized social indicators. This approach is
applied to the case of second-generation bioethanol production in the EU. Based on
inter alia the Guidelines for Social Life Cycle Assessment of Products and
Organizations, the Social Hotspots Database, state-of-the-art literature, as well as
previous work, we compile 9 social objective functions and 25 functions for social
hotspot identification. They are evaluated alongside one economic and 21
environmental LCA-based objective functions in a mixed-integer linear programming
(MILP) model. Key results show that social optimization either leads to large, labor-
intensive or regionally focused, indicator-driven networks. Injuries and fatalities in the
feedstock sectors of Central and Eastern European countries is the primary social
hotspot. On the level of the overarching SDGs, SDG13 is most congruent with other
goals, while SDGT7 is hindered by pursuing other goals. This study’s approach is novel
in strategic network design and the European bioeconomy, and, by operationalizing the
social dimension, enables a more holistic life cycle sustainability assessment and the
consideration of the SDGs.
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1 INTRODUCTION

For decades, most companies oriented their strategic supply chain design solely towards
economic performance. To address the challenges of our time, the United Nations
formulated the Sustainable Development Goals (SDGs; United Nations, 2015) to
provide a common ground for peace, prosperity, health and education, reduced
inequality, while tackling climate change and biodiversity loss. In 2019, 72% of over
1,000 globally acting companies mentioned the SDGs in their reporting, although only
1% measured their actual performance (PwC, 2019). Companies are hence aware of
their role in achieving sustainable development, but not of their actual impact.
Incorporating operationalized environmental, economic, and social indicators as early
as in strategic decision-making is the basis of aligning with the 17 SDGs.

While the SDGs are the “high-level shared blueprint” (Valdivia et al., 2021, p. 1), the
Life Cycle Sustainability Assessment (LCSA) framework (UNEP, 2011) divides
sustainability into three pillars. For the environmental pillar, Life Cycle Assessment
(LCA) is a formally defined concept (ISO, 2006) that copes with both the product and
the strategic, more aggregated level. Unlike product-specific or site-specific assessments,
sustainable decision-making on a strategic and multi-regional scale, by nature, relies
heavily on aggregated and often generic data. In the field of strategic supply network
design, many studies have addressed both LCA-based environmental impacts and
economic feasibility in mathematical optimization models (Eskandarpour et al., 2015).
The case of social sustainability is more intricate: While taking or not taking a decision
has quantifiable repercussions in the economic and environmental dimensions, the social
implications of the decision are not always clear ex-ante. The complexity of social
indicators, their subjective and often qualitative nature, and a lack of data (Valdivia
et al., 2021) render their inclusion into quantitative decision-making models complex.
Existing social frameworks, such as the ISO 26000 (ISO, 2011) or the Sustainability
Reporting Standards (GRI, 2021), focus on ex-post evaluations, which allow for site-
or product-specific assessments (e.g., Kolotzek et al., 2018, Ren et al., 2015). In
contrast, strategic network design is located on a more generic level of aggregation and
includes Greenfield problems, where social considerations and their interconnectedness
with environmental and economic criteria (Valdivia et al., 2021) need to be quantifiable
before strategic decisions are taken.

Although general interest in the inclusion of social issues is observed in the literature
(Mujkic et al., 2018), the state-of-the-art implementation of the social dimension is far
from being on par with the economic and environmental dimensions (Barbosa-Povoa
et al., 2018). Recently, Messmann et al. (2020) reviewed 91 articles with social objective
functions for strategic network design and concluded: 1) most of the reviewed articles
(74%) do mnot cite any existing social framework, and only 14% use frameworks
specifically for identifying relevant social issues or quantifiable indicators (Ghaderi et
al., 2018; Mota et al., 2015b; Soleimani et al., 2017). Those articles that rely on
frameworks tend to cover more social issues, but the reasoning behind the selection is
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often not transparent, and there is no “best practice” process to build upon. 2) There
is only a small number of consistently applied indicators, and only a few studies include
several at once (Anvari & Turkay, 2017; Pishvaee et al., 2014; Zhu & Hu, 2017). Job
creation is the only issue that is reliably found in the majority (69%) of relevant
literature, mainly expressed by the total number of jobs created (Lin et al., 2019; Miret
et al., 2016; Mousavi Ahranjani et al., 2018; Roni et al., 2017). 3) There are hardly any
attempts of impact assessment or multi-dimensional analyzes, e.g., multi-criteria
optimization. Studies instead weight and aggregate the aspects by applying, e.g., the
AHP method (Jakhar, 2015; Sahebjamnia et al., 2018; Shokouhyar & Aalirezaei, 2017).
More quantitative approaches, such as the Social Hotspots Database (Benoit-Norris et
al., 2018) or the Product Social Impact Life Cycle Assessment database (Ciroth &
Eisfeldt, 2016), have not yet been applied in this field. Against this background, this
work sets out to accomplish the following research goal:

s Research Goal: Provide a best-practice approach for a structured and transparent

selection of a comprehensive set of quantitative and operationalizable social
indicators based on existing frameworks.

Since the selection of suitable indicators and their application are case-specific, we
present our approach in a case study in the context of the European bioeconomy.
Agriculture claims the largest share of anthropogenically used land, which is why the
use of renewable raw materials is subject to several tensions (Eurostat, 2021e; Hennig
et al., 2016; Thorenz et al., 2018). Anthropogenic land use is associated with high
environmental impacts in its current state (Lewandowski, 2015). Utilizing starch,
protein, oil-based, or other dedicated energy crops as a source for renewable energy and
materials (first-generation) as substitutes for fossil-based counterparts competes for
land with food security. These conflicts can partly be avoided by using harvesting
residues (second-generation). The bioeconomy thus represents a challenging application
case for multi-criteria strategic network planning and is linked to multiple SDGs.
Ultimately, we investigate the following research questions, which are addressed in
sections 2 and 3:

RS

» RQI1: What are the social benefits, impacts, and hotspots of socially,
environmentally, and economically optimal large-scale production networks for
second-generation bioethanol in the EU?

>

K/
*

RQ2: Which SDGs are affected, and what are interlinkages between them?

)
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2 METHODS

Subsection 2.1 first motivates and describes the case study. This is necessary, as the
focal supply chain, the geographical and system boundaries, and the level of aggregation
influence the outcome of the indicator selection, which is described in subsection 2.2.
Subsections 2.3 and 2.4 then select social indicators and integrate them into the
problem by formulating social objective functions and functions for social hotspot
identification.

2.1 Problem description

The case study is based on and extends the model presented by Wietschel et al. (2021;
Supporting Information S1, section 1). They use multi-criteria mixed-integer linear
programming (MILP; modeled with IBM ILOG CPLEX 20.1.0.0) to investigate
environmental benefits and economic viability of optimal second-generation (2G)
bioethanol (EtOH) production networks for petrol and first-generation (1G) EtOH
substitution in the EU. 2G bioethanol is based on lignocellulosic harvesting residues
(here: wheat, maize, barley, and rapeseed straw). No environmental impacts are
allocated for the growth phase; however, impacts of additional N-P-K fertilization to
compensate for nutrient losses through straw evacuation are considered (Wietschel et
al., 2021). From an LCA perspective, this work approximates the environmental
consequences of optimal decisions by predominantly consequential modelling in the
foreground system (e.g., avoided burdens), while using attributional background
databases (ecoinvent 3.5, accessed with SimaPro 9) with average processes (cf.
Schaubroeck et al., 2021) due to a lack of marginal process data (Supporting
Information S1, Table S17, gives detailed information on key modelling characteristics).

Figure E1 illustrates the value chain of 2G EtOH and the problem description with
sets and variables. The superstructure comprises the 91 NUTS-1 regions of the EU27,
in which all decisions are taken. They include feedstock sourcing (inter- or intra-
regional) to biorefineries, biorefinery locations and capacities, and bioethanol
production and distribution to substitute petrol or first-generation bioethanol. These
decisions are taken so as to maximize an economic or 21 environmental objective
functions. The environmental dimension comprises 18 impact and three damage
categories of the LCIA method ReCiPe 2016. The economic dimension is represented
by profit maximization in five tax scenarios. Scenario T1 represents the current
country-specific taxation of bioethanol. In scenarios T2 and T3, the excise tax is
reduced by 50% and 100%, respectively. Finally, scenarios T4 and T5 assume EU-wide
carbon taxes of €50 and €375, respectively.

Fertile land is used to meet a wide variety of human needs, and growing global
population aggravates the pressure on the limited land. This leads to the socio-economic
‘food, energy and environment” trilemma (Lewandowski, 2015, p.37), making the
inclusion of the social dimension particularly relevant in the given application case. The
environmental and economic objectives applied by Wietschel et al. (2021) cover nine
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of the 17 SDGs (Supporting Information S2, Details 3). Consequentially, seven socially-
focused goals and many subordinate social targets of all SDGs are not represented. The
approach presented in this section sets out to select and operationalize social indicators
to fill the existing gaps and promote all SDGs. The model is then solved for each
objective, trade-offs between different social, environmental, and economic categories
are analyzed through multi-objective optimization, and social hotspots are evaluated.
Lastly, the objectives are matched to 16 of the 17 SDGs (SDG17 is excluded since it
rather targets political cooperation to facilitate sustainable development worldwide
than explicitly socio-economic or environmental goals), and potentially positive and
negative impacts on the attainment of the SDGs are investigated.
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Figure E1. Value chain of 2G EtOH and visual problem description, including sets and variables of the
MILP model (cf. Supporting Information S1, section 1)

2.2 Selection of issues and indicators

This work presents a structured three-step selection approach (Figure E2) to identify
the relevant and quantifiable social issues in the given context. This ensures that the
social dimension is not exclusively represented by a single and arbitrarily chosen issue
and indicator but covers as many aspects associated with network decisions as possible.
In step 1 of the approach, suitable social assessment frameworks are selected. In step
2, relevant and quantifiable social issues are identified, and the irrelevant ones are
excluded. Readily (case-specifically) applicable indicators proposed by the selected
framework are directly adopted, and suitable operationalized indicators are developed
for the remaining issues. In step 3, the indicators are operationalized and integrated in
the MILP model. Here, we differentiate between optimizable social objective
functions (SOF'), where decisions exert distinctly positive or negative impacts, and
social hotspot functions (SHF), which provide ex-post insights on a plethora of
potential social issues along the global value chains. The realization of steps 1 to 3 is
detailed in sections 2.3 (for the path towards the SOFs) and 2.4 (for the SHF').
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Approach

Realization of the approach

for the application case of a large-scale 2G EtOH production network in the EU
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Figure E2. Approach for issue and indicator selection, operationalization and definition of indicators,
and the formulation of social objective functions and social hotspot functions.

2.3 Social objective functions

Step 1 (framework selection): While the SDGs are the overarching and globally
accepted framework, their subordinate targets and indicators are not precisely designed
to measure the impacts of specific supply chain decisions but rather to evaluate the
progress of municipalities, countries, and humankind towards sustainable development.
On the other end of the spectrum, there is a vast array of frameworks for evaluating
social aspects in specific value chains and for certifying companies. Norms and
standards such as the Sustainability Reporting Standards (GRI, 2021), the SA8000
(SAI, 1997), and the ISO 26000 (ISO, 2011) are among the most frequently cited
frameworks in network design studies (Messmann et al., 2020), but are often rather
designed for site-specific assessments or auditing suppliers and companies’ existing
supply chains. While the Guidelines for Social Life Cycle Assessment of Products and
Organizations (GSLCAPO; UNEP, 2020) and their methodological sheets (UNEP,
2021; UNEP SETAC, 2013) also feature mostly site-specific and qualitative indicators,
they explicitly focus on decision-making processes and are more product-focused
through their kinship with environmental LCA. For the case of a bioethanol production
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network, the GSLCAPO with its indicators for 40 social issues (subcategories)® are
viewed as a suitable foundation for quantifying distinctly positive or negative social
impacts.

Step 2 (indicator exclusion/selection): We successively reduce the given set of 40 social
issues by excluding those of the 292 indicators that cannot be operationalized in this
case study for different reasons: 175 indicators are only site-specific with no generic
applicability in this aggregated Greenfield problem (e.g., the indicator measures social
impacts that heavily depend on the actual location of a facility or how an existing
facility is operating). 42 indicators are not affected by any model decision or do not
apply to the case of bioethanol production (e.g., the indicator refers to unrelated
products or regions, or model decisions are assumed to not impact the aspects measured
by the indicator). For 53, the effect of decisions on this indicator is ambivalent (when
the indicator measures impacts that may be associated with the decision, e.g., political
circumstances, but the decision’s impact cannot be classified as distinctly positive or
negative), and 14 indicators are redundant (e.g., when several indicators are proposed
that measure the same aspect, e.g., poverty) on the aggregated level of the model
(detailed selection and exclusion process in Supporting Information S2, Details 1). This
leaves eight social issues, which are the basis for developing social objective functions
(SOF). For some, the GSLCAPO provide readily applicable indicators in this
application case; for others, their operationalization and use as parameters in
mathematical objective functions is based on existing approaches in this field (Kiihnen
& Hahn, 2017; Messmann et al., 2020), GSLCAPO’s data source suggestions, and own
developments (Tables E1 & E2).

8 The methodological sheets of 2013 proposed 189 generic and specific indicators for the 31 social issues
(subcategories) in five stakeholder categories of the 2009 edition of the Guidelines for Social Life Cycle
Assessment of Products (GSLCAP). The new 2020 GSLCAPO add nine social issues (subcategories) and
a sixth stakeholder category (children). An according new version of the methodological sheets with
complementing new indicators was released in 2021. It adopts a 107 of the previously existing indicators
and adds 103 new, mostly site-specific ones (new generic indicators are often only given in terms of
possible data sources, which we count as one). This results in a combined set of 292 indicators (see
Supporting Information S2, Details 1).
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Table E1. Selected social issues and their indicators, as presented in the GSLCAPO and the
methodological sheets

Indicator proposed

Operationalized

by the indicator(s) for the
Social issue  methodological Social objective case of 2G EtOH
(subcategory) sheets function (SOF) production in the EU Data sources
Local Unemployment SOF1 Unemployment rate by  Eurostat (2021h),
employment statistics by country Local employment region (World Bank, 2021f)
Access to Levels of industrial SOF2 Water use in the FAO (2021)
material water use Water use network; water stress
resources level by country
Safe and Pollution levels by SOF3 Air emissions in the Anderson et al. (2004),
healthy living  country Living conditions network; excess EEA (2021), WHO
conditions mortality from air (2021), Eurostat

pollution by region;
population density by
region

(2021g), Health Effects
Institute (2020),

WHO (2018), World
Bank (2021d, 2021e)

Prevention and
mitigation of
conflicts

Is the organization
doing business in a
sector that features
linkages to conflicts?

SOF4
Land-food conflict

Land occupation in the
network; agricultural
caloric yield by region

Eurostat (2021b),
Lee et al. (2016),
World Bank (2021a)

Contribution to Economic situation of ~ SOF5 GDP per capita by Eurostat (2021d), IMF,
economic the country/region Economic region (2021), World Bank
development (GDP, []) deuelopment (2021C)

Fair salary Non-poverty wage by SOF6 Wages by country and  Catherine Benoit-

country

Fair salary

sector; poverty threshold

Norris et al. (2018),

by country World Bank (2021b)
Health and Number/percentage of  SOF7a Number of non-fatal Eurostat (2021a,
safety injuries or fatal Workers’ health & accidents by days lost, — 2021f), ILO (2021a,
accidents in the safety country, and sector; 2021b)
organization [...] number of employees by
country and sector
SOF7b Number of fatal Eurostat (2021a,
Workers® health & accidents by country 2021f), ILO (2021a,
safety and sector; number of 2021b)
employees by country
and sector
Smallholders (new subcategory since  SOF8 Area share of small Eurostat (2021c), FAO
including 2020, no indicators Smallholder agricultural holdings by (2000, 2010, 2020)
farmers available yet) farming region

Step 3 (objective function formulation): The social objective functions represent social
fields of action, where strategic network decisions exert distinctly positive or negative
impacts. Table E2 lists the SOF's with a verbal description and their generic calculation
scheme. The SOFs are formulated as maximization functions as they consider the
impacts and benefits of both the network itself and of substituting the two reference
products. The specific parameter calculations and objective function formulations are
provided in detail in Supporting Information S1 (sections 2.1 and 2.2).
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Table E2. Social objective functions. DV, generically represents all decision variables (detailed in
Supporting Information S1, section 1), broken down by region r, to illustrate the relation between
network decisions and the various social parameters. DV, thus may stand for feedstock provision and
transportation, biorefinery construction, 2G bioethanol production and transportation, and substitution
of 1G bioethanol or petrol. The complete mathematical formulation of the SOFs, including substitution,
and the calculation and sources of the model parameters are provided in Supporting Information S1.

Social objective functions

SOF1 (Local employment) weights the number of jobs created by the network decisions with a parameter for
the regional unemployment rate relative to the EU27 average. In this way, jobs created in regions with higher
unemployment rates are favored (cf. Mota et al., 2015a; Zahiri et al., 2017; Zhalechian et al., 2016).

unemployment rate,

maximize: DV, x job factor, *
unemployment rateg;,7

SOF2 (Water use) weights the water used in the network with country-specific water stress levels, which is also
the indicator of SDG6.4 (FAO, 2021)

water stress level,

maximize: DV, x water use *
water stress levelgyrope

SOF3 (Living conditions) weights network-induced air emissions with regional population density and the
calculatory marginal excess mortality per pollutant of each region.

excess mortality,*population density,

maximize: DV, * air emissions * - - -
excess mortalitygy,,*population densitygy,,

SOF4 (Land/food conflict) weights the potential loss in agricultural production by the network’s land
occupation by the regional caloric grain yields. This is contrasted with the potential gain in cultivation areas
through the substitution of the references (e.g., the substitution of 1G EtOH would free up land that would
instead be available for food production).

maximize: DV, x land occupation * yield, * caloric value of wheat

SOF5 (Economic development) weights the created economic value added by network decisions with a parameter
for the regional GDP per capita (calculated as an input-output-based (Aguiar et al., 2016), sector-specific
weighted average) relative to the EU27 average. The regional GDP is one of the indicators proposed by the
methodological sheets and used as an indicator by the EU in its cohesion reports (European Commission, 2017).
The economic value of network activities is assumed to mirror the elements of the economic objective function,
i.e., higher costs contribute positively to SOF5. This assumption neglects induced values that, e.g., a newly built
facility may add to a local economy but ensures quantifiability (e.g., Govindan et al., 2016a; Zhu & Hu, 2017).

GDP per capitagy,;
GDP per capita, (global I-O-based weighted average)

maximize: DV, x economic value, *

SOF6 (Fair salary) weights regionally created jobs with the compound fraction between the average sector wage
in a country, the country’s poverty line, and the wage-poverty ratio on an EU27 average. Therefore, regions
with high relative sector wages and a low relative poverty threshold are favored.

daily wage, " poverty linegy,,

maximize: DV, * job factor, * — -
daily wagegy,, poverty line,

SOF7a and SOF7b (Workers’ health and safety) use 10-year averages of lost employee-years and fatalities,
respectively, per employee due to work accidents by country and sector to determine the number of employee-
years and lives, respectively, that can be expected to be lost through network decisions or to be saved through
substitution.

maximize: DV, * job factor, * avg.employee-years lost,
maximize: DV, x job factor, * avg.lives lost,

SOF8 (Smallholder farming) focuses on the economic value of feedstock regionally sourced in the network.
The value is multiplied with the input-output-based, sector-specific weighted average over the area share of
smallholder farms (< 2 ha) as well as the fraction of economic value channeled to agriculture.

feedst. gri

. . . a, . . .
maximize: DV * economic value ,.° = x area fraction of smallholdings, (giopal 1-0-based weighted average)
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2.4 Social hotspot functions

Step 1 (framework selection): The social objective functions are network-centered in
their goal and scope, as global implications are mostly beyond the system boundaries
of the decision-making process. However, regional decisions in a globalized economic
system may also entail global implications. Therefore, and similar to Fiirtner et al.
(2021), the network-centered social objective functions are complemented by results
from the Social Hotspots Database V4 (2019) (Benoit-Norris et al., 2018), accessed via
SimaPro 9.2.0.1. It provides country- and sector-specific social risks as well as an impact
assessment method and is methodologically based on the GSLCAPO. The SHDB uses
160 indicators, data on labor intensity, and the underlying input-output model of the
Global Trade Analysis Project (GTAP 9) (Aguiar et al., 2016) to accumulate social
risk values along global value chains (so-called social hotspot indices; Benoit-Norris et
al., 2018) for 140 countries and 57 sectors in 5 impact categories with 25 subcategories
(cf. Supporting Information S2, Details 2). Risk values are expressed in medium risk
hour equivalents (mrheq) per USD2011.

Step 3 (hotspot function formulation): The social risk values highlight existing social
issues along global value chains in 25 subcategories. They are used to compile 25 social
hotspot functions (SHFs; Supporting Information S1, section 2.3) by composing a
product /process system from the twelve different GTAP sectors that the network
activities (i.e., decision variables) comprise (Supporting Information S1, Figure S1).
The SHDB-based risk entailed in a process is proportional to its economic value,
mirroring the economic objective function. Thus, the risk value of a sector (converted
to mrheq/EUR2020) in a country is multiplied by the economic value (in EUR2020)
associated with decisions (e.g., biorefinery construction costs). For substituted products
(e.g., petrol), the economic value can be interpreted as saved costs. The result is an
absolute hotspot value (in mrheq), i.e., the aggregate of all risks entailed by all decisions
taken in the production network. Therefore, production networks of different sizes are
hardly comparable in absolute risk values, but the risk accumulated (or saved) per ton
of 2G EtOH is more meaningful.

The social risks in different sectors or countries are explicitly not provided to induce
divestment incentives from regions with high risks but instead aim to shed light on
social issues to facilitate a positive development. This may imply that the greatest
opportunities for improving social issues can be found in regions with high social risks
(Benoit-Norris & Norris, 2015). Due to ambiguous cause-effect relations and the
uncertainty, whether activities, expressed by the model’s decision variables, are levers
for the better or reinforce adverse circumstances, the social hotspot values are not
optimized. This contrasts with the social (and economic and environmental) objective
functions, where one unit of a decision variable has distinctly positive or negative effects
on the respective social indicator. Instead, the 25 hotspot functions are quantified by
co-calculation when optimizing other objective functions. This implies that the
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awareness of risks for e.g., questionable labor practices in a supply chain, enables a
positive social development and due diligence of the respective operating companies.

3 RESULTS

Subsections 3.1 to 3.3 corresponds to step 4 of the presented approach. 3.1 presents the
socially, environmentally, and economically optimal production networks, 3.2 discusses
the results of Pareto optimization between different pairs of objectives, and 3.3 provides
the results of the social hotspot assessment. Subsection 3.4 corresponds to step 5 and
presents the impact of the objective functions on the SDGs semi-quantitatively.

3.1 Sustainable network planning

Since the production of 2G EtOH is more expensive than 1G EtOH and petrol (Padella
et al., 2019), with current country-specific taxation, 2G EtOH can only be sold
economically in countries with an excise tax reduction, leading to very small production
networks (see Supporting Information S1, Figure S4). In the following, the economic
dimension is represented by tax scenario T3 since an excise tax reduction of 100% in
all EU member states offers the most clear-cut economic-environmental trade-offs.
Figure E3 presents production networks for selected objective functions of the three
sustainability pillars. The economic optimization leads to a production network of
primarily high-capacity biorefineries and is concentrated in countries of Central and
Eastern Europe (CEE), with additional biorefineries in the EU’s ‘breadbasket” in
central France. Both are characterized by an abundant feedstock supply, and CEE
countries additionally yield the economic advantage of below-average costs. The 26
biorefineries can valorize about 47% of the total feedstock potential to produce 11 Mt
of second-generation bioethanol, which could substitute 10.8% of the total current
petrol demand. The objective value of €1.55 billion (i.e., the profit) is relatively small
compared to the network costs of €11.25 billion, which hints at a higher sensitivity
towards model parameters. The environmental dimension is represented by the
objectives global warming and land wuse, which are two relevant (cf. Supporting
Information S1, section 3.2) and conflicting (cf. Supporting Information S1, section
3.7.1) environmental impact categories. While optimization of global warming leads to
100% utilization of the available feedstock to substitute as much petrol as possible, the
objective land use exclusively substitutes first-generation ethanol, utilizing 20% of the
available feedstock. Optimizing global warming results in a total benefit of 58.3 billion
tons of COy saved, while optimizing land use would only save 7.5 billion tons. Since
the entire demand for 1G bioethanol is substituted with land use optimization, over
11.3 billion m? annual cropland eq. could be saved, which would then be free for
alternative uses such as additional food production or ecosystem restoration (the
implications of this change are beyond the scope of this work). In contrast, the
optimization of global warming would increase the land use impact of the network by
1.9 billion m? annual cropland eq. Apart from minor differences due to slightly adjusted
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parameters (cf. Supporting Information S1, Appendix 6), the results align with
Wietschel et al. (2021).

The SOFs and their results can be divided into results for those SOFs where the
network itself yields benefits (SOF1, SOF5, SOF6, SOFS8), and SOFs where benefits
are generated through substitution (SOF2, SOF3, SOF4, SOF7). Results for the former
are mainly comparable to the results of the global warming optimization. While also
suggesting about 100% feedstock sourcing, the substitution decision is less determined
by the effects of the substitution itself. Instead, the social objectives aim to exploit
opportunities, e.g., to create additional jobs or economic value where possible, and
subsequently, substitute demand within the model’s constraints (cf. Supporting
Information S1, section 2.4). Even though optimization of SOF5 (economic
development) results in the substitution of 93% of the 1G EtOH demand (compared
1.2% for SOF1 and 1.9% for SOF6), the values of SOF1 (local employment) and SOF6
(fair salary) deteriorate by only 19%, when SOF5 is optimized (cf. Supporting
Information S1, Figure S21). These social objectives lead to distinctly negative
economic objective values in every tax scenario, especially with SOF5 (T1: —€19.6
billion, T2: —€14.5 billion, T3: —€11.0 billion, T4: —€17.8 billion, T5: —€8.4 billion).
The other group of social objectives is more diverse in terms of feedstock sourced
(ranging from 1%, SOFT7b, to 97%, SOF3), and depend more on the regional
characteristics of their parameters. For example, 2G EtOH production for SOF2 only
takes place in countries with a low water stress level and also needs the benefits of
substituting water-intensive 1G EtOH to operate viably. Lastly, the total risk value
displayed in Figure E3 (in mrheq per ton EtOH) reflects global social hotspots
connected to the respective solution. A concentration on CEE countries (e.g., SOF2)
or a focus on less developed regions (e.g., SOF5) entails significantly higher social risks
than networks with large production capacities in Western European countries (cf.
section 3.3).
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Figure E3. Optimal biorefinery locations and capacities (the size of cylinders corresponds to the capacity)
and regional amounts of feedstock sourced (green shades, in metric kilotons) for six objectives. The
legend also includes respective percentages of total feedstock collected (pie chart), the percentages of 1G
demand and fossil petrol demand substituted (bar charts), the total number and total capacity of
biorefineries (BRs & cap.), the number of jobs created and lost, as well as the total risk increase over all
SHFs (in mrheq per ton). Figures S4-S15 in Supporting Information S1 display analogous information
for the economic objective in four tax scenarios, four environmental objectives (E2, M1, M5, M15), and
eight SOFs, and in terms of amounts of feedstock sourced, jobs created, and hotspot values accumulated.

3.2 Pareto optimization

Pareto optimization reveals the leverage of the different social parameters on the
regional distribution of the activities. Regional differences are only discernible in
nuances once 100% of the available feedstock potential is sourced (cf. Figure E3). If the
social dimension were not forced into a tight corset of constraints (Supporting
Information S1, section 2.4), the complete production would occur in the region with
the highest social parameter value (e.g., the highest unemployment rate). When an
economic constraint is introduced in Pareto optimization (applying the equidistant e-
constraint method), and less than 100% of the feedstock is sourced, regional social
aspects emerge more clearly.
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Figure E4 displays Pareto-optimal frontiers between the economic objective (in tax
scenario T3) and SOF1, SOF5, SOF6, and SOF2, visualizing network configurations at
three points along the frontier in terms of created jobs.

The single-criteria economic optimization leads to 58,805 additional jobs, mainly in
CEE countries and northern France (cf. Figure E3), while 5,457 jobs are assumed to
be lost due to the substitution of petrol. This net job creation of 53,348 already
corresponds to 42,1% of the value when maximizing SOF1 (local employment, 126,697).
Once SOF1 is introduced as an additional objective, the network starts to shift to
regions with high unemployment rates in Spain and Italy (point a). Greece hardly
benefits from SOF1 due to its scarce feedstock supply. When sacrificing 11% profit, the
pure number of jobs created increases by 30% (from 53,348 to 69,365), but the objective
value of SOF1 (in unemployment-weighted job equivalents) improves by more than
49% (from 43,378 to 64,781). These effects become more pronounced with increasing
preference for SOF1 (point b). Beyond point (c), where almost all feedstock is sourced,
the gradient of the Pareto frontier becomes steeper, meaning that marginal social gains
are disproportionately more expensive. Here, only a few regions with a combination of
high costs and low unemployment rates are exempted (e.g., Southern Germany,
Austria, the Netherlands).

Multi-criteria optimization between the economic objective and SOF5 (economic
development) discriminates economically strong metropolitan regions such as most
capital regions and economically strong countries and favors regions in CEE countries
and northern France (a and b). Even though regions of central and western Spain also
have favorable model parameters due to a comparably low GDP per capita, these
regions are not selected. The preference for CEE countries can be explained by the
benefits in profitability and GDP, while costs indices in Spain hamper profitability.
Notably, with a further preference for SOF5 (c), the network is only slightly larger
than for (a) and (b), since additional gains for SOF5 are mostly realized by shifts in
sourcing and transportation decisions. When higher SOF5 values are obtained, profit
drops disproportionately to its lowest value in any of the curves with over —€10 billion.

SOF6 (fair salary) favors regions with high sector wages relative to the poverty
threshold. Regional differences in Pareto optimization are slightly more pronounced
than with the other SOFs. Italy, in particular, profits from SOF6 but also selected
regions in France, Spain, and Germany. The Pareto-optimal frontier has, at first, only
a small gradient, meaning that SOF6’s objective value can be tripled while remaining
profitable (point c¢). After that point, the value again drops disproportionately.

Unlike the afore shown SOFSs, benefits for SOF2 (water use) are generated through
substitution and not by the network. As the economically preferential regions are
coincidentally also, in large parts, regions with a lower water stress level (mostly CEE
countries), the network structure does not change much along the Pareto frontier.
Trade-offs concern almost only the substitution decision, and positive objective values
can be realized for both objectives, as long as petrol is neither exclusively substituted
(as left of point a) nor substituted too little (as right of point c).
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Figure E4. Selected Pareto-optimal frontiers between different social objective functions and the
economic objective in tax scenario T3. The graphs include the substituted reference products on the
secondary axes as stacked area plots. For three Pareto-optimal points, the optimal network design is
displayed as maps that visualize the net number of regionally created jobs as blue/red shades. (a)
corresponds to the Pareto point closest to 90% of the optimal economic objective value, (b) represents
a numerical “compromise point” (i.e., with the shortest Euclidean distance to the two optima), and (c)
is the last point with an economic profit. The legend also includes respective percentages of total
feedstock collected, the total number of biorefineries, and the net number of jobs created and lost. Figure
S17 in Supporting Information S1 displays analogous Pareto curves for pairs of different objectives
(economic, E2, SOF1) and the effect on the respective third category.
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3.3 Social hotspots

Figure E5 shows social hotspots in networks of selected objective functions. Over all
objective functions, SHF6 (freedom of association, collective bargaining, and right to
strike) is the most relevant hotspot, followed by SHF4 (forced labor), SHF12 (tozics
and hazards), and SHF13 (injuries & fatalities) (cf. Supporting Information S2; Figure
S3). Significant risks in a country-sector are either due to high specific risk values or
stem from a high share of network activities, which is why the feedstock sector with its
high percentage in the overall production costs has by far the most prominent social
hotspots, regardless of SHF.

The economic objective entails the most distinct hotspots and is exposed to 33% higher
risk than global warming (12,960 compared to 9,739 mrheq/t). The relatively high risks
can be explained by a focus of activities on CEE countries, which, on average, have
higher social hotspot values. The feedstock sector in Romania has the highest
contribution in most of the hotspot functions, contributing up to 27% to the total
injuries € fatalities risks. This is mainly attributed to Romania’s feedstock sector
inherently and the contributing chemicals sector (fertilizer provision). Likewise afflicted
with high social risks are Romania’s transportation and construction sectors and
Hungary’s feedstock sector. Networks based on the objectives global warming and land
use are less critical due to networks that are more widely distributed over all countries.
Here, Germany and France are also significant hotspots. This is primarily explained by
their large share in the value chain (cf. Figure E3) and secondarily (e.g., for SHF16)
by above-average indicator values in the SHDB (e.g., in Germany due to violent
xenophobic incidents combined with a comparably large proportion of immigrants;
Benoit-Norris et al., 2018; HIIK, 2021; UNHCR, 2021). Comparing land use with global
warming, the construction sector is more critical due to smaller biorefineries and
resulting lower scale effects. The network of local employment optimization slightly
emphasizes countries with higher unemployment rates like France or Spain, wherefore
they appear among the high-risk countries. Economic development favors economically
weaker regions. Since this objective in particular benefits from long-distance
transportation of EtOH, this sector is also subject to significant risks, especially in
terms of SHF4, SHF6, SHF20, SHF10 and SHF23.
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Figure E5. Relative contributions of country- and sector-specific social risks to the SHF's, in mrheq / ton
2G EtOH, co-calculated for different objective functions. Each diagram provides the country-sector
hotspots with the highest contribution to the respective SHF, not accounting for reduced risks due to
substitution. To ensure legibility, single country-sector combinations with risk >2% (approx. 23 mrheq/t)
of the height of the largest column (SHF6 for economic optimization) and country tags with >4% are
displayed. Figures S18-S20 in Supporting Information S1 evaluate the category-wise, regional, and
process-wise aspects (including substitution) of the hotspot analysis separately.
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3.4 Impact on SDGs

Together with the environmental and economic categories, the SOFs and SHF's cover
a broad range of the SDGs. Supporting Information S1 (Table S18) and S2 (Details 3)
show the matching of SOFs, SHFs, environmental and economic objective functions to
individual goals, targets, and indicators of the SDGs. By calculating pair-wise
opportunity costs (i.e., the percental detriment in one category when optimizing the
other; cf. Figure S21), conflicts and congruencies between the different optimizable
objective functions, and in turn, the interlinkages between the SDGs associated with
these functions, are evaluated (Figure E6). Figure S23 in Supporting Information S1
displays the same interlinkages but for affected SDGs associated with the non-
optimized SHF's. For insights on the relationships on the level of individual categories,
see Figures 524 and S25.

Optimization of obj. functions associated with: | & & = & o S 2 S =

2 2 2 = O] O} ) ) )
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Figure E6. Interlinkages between social, environmental, and economic objective functions on the level of
their associated SDGs, based on opportunity cost calculation (percental detriment in one category
compared to its optimal value when optimizing another). SDGs with optimized objective functions are
displayed on top, affected ones to the left. Categories are assumed to be fully congruent with a detriment
of less than —5% (+++), congruent between —5% and —50% (++), slightly congruent between —50%
and —95% (+), either neutral or unrelated between —95% and —105% (o), conflicting between —105% and
—150% (-), and strongly conflicting with a detriment of more than —150% (—). Two indications are
given for each pair of SDGs, representing the range between the most conflicting and the most congruent
relationship between two objective functions of the associated SDGs. The colored shades indicate whether
conflicts (red) or congruencies (blue) prevail qualitatively.
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As with conflicts and congruencies on the level of different objective functions, the
achievement of SDGs may be hindered or promoted by pursuing different goals. For
example, in terms of SDG13, networks optimal for all other goals range from slightly
to strongly co-beneficial, yielding the more benefits, the more petrol is substituted. In
the case of bioethanol, a large portion of conflicts between environmentally-oriented
SDGs stems from opposing substitution decisions, wherefore affected SDGs behave
ambiguously towards the others. This is the case for SDG2, SDG3, SDG11, SDG14,
SDG15, and, with the most pronounced tendencies, SDG6. Here, a production
network optimal in terms of M1 (global warming, SDG13) entails no co-benefits and
even jeopardizes the achievement of SDG6. In contrast, the optimization of objective
functions of SDG3 always leads to at least small co-benefits for SDG6 (e.g., E1 &
SOF3) and even comprises fully congruent objectives (e.g., M14 & M4).

Furthermore, there are conflicts between the three pillars of sustainability, such as with
SDG?7 (linked with the economic objective). Here, an optimal network entails minor
benefits and some detriments for the other SDGs but pursuing any other goals
compromises SDG7 strongly. Divides may also run between different targets within one
SDG, depending on the perspective and the sustainability dimension, or even within
one target, depending on the context. For example, SDGS8 can be divided into two
groups: The (corporate and profit-focused) economic objective (target 8.2) together
with health & safety issues (target 8.8.1), and (the societal and GDP-focused) SOF5
(target 8.1) together with employment (SOF1; target 8.5.2) and remuneration issues
(SOF6; target 8.5.1). The first group is highly conflicting with the second group and
all other SDGs, while the second group co-benefits from the others. Similarly, SDG12
with target 12.2 (natural resources) is divided into E3 (resource availability) & M17
(fossil resource scarcity), and M16 (mineral resource scarcity). The former generally
benefit from any bioethanol network, particularly from the substitution of petrol, while
the latter is impacted by the material requirements of the network itself, with only
minor substitution benefits.

4 DISCUSSION AND CONCLUSION

This study provides a best-practice approach for a structured and transparent inclusion
of a comprehensive set of social aspects. This is done by selecting applicable
quantitative and operationalizable social indicators from the Guidelines for Social Life
Cycle Assessment of Products and Organizations and the Social Hotspots Database.
The approach is applied in a network optimization model for second-generation
bioethanol in the EU. The complete set of categories encompasses economic, 21
environmental, and 34 social functions. The model thereby addresses 16 of the 17 SDGs
and extends existing work, especially by operationalizing the social dimension. The
results allow for identifying socially optimal decisions (social objective functions) and
evaluating possible social hotspots in global value chains (social hotspot functions).
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The different objective functions lead to four fundamentally different network
structures, some of which are closely related to the substitution decision. First,
economically optimal networks concentrate on lower-cost CEE countries to be
competitive with petrol prices in more expensive countries (especially in scenarios T1—
T3). The higher the subsidization (excise tax abatement or carbon taxation), the more
competitive bioethanol becomes, leading to more extensive production networks.
Second, several environmental objectives suggest an exclusive substitution of 1G
bioethanol with widely dispersed but capacity-wise small production networks (e.g.,
land use). The third group is similar to the second group in terms of exclusive 1G EtOH
substitution, but the networks are small to medium-sized and concentrated on regions
most favorable in terms of the respective regional social parameters. This is the case
for SOF2, SOF4, and SOF7. The fourth principal network structure comprises
environmentally optimal solutions that fully exploit the feedstock potential in large
production networks. Depending on the environmental objective, 2G bioethanol should
either substitute 1G bioethanol and petrol (e.g., ecosystem quality) or petrol exclusively
(e.g., global warming). Those social objective functions where the benefits (in e.g.
employment and regional development) stem from the network itself, as well as SOF3,
fall into this group. Here, the effects of substitution are less decisive than the size of
the network itself.

The feedstock sector of Romania constitutes the most significant social hotspot, to
which injuries & fatalities and freedom of association contribute the most. Therefore,
when a bioethanol producer decides to invest in these countries, due diligence and
supplier auditions are necessary to ensure safe working conditions. In addition,
construction and transportation sectors also entail notable risks that would, in practice,
need to be assessed in detail. This work takes only an ex-post and aggregated look at
the co-calculated (not optimized) social hotspot functions, since the risk scores from
the SHDB are designed to shed light on potential social grievances without inducing
divestment incentives from regions with high risks (Benoit-Norris & Norris, 2015). The
approach provides a valuable basis for decision-makers in strategic supply chain design
by pointing at hotspots. Subsequent analyses would be necessary in practice to
elucidate the circumstances behind each indicator, country, and sector value.

The analysis of interlinkages between SDGs supports the notion that sustainability of
strategic decisions is not universal but rather case-specific and varies between a
plethora of interlinked social, environmental, and economic criteria. Given the diversity
of the different goals, pursuing a specific goal will necessitate concessions in others.
SDGS8 and SDG12 are prime examples for why one action can benefit or harm not only
different sustainability goals differently but also targets and indicators within the same
goal. On a more thematic level, particularly the bioeconomy is at the center of tensions
between different stakeholders. European policy-makers could use the lever of taxation
(cf. Wietschel et al., 2021) to improve the competitiveness of 1G and 2G bioethanol
vis-a-vis fossil fuels to foster the achievement of inter alia SDG13 while simultaneously
realizing significant benefits in terms of, inter alia, employment (SDG8.5) and regional

50



Contribution E (working version)

development (SDG8.1). At the same time, this step could strengthen the energy self-
sufficiency of the EU and significantly reduce dependencies on energy imports from
countries with a questionable human rights record. This decision needs, however, to be
taken consciously. The labor intensity of residue harvesting and transportation and the
hereby accumulated risk for adverse social circumstances along the global upstream
value chains could create new hotspots that must be monitored. The decision would
also put further stress on land, water, mineral resources, and food security, especially
in the case of 1G ethanol. The discontinuation of subsiding 1G bioethanol alleviates
some of the latter tensions but prevents the full climate, employment, and regional
development potential from being unlocked. Especially corporate decision-makers need
to be aware of the likely hotspots in their specific value chains (section 3.3), but also
of the potential for environmental and social benefits that adjustments of strategic
decisions yield, which could be unlocked with sacrifices in profits (section 3.2).

It needs to be emphasized that this work does not present a full LCSA, lacking a
comprehensive LCC. The study rather aims at advancing the application of SLCA in
the field of strategic network design, at presenting results of social and LCA-based
environmental optimization on the same level, and at discussing the economic feasibility
of these results. Further research should complement this with a comprehensive LCC
including different stakeholders (Schaubroeck et al., 2019) and also evaluate a possible
aggregation of the results. In this study, we focused on the heterogeneous nature of the
various social and environmental categories to inform about the consequences of
decisions and possible undesired repercussions. While simple aggregated LCSA ‘“scores”
facilitate decision-making by reducing complexity, aggregation also bears the risk of
obscuring critical information and requires more elaborate and well-communicated
aggregation schemes (e.g., Zeug et al., 2021). It also bears mentioning that, while
aspects of 16 of 17 SDGs are covered, this study cannot address the interrelationships
between all SDGs, as the objective functions only relate to individual subordinate
targets or to the goals only ideationally. Furthermore, the most readily applicable
indicators are not necessarily those that society and academia should keep relying on
in the medium term. While the GDP is a commonly applied indicator in similar studies
and European cohesion policy (European Commission, 2017) with undoubted
advantages, the measurement of the well-being of the various societal stakeholders
should arguably go beyond this metric (Costanza, 2015; Hoekstra, 2019); instead,
metrics such as QALY (quality-adjusted life years) have been proposed (Weidema,
2006) and the importance of impact pathways between different area of protection is
emphasized (Schaubroeck & Rugani, 2017). Lastly, the selected set of indicators is
mainly limited by the focus of this study on strategic Greenfield decisions in the
European second-generation bioeconomy. Other authors may select or exclude
indicators for similar reasons as in the work at hand but compile a different or extended
set of indicators when adjusting the application case or scope.

This work illustrates that decision-makers, be it on a corporate level and following one
or more business objective functions, or on a political level and using the SDGs as a
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framework, need to be aware of reciprocities between the various criteria. Subjective
experience, socio-cultural conditions, personal values, or attitudes of decision-makers
play important roles particularly in environmentally and socially oriented decision-
making. This work provides an approach that allows decision-makers to also consider
a large number of different quantitatively assessed sustainability aspects and trade-offs
between them, thus supporting the rationalization of social and environmental criteria.
With evidence-based decision-making under consideration of socio-cultural
preconditions, second-generation bioethanol production has the potential to contribute
to a socially, environmentally, and economically sustainable development.
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3.1 KEY RESULTS & ADDED VALUE OF THE RESEARCH

Subsection 3.1 summarizes the results of the five contributions and discusses the value
they add to their respective field of research.

Contribution A° quantifies the potential for preparation for reuse at Bavarian waste
collection points. Results show that about 14% (16,361 t annually) of electric and
electronic devices, 13% of used furniture (142,710 t annually), and 16% of used leisure
goods could theoretically directly be prepared for reuse. This shows the large gap
between the goals of a circular economy and the status quo of reuse (with reuse quotas
of 0.5% and 6% for WEEE and furniture, respectively). It also underlines the need for
distinct reuse quotas of, e.g., 5% (Johnson et al. 2015; Queiruga and Queiruga-Dios
2015; Esenduran et al. 2016) next to the already existing recovery quota of 65%
(Directive 2008/98/EC), which is foremost attributable to recycling. Furthermore, a
significant fraction of goods disposed at Bavarian collection points are damaged at the
collection point, e.g., from being exposed to weather (particularly WEEE) or from being
handled in large collection containers. Based on the gathered results, four distinct
action recommendations for municipal and regional (Bavarian) policy-makers with the
respective unlockable potential for reuse are formulated.

The study was conducted as part of a research project titled ‘Potentialabschétzung
ausgewdhlter Abfallstrome fiir die Vorbereitung zur Wiederverwendung’ (Estimation
of the potential of selected waste streams for the Preparation for Reuse), which was
funded by the Bavarian State Ministry of the Environment and Consumer Protection.
Based on the results of Contribution A and the succeeding study by Boldoczki et al.
(2020), and in collaboration with the ministry, a practical guideline was compiled and
distributed to municipalities, waste management authorities, recycling companies,
collection point operators, and other stakeholders to foster an improvement in the
reusable volumes at Bavarian collection points (StMUV 2019). Academically, the
quantified potentials were subsequently used in the studies by Boldoczki et al. (2020,
2021), who assess the environmental savings potential from increased preparation-for-
reuse quotas in an integrated LCA and MFA approach. The formulation of action
recommendations was picked up and extended by Boldoczki 2022. Lastly, the results
were also appreciated on the European level when the study was included in ‘Science
for Environmental Policy’, the European Commission’s scientific news alert service
(European Commission 2019).

9 RQ1: What is the quality of different waste streams in different classes of municipalities and what are
the causes of damages? RQ2: What is the resulting theoretical potential for the preparation for reuse in
Bavaria? R@3: Which actions recommendations result from the main obstacles to realizing this potential
at Bavarian collection points?
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Contribution B0 and Contribution D!! stress the need for closing technical and
biological cycles to reduce the environmental pressures exerted by the socio-economic
system. Environmental benefits, ‘avoided burdens’, are achieved through substitution
of parts of the forward supply chain when recovering WEEE (Contribution B) or of
different product systems, in this case, fossil-based fuels or first-generation bioethanol
(1G EtOH), by second-generation bioethanol (2G EtOH, Contribution D). Both studies
also underline the need for an ex-ante, quantitative consideration of environmental
aspects ideally based on a holistic Life Cycle Assessment with a differentiated analysis
of the entire set of environmental categories.

Contributions B and D develop network optimization models for WEEE recovery
network and for 2G EtOH production, respectively. The studies present optimal
network decisions for 22 different economic and LCA-based environmental objectives,
assess conflicts and congruencies between objectives, and identify Pareto-efficient trade-
offs. In both studies, the results differ vastly between the different objectives, most
notably between economic and environmental ones, but also between different
environmental categories. Conflicts are often either due to the overall network size and
layout or, in the case of bioethanol, conflicting substitution decisions. Economically
optimal networks are often smaller. They are concentrated on Central and Eastern
European countries with lower labor costs. Economically optimal networks yield
notable environmental benefits in a number of environmental categories (e.g., global
warming), but most environmentally optimal networks are economically infeasible.
Only in scenario T5 of Contribution D (with a carbon tax of €375) do the economic
and most environmental objectives show a high degree of congruency, which would
enable a large production network for 2G EtOH and profitably substituting a fifth of
the petrol demand in the EU. However, economically and some environmentally
optimal solutions (e.g., global warming) can also be harmful in other categories,
underlining that other environmental issues besides global warming should not be
ignored (Sikdar 2021). For example, for any network for high-value WEEE recovery,
network impacts in terms of mineral resource scarcity outweigh the benefits from
avoided burdens, which is why WEEE collection should exclusively be carried out by
third-party recyclers for this objective. Similarly, substitution of fossil petrol yields

10'What is the benefit of optimal configurations of a WEEE recovery network from an OEM perspective
compared to third-party recycling, considering economic and different environmental (LCIA endpoint
and midpoint) aspects? RQ1: What are optimal configurations of a European WEEE recovery network?
RQ2: What are economic and environmental benefits of network configurations in comparison to third-
party recycling? RQ3: How does the quantity of collectible WEEE affect the results?

II' RQ1: What are the benefits of optimal second-generation ethanol production network configurations
to substitute petrol and first-generation ethanol, considering different environmental and economic
aspects? RQ2 Which environmental objectives are congruent, and which are conflicting (considering
LCIA midpoints and endpoints)? R@3: Which taxation scenario supports the scale-up of a second-
generation ethanol production network in the European Union?
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much smaller benefits in land use than the impacts that a network necessary to realize
these benefits would cause.

Contributions B and D add to existing research on strategic supply chain optimization
by their differentiated view on the level of environmental and LCA-based impact and
damage categories, which was hitherto neglected in lieu of greenhouse gas emission
alone or purely economic assessments. In addition, Contribution D adds to bioeconomic
research by taking an EU perspective and providing European policy-makers with a
differentiated decision support on how a scale-up of the European bioeconomy for
second-generation bioethanol can be achieved and which environmental benefits can be
realized. The results of Contribution D, in particular, underline the importance of
political guidance if unlocking the full environmental potential is politically desired.

Contribution C!2 presents a comprehensive and structured review of articles on
strategic supply chain optimization that include explicit social objective functions. The
results show that in many articles, social indicators are chosen arbitrarily. The number
of jobs created is the primary and often the only objective that is maximized. Other
objective functions use unitless, weighted social ‘scores’, aggregated a priori from, e.g.,
expert interviews with the Analytic Hierarchy Process (AHP) method. In those cases
where a study’s model does incorporate more than one social indicator in their objective
function, studies rely on weighted sums with predetermined weighting factors, where
the unit of and thus the relationship between the different social aspects remains
hidden. Among the observed studies, neither more advanced multi-criteria optimization
approaches between the social aspects, nor attempts of a social impact assessment are
observed. Contribution C illustrates the intricacy of and the subsequent clear research
gap that exists in integrating social aspects quantitatively into strategic planning. The
current state of the art at this intersection between Operations Research and Industrial
Ecology is nowhere near an appropriate representation of the diverse and complex
nature of the social aspects of strategic decisions.

Contribution E!3 addresses the research gap identified by Contribution C by
providing a best-practice approach for the inclusion of applicable social indicators into
strategic network design, applied to the case of 2G EtOH of Contribution D. The results
of nine social objective functions show that social objectives, just as environmental
ones, are heterogenous and may conflict with each other and with economic and
environmental goals in, e.g., overall network capacity, facility locations, and

12 What is the state of the art of integrating social aspects in the field of strategic supply chain
optimization? R@QI: What frameworks for social assessment are referred to, what social aspects are
considered, and how is their selection justified? R@2: How are social indicators incorporated into
quantitative models?

13 Research Goal: Provide a best-practice approach for a structured and transparent selection of a
comprehensive set of quantitative and operationalizable social indicators based on existing frameworks.
RQ1: What are the social benefits, impacts, and hotspots of socially, environmentally, and economically
optimal large-scale production networks for second-generation bioethanol in the EU? RQ2: Which SDGs
are affected, and what are interlinkages between them?
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substitution decisions. This heterogeneity partially stems from specific parameter
values (as is the case for environmental objectives, e.g., which substitution decision
yields higher benefits?), and partially from fundamental differences in how decisions
contribute to social benefits, i.e., whether substitution (avoided adverse social
circumstances) or the network itself (e.g., employment) yields the benefits. For
example, on the one hand, the objectives local employment and economic development
both favor as large networks as possible and have a high degree of mutual congruency,
while the network optimal in terms of water use is concentrated on a few favorable
countries with a low water stress level and can only beneficially be operated due to
substitution of the water-wise much more harmful 1G EtOH. On the other hand, water
use and economic development are rather congruent, while water use and local
employment are conflicting due to parameter-wise correlations between low water stress
levels and under-average economic development figures in Central and Eastern
European countries, and high water stresses and above-average unemployment rates in
southern European countries. In addition to operationalizing social indicators for social
objective functions, Contribution E also quantifies social hotspots, i.e., the risk for
socially adverse situations along global value chains, in 25 categories from the Social
Hotspots Database. This allows decision-makers to anticipate those social effects that
may have no apparent and direct connection with their decision. For example, many
economic, environmentally, and socially optimal networks aggregate high social risks
in terms of freedom of association, collective bargaining, and right to strike, especially
from agricultural network activities in Romania. Therefore, due diligence in local
supplier selection is necessary to avoid a realization of these risks in practice.

Contribution E adds to the field of strategic network design by integrating a
significantly more diverse set of social indicators into social objective functions than
hitherto state of the art. In addition, the identification of potential social hotspots
arising from strategic decisions is an informative tool for decision-makers. In particular,
this contribution demonstrates the need and presents a best-practice approach for the
consideration of all three dimensions of sustainability, as well as for how both corporate
and political decision-making can contribute to (or possibly hinder) the achievement of
the Sustainable Development Goals. Furthermore, by (1) evaluating results, conflicts,
congruencies, and Pareto-efficient solutions on the level of individual environmental
midpoints and social subcategories instead of presenting three monolithic LCA, SLCA,
and economic results, as well as by (2) evaluating the results on the level of the
overarching SDGs, Contribution E follows a more integrative approach to LCSA,
similar to and as advocated by, e.g., Zeug et al. (2021) and Goffetti (2020).
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3.2 OUTLOOK & FUTURE RESEARCH AGENDA

Subsection 3.2 identifies and motivates methodological and thematic pathways of
future research. Emsuing from this dissertation’s contributions, several different
research pathways lie ahead. They entail (1) methodological enhancements in the
application of the holistic LCSA approach, namely in terms of LCC, (2) an extension
of the tripartite sustainability pillars by climate resilience as an inherent goal and
desired feature of supply networks in view of global warming, (3) advancement in the
sophistication of the existing models, namely the introduction of stochastic
programming, which the aforementioned extension necessitates, and (4) the transfer of
the proven approach of integrating LCSA results into OR models to other thematic
areas, namely the European hydrogen strategy.

Of the three methodologies that make up Life Cycle Sustainability Assessment (Life
Cycle Assessment, LCA, Social Life Cycle Assessment, SLCA, and Life Cycle Costing,
LCC), LCC and thus the economic pillar of sustainability has been explored the least
in the contributions of this dissertation. Contribution B, Contribution D, and
Contribution E do include economic objective functions, which represent profit
maximization. While this was suited for these studies to evaluate trade-offs between
economic feasibility and environmental potentials, a holistic LCC, besides assuming the
same cradle-to-grave and cradle-to-cradle perspective as in LCA, may include more
angles than just the corporate and may include more components than product costs
and revenues. While upstream costs in a product’s life cycle, such as R&D, may be
included in corporate controlling, downstream costs associated with its end-of-life or
occurring during the use phase at the consumer are also part of a differentiated LCC
(Rebitzer et al. 2003). From society’s perspective, an LCC may also assume the
polluter-pays principle and internalize the costs that arise from the environmental
externalities during a product’s life, which are currently borne by society (Swarr et al.
2011). This includes restoration costs (e.g., health care costs due to environmental
pollution, ecosystem restoration, water treatment), compensation or damage costs (e.g.,
the value of lost health), or abatement costs (e.g., climate change) (CE Delft 2018;
True Price Foundation 2020).

With the severe challenges that humankind and ecosystems alike will face even in the
most optimistic scenarios of climate change mitigation (IPCC 2021), environmentally,
economically, and socially sustainable production and consumption will not suffice to
alleviate the serious risks posed by global warming and other human-induced global
crises. Climate change adaption (IPCC 2022) or, in a broader sense, climate resilience
becomes a mnecessity and should be considered alongside the three pillars of
sustainability. Resilience is a system’s ability “to maintain [...| or rapidly return to
desired functions in the face of a disturbance, to adapt to change, and to quickly
transform systems” (Meerow et al. 2016, p. 39) and thus entails both absorptive and
adaptive capacities (Folke et al. 2002). From the perspective of supply chain planners
and managers, extreme weather events induced by global warming pose the threat of
disrupting global supply chains (IPCC 2022) by causing direct damage to facilities,
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decreasing process water availability, increasing price volatility, and exposing
employees to increased disease risks (Langholtz et al. 2014). Agriculture and, with it,
the here assessed bioeconomy are particularly vulnerable to supply disruptions. In the
short term, weather extremes threaten crop harvests and increase yield variability (Ray
et al. 2015), and in the long term, less suitable conditions may lead to a decline in
average yields (Zampieri et al. 2019; Langholtz et al. 2014). Consequently, climate
resilience should arguably be included in supply chain planning, especially in the
context of bioproducts. Future research will provide an overview of resilience metrics
in various fields, explore the incorporation of resilience metrics in network optimization
models, and show which planning decisions support the creation of resilient second-
generation bioethanol networks in the EU.

As the rapidity in which a system is able to recover from a disturbance is one
characteristic of the system’s resilience, Meerow et al. (2016) emphasize the importance
of temporal scales in resilience thinking. In addition to disturbing events, the disturbing
trend of global warming supports this notion (Wardekker et al. 2010). The
incorporation of a ‘resilience dimension’ into the case study presented in Contributions
D and E requires the static optimization model of those studies (i.e., no temporal scale;
all decisions and parameters refer to one year) to be converted into a dynamic model
with a sufficient temporal scale. Stochastic linear programming is a common method
to account for the stochasticity of disruption events in optimization models (e.g., Li
and Grossmann 2021, Ahranjani et al. 2018, Torabi et al. 2015). This is often done
with a two-stage approach, where first-stage decisions are taken a priori, “here and
now”, based on known uncertainty parameters, while second-stage decisions represent
“wait and see”, and are taken depending on the manifestation of the stochastic elements
along the time horizon (Li and Grossmann 2021, p. 4). In the case of second-generation
bioethanol production networks, first-stage decisions comprise location and capacity
decisions, while second-stage decisions are dependent on inter alia stochastic supply
disruption scenarios and may comprise sourcing and transportation decisions.
Preliminary experiments with a converted dynamic stochastic programming model
based on the MILP model presented in Contributions D and E show that solvability
with the afore employed CPLEX solver is stretched to its limits. Therefore, future
research will explore the suitability of more sophisticated simulation-optimization
algorithms (cf. Amaran et al. 2014) for this application case.

Further potential for future research presents itself also on a thematic level. Both the
European as well as the strategic and policy-maker-focused perspective of the
optimization approach of Contribution D also apply to other promising,
environmentally beneficial products. Similar to second-generation bioethanol, green
hydrogen is considered one of the cornerstones of a decarbonized economy and in need
of a rapid up-scaling of technologies and production volumes (IEA 2019; IRENA 2020).
While hydrogen faces strong competition with battery electric vehicles in private
transportation, green hydrogen is projected to yield the largest environmental benefits
in aviation and shipping, as well as for industrial processes such as steel production
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(Rystad Energy 2021). ‘Green’ hydrogen is produced via hydrolysis and, given that the
required electricity is generated renewably, is the most sustainable production pathway
of hydrogen. However, it needs to pass technological learning curves (Noussan et al.
2020) and currently requires governmental support (Nazir et al. 2020) for market
penetration. Since the potential for green electricity varies strongly within the EU and
in neighboring regions, importing green hydrogen (e.g., from North Africa; Wang et al.
2020) may be both viable and necessary (Wietschel et al. 2020). However, due to its
low volumetric energy density, long-distance hydrogen transportation by lorry, rail, or
ship is expensive, but refitting methane pipelines and newly constructing distinct
hydrogen pipelines likewise entails high costs and requires elaborate planning effort
(Nationaler Wasserstoffrat 2021). Therefore, European policy faces a combined network
planning and allocation problem. Future research will address this by informing
European policy-makers about the environmental potential of optimal green hydrogen
production and transportation networks as well as the levers to unlock this potential
by optimally allocating produced green hydrogen to hydrogen demanding industries in
the EU. This will, presumably, confirm the suitability of strategic network optimization
approaches not only from a corporate, but also and especially from the perspective of
political decision-makers on the level of the European Union.
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