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Abstract

This article deals with the application of social life cycle assessment (S-LCA) in the
construction sector and explicitly focuses on carbon reinforced concrete (CRC). The publication
consists of two parts: (1) a scientific literature review on the current implementation of S-LCA
in the construction sector, and (2) the definition of the relevant social hotspots for the cradle-
to-gate production of CRC. The literature review was conducted to provide a general overview
and compare S-LCA studies in the construction sector; second, countries that provide the
relevant input materials needed for CRC were identified. Analysis within the Social Hotspot
Database (SHDB) helped determine the relative importance of the CRC supply country for
each social category and subcategory. By developing a metric in the form of scores for each
risk information, the potential risks indicated by the SHDB were measured. The results show
that the focus of the indicators to be highlighted and further used in the indicator catalog is
particularly in the area of labor rights and decent work in the health and safety subcategory.
Missing data within the SHDB may result in a defined high average score and lead to a lower
level of information. In the future, the identified 36 social indicators for CRC should be revised
again in cooperation with the manufacturing industry. This study aims to further raise awareness
in the construction sector of life-cycle-based sustainability that goes beyond the environmental
aspects, and it is the first social hotspot screening using the SHDB for CRC.

Keywords Social life cycle assessment - S-LCA - Construction - Carbon reinforced
concrete - Hotspot indicator catalog - Review

1 Introduction

Social sustainability is becoming increasingly important. Thus, there is also a growing
need in the construction industry and for new trends in sustainable building to assess
social impacts and integrate them into decision-making (Abowitz & Toole, 2010). From
the perspective of the construction sector, social sustainability means providing a healthy
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and safe environment for all stakeholders (Wong & Fan, 2013; Zuo & Zhao, 2014), with the
focus on globally known certification systems such as DGNB, LEED, or BREEAM mainly
only on the use phase and on the single stakeholder building users (Backes & Traverso,
2021a). Especially when developing new building materials, it is important to implement
social impacts into the decision-making process from the beginning, in order to create a life-
cycle-based sustainable product. Given the high consumption of resources and energy, the
construction industry is increasingly called upon to produce more sustainable buildings and
building materials (Berardi, 2012; Bork et al., 2015), making carbon reinforced concrete (CRC)
an alternative to steel reinforced concrete (SRC) and an alternative new trend in sustainable
building. Until now, mainly (and only) the environmental impact of CRC has been evaluated in
terms of sustainability (Backes & Traverso, 2021b; Backes et al., 2022).

Concrete is by far the most widely used building material, with a current demand of
over 4 billion tons annually (Hilburg, 2019; Meyer, 2005). Demand for concrete could even
increase to over 5 billion tons annually by 2050 (Lehne & Preston, 2018). Concrete itself
is a mixture of cement, concrete aggregate, and water. Concrete admixtures (e.g., fly ash
or granulated blast furnace slag) are often added, for example, to improve the workability
of fresh concrete. Concrete aggregates are usually sand or gravel. Although concrete can
withstand compressive forces, a reinforcing material must be added to withstand stronger
tensile forces. (Wietek, 2019) Combining the high tensile strength of reinforcement
material, such as steel or carbon fibers, and the high compressive strength of concrete
creates a composite material that combines the useful properties of two materials (Stahr,
2015). Primarily, steel is used as a reinforcing material for concrete (Kortmann, 2020).
Despite its affordability, availability, and applicability, steel can corrode (Kortmann, 2020).
Therefore, a minimum concrete cover of 20—55 mm must be present to ensure corrosion
protection (Otto & Adam, 2019; Stahr, 2015). In recent decades, research and development
of alternative reinforcement materials have increased to replace steel as the primary
reinforcement material (Rajak et al., 2019). One of these alternatives are carbon fibers,
which are less susceptible to corrosion (Kortmann, 2020). This allows for lighter, thinner,
and more resource-efficient components (Kortmann, 2020)—mainly by the reduction
in concrete. However, these alternative materials are still associated with higher costs,
higher energy requirements, consequently with high production emissions, and poorer
accessibility (Backes et al., 2022; Otto & Adam, 2019).

As mainly the environmental aspects of CRC were focused, we now open the view and
discussion on the social sustainability of CRC. The Social Life Cycle Assessment (S-LCA)
is considered as the most effective assessment method for social sustainability of prod-
ucts and organizations (Garrido, 2017). The Social Life Cycle Assessment (S-LCA) rep-
resents a methodology to assess the social impacts of products and services along their
life cycle. The S-LCA is based on the ISO 14040 and 14,044 standards and thus includes
the same four phases as the Life Cycle Assessment (LCA) (ISO 14040, 2006; I1SO, 14044,
2018; UNEP, 2020; UNEP Setac Life Cycle Initiative, 2009). Social impacts arise mainly
from the behaviors of companies involved in the product life cycle and can affect human
well-being (Sala et al., 2015). The S-LCA is considered a component of the Life Cycle
Sustainability Assessment (LCSA) and can be conducted alone or in combination with
a LCA and/or a Life Cycle Costing (LCC) (Finkbeiner et al., 2010; Garrido, 2017). The
S-LCA covers a wide range of applications. First and foremost, it provides relevant infor-
mation for policy makers and companies and clarifies social conditions in the product life
cycle. Thus, the S-LCA seeks to improve the social sustainability of products or services.
However, it does not assess whether a product should be produced (Benoit et al., 2010). In
2009, the United Nations Environment Programme (UNEP) and the Society of Environmental
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Toxicology and Chemistry (SETAC) published the first guidance document for conducting a
S-LCA for products (UNEP Setac Life Cycle Initiative, 2009). Together with the methodologi-
cal sheets published in 2013 (UNEP, 2013), it forms an important basis for the preparation of
an S-LCA and has led to an increased application as well as an increase in publications (Ramos
Huarachi et al., 2020). The practice has evolved significantly over the past decade, necessitat-
ing a revision of the guideline. As a result, a new optimized guideline was recently published
by UNEP (UNEP, 2020), reviewed methodological sheets (UNEP, 2021) and the report on the
pilot projects (UNEP, 2022). Although S-LCA practice has greatly evolved, to date there is still
no standardized approach to S-LCA in the construction sector, and therefore social impacts are
often neglected or inadequately assessed as part of a sustainability assessment (Backes & Tra-
verso, 2021b; Berardi, 2012; Bork et al., 2015; Zuo & Zhao, 2014).

The aim of this study is to fill the identified gap and provide relevant social indica-
tors using the Social Hotspot Database in the construction sector, taking carbon reinforced
concrete as an example. The research questions of the article are: Does the S-LCA find
application in the building sector and if so, what opportunities and risks can be identified
with the help of a literature review? If the S-LCA is used, is it based on the UNEP/SETAC
Guidelines, which were last updated in 2020? How does social sustainability explicitly
apply to the innovation of carbon reinforced concrete? Consequently, our research ques-
tion aims at the possible social hotspots of CRC. To explicitly name the objectives of this
article: on the one hand, this is to continue to raise awareness in the construction sector of
life-cycle-based and wider, than purely environmental, sustainability; on the other hand, a
social hotspot screening and the SHDB are applied to a construction product and critically
analyzed to set up a future survey in cooperation with the industry.

2 Literature Review

The focus of this systematic literature review is on the two basic building materials of
CRC-concrete and carbon fibers. The following databases were used for the detailed search:
Scopus, Web of Science, and ScienceDirect. The search was limited to the period from
2010 to June 2022 in order to cover as many studies as possible since the publication of the
first guidelines in 2009. The focus was only on English language studies, as these make up
the majority and are available internationally. The methodology of this literature search can
be presented as follows (Fig. 1). As the search was international, English synonyms for the
terms ‘social life cycle assessment,” ‘concrete,” and ‘carbon fiber’ were identified (Table 1).
Then, in the second step, search combinations were created from these terms and applied
to the three databases (Fig. 1).

Combinations were examined in the title, abstract, and keywords of the respective arti-
cle (Step 3, Fig. 1). Combinations that produced a high number of results were additionally

Table 1 Search terms for literature review

Social Life Cycle Assessment S-LCA, SLCA, Social LCA, Societal LCA, Societal Life Cycle
Assessment, Social Sustainability Assessment, Social Impact
Assessment, Social Life Cycle Performance

Concrete concrete, cement, reinforcement, cementitious materials, clinker

Carbon fiber carbon, carbon fiber, carbon reinforcement, textile reinforce-
ment, CFRC (carbon fiber reinforced concrete), CFRP (carbon
fiber reinforced product)
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’ Database: Scopus, Web of Science und ScienceDirect ‘ Published
between
2010 and
. . 2022 in
1. part of literature reserach 2. part of literature reserach English
’ Synonyms for ‘concrete ‘ ’ Synonyms Af(s):csss(;:clilt‘hfe Cyele ’ Synonyms for ‘carbon fiber ‘ [ Step 1 ]
Search combinations: Search combinations:
’Social Life Cycle Assessment AND ‘Social Life Cycle Assessment AND carbon Step 2
concrete’, ‘S-LCA AND cement’, etc. fiber®, ‘S-LCA AND CFRP*, etc.
Keyword analysis in title, abstract and Keyword analysis in title, abstract and
Step 3
keywords keywords
Content review - limited to S-LCA and Content review - limited to S-LCA and
relevant to concrete relevant to carbon fiber Step 4
2 19 studies £ 3 studies
Detailed content review - orientation to the Detailed content review - orientation to the
guideline guideline Step 5
£ 12 studies £ no studies

Fig. 1 Strategic Literature Review

selected according to further keywords, such as ‘social aspects,” ‘social impacts’ or
‘LCSA, in order to capture the most significant studies. The search results were content-
checked for S-LCA in relation to concrete and carbon fibers (Step 4, Fig. 1). All studies
should follow the UNEP guidelines, to guarantee further comparability.

To the best of the authors’ knowledge, substantiated by the following literature
analysis, in scientific literature, the number of papers on the social life cycle concerning
the construction sector is relatively low, even though there is a general increase in
S-LCA publications. The low number of S-LCA studies in the construction sector is
mainly due to the fact that construction materials are complex assemblies of diverse
raw materials, and currently there is no consensus on indicators and reference values
to compare with. Even more important: The complexity of social impact assessment
lies in the collection of primary data along the product life cycle and its comparison
with local conditions. Required data include, for example, information on health and
safety and working conditions, which is a flashpoint in the construction sector. This
makes it difficult for companies to collect and especially publish this data. (Bork et al.,
2015; Hossain et al., 2018) For example, construction represents a highly intertwined
input—output system, making material flows difficult to determine (Cole, 1998).
Furthermore, social conditions are usually dynamic, so social data change more rapidly
compared to environmental data (Wu et al., 2014). In addition, the complex stakeholder
situation in construction processes complicates the assessment of social sustainability,
which means that relevant stakeholders are often not adequately covered in S-LCA
studies (Liu & Qian, 2019; Montalban-Domingo et al., 2019). In this regard, the key
difficulties of S-LCA are mainly (1) how to quantitatively relate the social indicators
to the functional unit of the system; (2) how to obtain specific regionalized data; (3)
how to decide among the large set of indicators; (4) define the benchmark at sector
level as well as the reference values; and (5) how to properly evaluate the results. The
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biggest challenge, however, is the collection of primary data and define benchmarks and
reference values at sector level—this to be able to assess negative as well as positive
impacts.

For this specific review, it was important that the studies mention the S-LCA and focus on
concrete and/or carbon fibers. Thus, in combination with S-LCA, 19 studies could be classified
as relevant for concrete and three for carbon fibers. Of the 19 selected studies on concrete, 12
studies were identified after a further detailed analysis that fully apply the S-LCA methodology
according to the UNEP guidance (Fig. 1, Table 2). Compared to the status quo of concrete
and S-LCA, there is a significant lack of literature for S-LCA of carbon fibers. After a detailed
analysis, none of the three studies found performed a S-LCA. The papers neither applied the
methodology nor used the S-LCA UNEP guidelines (Helbig et al., 2016; Pillain et al., 2017).
While in the study by Pillain et al. (2019), the social sustainability is assessed, it is not clear
whether the methodology used is aligned with the UNEP guidelines. The proposed approach is
based in part on Hunkeler’s study, which was published in 2006 (Hunkeler, 2006), prior to the
publication of the UNEP guideline in 2009. Neither system boundaries nor a functional unit or
associated subcategories were defined (Pillain et al., 2019), which is why this study is not further
considered. The non-in-detail consideration of other studies (Fig. 1, Step 4) can be generally
justified as follows: LCA, LCC, and S-LCA were only elaborated theoretically (e.g., Hu et al.,
2013; Scope et al., 2021), categories and indicators from other guidance documents than
UNEP Guidelines such as the “Sustainability Reporting Guidelines” of the “Global Reporting
Initiative” (Piacenza et al., 2013) or the manual of “Pré Sustainability” (Roh et al., 2018) (UNEP,
2009, 2020) (e.g., Janjua et al., 2021; Josa et al., 2021; Piacenza et al., 2013; Roh et al., 2018),
social impacts were not assessed quantitatively or qualitatively (e.g., Piacenza et al., 2013), and
it is not clear whether a full S-LCA was conducted or to what extent the methodology followed
the guidelines (due to future desired uniformity and for comparison reasons) (e.g., Wang et al.,
2017).

The remaining 12 studies identify relevant stakeholders, subcategories as well as
indicators and conduct case studies on different concrete types or construction components/
projects (Table 2).

Table 2 State of the art: S-LCA studies on concrete (focusing UNEP guidelines)

References Product Methodology Full S-LCA  Fol-
lowing
UNEP
Balasbaneh and Marsono Concrete and stone walls LCSA v v
(2020)
Balasbaneh et al. (2021) Flooring system LCSA v v
Berriel et al. (2018) Cement LCSA v v
Caruso et al. (2022) Concrete raft S-LCA+LCA v v
Hosseinijou et al. (2014) Concrete and steel S-LCA v v
Kono et al. (2018) Green concrete S-LCA+LCA v v
Martinez-Muiioz et al. (2022) Bridge decks S-LCA+LCA Vv v
Navarro et al. (2018) SRC bridge S-LCA v v
Oladazimi et al. (2021) Steel and concrete con- LCSA v v
struction frames
Penadés-Pla et al. (2020) Bridge S-LCA+LCA VvV v
Sénchez et al. (2019) Cement LCSA v v
Zheng et al. (2019) Plaster alternatives LCSA v v
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7204 J. G. Backes, M. Traverso

The majority of the studies have been published since 2016 (including concrete and
carbon fiber), which could be due in part to the increasing importance of sustainability
issues in society and the call for the construction sector to produce more sustainable build-
ing materials and buildings due to its high energy consumption and greenhouse gas emis-
sions (Bork et al., 2015). In addition, the Sustainable Development Goals set by the United
Nations Agenda 2030 in 2015 may have contributed to the increase in publications, as 14
of the 17 goals imply social aspects, and most of them are also included in the guidelines
(Backes & Traverso, 2022; Nations, 2015; UNEP, 2020). In this context, the peak of publi-
cations is in 2018. Even if an increase in sustainability interest can be explained thanks to
the SDGs, it is nevertheless clear in previous studies that no clear combination of LCSA—
thus also not for S-LCA-and SDG can be identified for any sector (Backes & Traverso,
2022). The SDGs are better known to the public than the LCSA indicators. Although the
SDGs have a 2030 target to address social disparities, still no consensus can be reached on
which (S-LCA) indicators should be assigned to which SDGs. Consequently, the SDGs are
highly relevant for communication and possibly “attention-grabbing” purposes, but by no
means focus in detail on the S-LCA nor explicit industries such as the construction sector
or the production chain and thus social hotspots in the construction industry and for carbon
reinforced concrete.

In the following, the focus is on the 12 identified studies that mention UNEP’s guid-
ance as the basis of their sustainability assessment (Table 2). From the analysis, it is clear
that the products studied, and thus the functional units, vary greatly depending on the case
study. In the studies, the functional units were defined either as a quantity of material (kilo-
grams or tons), length (meters), or unit of area (m?). In contrast, there is more agreement
on system boundaries and stakeholder categories. The majority used the cradle-to-grave
approach as system boundaries, 48% used cradle-to-gate as system boundaries, and other
possible system boundaries were not considered. In addition, all 12 studies considered the
group of Workers and Local Communities.

Furthermore, Society seems to be relevant as a stakeholder category; children, on the
other hand, are not included as stakeholders, which may also be due to the ‘new’ category
from 2020 (Fig. 2). Furthermore, there seems to be no consensus regarding the subcat-
egories considered and the indicators used. Thus, the number of subcategories considered
in the studies varies. Nevertheless, a more detailed analysis of the subcategories reveals
a clear trend. For the stakeholder group workers, ‘Health and Safety,” ‘Fair Salary,” and
‘Hours Worked’ represent the most commonly used subcategories. For Local Commu-
nities, ‘Safe and healthy living conditions,” ‘Local employment,” ‘Access to material
resources,” ‘Cultural heritage,” and ‘Respect for the rights of indigenous peoples’ were the
categories assessed. For the stakeholder group Society, the most frequently used subcat-
egories were ‘Contribution to Economic Development’ and ‘Technical Progress.” Interest-
ingly, the three stakeholder groups (Society, Local Community and Worker in Fig. 2) are
also found in our following case study—this is due to the categorization with the help of
the SHDB, which will be further discussed in the following chapters.

Depending on the study and subcategory, the type and number of indicators differ
greatly among themselves, so there is no consistency. Some studies used up to four indi-
cators to assess a subcategory and others used only one indicator. Qualitative, quantita-
tive as well as semi-quantitative indicators were used. However, there seems to be agree-
ment among practitioners in isolated subcategories, such as Worker ‘health and safety.’
Often this category is considered and consequently includes ‘occupational accidents’ in
its assessment. The studies also consistently used ‘gross domestic product’ for ‘measuring
contribution to economic development’ (Society). For “Technical progress,” “Technological
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Children

Society

Consumer

Value chain actors

Local community

Stakeholders named in studies

Worker

0 2 4 6 8 10 12
Number of studies

Fig.2 Stakeholders chosen in the literature from 2010 to 2022

development’ and ‘Technology transfer’ were considered, and for ‘Local employment,’
attention was paid to ‘Job creation’ as well as ‘Use of local workers’ (see also Fig. 2).

2.1 Discussion on Literature Review

A detailed review of the 12 studies that follow UNEP’s guidelines reveals disagreements
as well as some trends. All 12 studies consider Workers, Local Communities, and Soci-
ety as stakeholders. Consumers and Value Chain Actors are often neglected. An explana-
tion of the exact reasons is often missing. However, the analysis of the subcategories also
shows that not all studies strictly adhere to the UNEP guidelines. In some cases, some stud-
ies assign their subcategories to other stakeholder groups (Hosseinijou et al., 2014; Kono
et al., 2018) or use ones that cannot be fully and unambiguously classified with those in
the guidelines (Zheng et al., 2019). In particular, neglecting Consumers and Value Chain
Actors could lead to an insufficient assessment of social performance and eventually to
erroneous results, as the ‘big picture’ in the life cycle is not taken into account (Kiihnen
& Hahn, 2017). The review of the indicators confirmed that for the most part, there is
still no consensus, and the number, as well as the type of indicators chosen, varies greatly
across studies. However, there seems to be agreement among practitioners on indicator
selection in isolated subcategories (occupational accidents, gross domestic product, etc.).
However, a deeper elaboration of the rationale for including S-LCA indicators is generally
lacking. Some case studies justify their selection based on existing literature by referring
to approaches published by other practitioners and adopting the selection of subcatego-
ries and indicators (Balasbaneh & Marsono, 2020; Sanchez et al., 2019). While all studies
mention the guidelines as an orientation, the approaches of the S-LCA are insufficiently
explained and decisions made are not justified: Even though all studies define the function
unit (FU) and the system boundaries (goal and scope), only four studies defined their data
collection strategy (3 times questionnaire, once PSILCA) and only two of the analyzed
studies defined whether they used S-LCA Type I or Type II.

Short Digression: Two types of social and socioeconomic impact categories can be dis-
tinguished: Type I and Type II of S-LCA. Type I impact categories aggregate results for
subcategories within a topic of interest to a stakeholder. The so-called Type I approach to
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S-LCA has a close connection to social reporting—similar to the standards for corporate
social responsibility (Sureau et al., 2020). Type II impact categories, on the other hand,
model outcomes for subcategories that have a causal relationship to the criteria. (Russo
Garrido et al., 2018; UNEP, 2009) Thus, one way to distinguish between these two types of
S-LCA is to consider whether the inventory data and the characterized outcome are at the
same point along an impact pathway (Type I) or whether they are at different points along
the impact pathway (causal relationship) (Type II). (Russo Garrido et al., 2018) Regardless
of Type I or Type II of S-LCA, in a globalized world, it is a challenge to track products and
all their components and find out under what conditions they were produced. In particular,
S-LCAs are relatively new, and there are fewer data sources. Both the SHDB and PSILCA
represent possible solutions to the data source problem. PSILCA (Product Social Impact
Life Cycle Assessment database) is a social life cycle assessment database developed
by GreenDelta. This database provides transparent and up-to-date information on social
aspects of products throughout their life cycle for about 15,000 industries and commodi-
ties. (GreenDelta, 2016, 2018) The Social Hotspot database (SHDB) is the first database to
provide resources for conducting an S-LCA (shdb, 2019). It gives data from over 191 coun-
tries and 57 sectors, matching UNEP subcategories. The data are displayed in the form of
risk potentials. These risks range from low and medium, to high, to very high. In addition,
for some countries, there is no evidence of risk, or no relevant data are given. More than
200 sources of SHDB include the World Health Organization (WHO), the International
Labor Organization, and the World Bank. Through the life cycle inventory data, countries
can be compared and the potential hotspots identified. (Benoit-Norris et al., 2012) With
the help of the databases, calculations, and assessments of the social impacts of products
throughout their life cycle, considering global supply chains and services, and the identi-
fication of social hotspots are made possible, simplifying the implementation of S-LCA.

As already highlighted, the number of stakeholders and indicators used for the impact
assessment varies; nevertheless, a common direction might be visible (Worker: ‘health and
safety,” ‘occupational accidents’; Society: ‘gross domestic product’ for ‘measuring con-
tribution to economic development’; ‘Technical progress,” “Technological development’
and ‘Technology transfer’; ‘Local employment’: ‘Job creation,” ‘Use of local workers’).
Accordingly, the comparison of different approaches with each other and also with the
guidelines is made difficult. In addition, the majority of the studies rely on statistical year-
books and national databases, which reveals a lack of primary data. Two studies use the
PSILCA (GreenDelta, 2018) database (Kono et al., 2018; Penadés-Pla et al., 2020), and
some others additionally conduct questionnaires or interviews (Balasbaneh et al., 2020;
Sanchez et al., 2019; Zheng et al., 2019). Regarding carbon fibers, no study exists yet in the
literature that performs a full S-LCA based on the UNEP guidelines. As an increased appli-
cation of carbon fibers is expected in the coming years (Pillain et al., 2019), there is thus an
increasing need to assess the social impacts of these along the entire life cycle.

The review once again shows that in the studies published previously to the actual one
the data reference, the quantification of the impacts and, in particular, the selection of suit-
able indicators appears to pose a challenge. With the following case study, we want to
explicitly address the question of how to decide among the large set of indicators. None
of the studies performs a social HotSpot analysis (social critical processes, production or
working steps) with the Social Hotspot Database (SHDB) and thus independently deter-
mines the relevant indicators for a building material—which is what we want to change for
CRC in the following chapters with the help of a case study. This can be seen and used as a
basis for a future and complete S-LCA for CRC.
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3 Case Study: Indicator Identification for CRC

The objective of this case study is to define the socially relevant, elementary phases in the
life cycle of CRC and to construct an approach for an assessment framework in the form
of a social life cycle assessment. This is done by developing a catalog of indicators based
on literature and a subsequent hotspot analysis for the identified production countries with
help of the SHDB.

3.1 Goal and Scope

The primary goal of this study is to identify potential main issues via social hotspot analy-
sis of the process at country level—previously having identified the main producers and
their production locations. For the assessment of social hotspots, the product system is
considered first. In this work, the system boundary is considered from cradle-to-gate—this
following a previously published cradle-to-gate LCA on CRC (Backes et al., 2022). Fur-
thermore, no explicit product, no explicit functional unit, is considered in the present work.
The reason for this is that so far, no representative component has been defined for CRC,
and the finite definition of a component (e.g., a double-wall, a fagade panel, a bridge, etc.)
is not relevant for carrying out a catalog of indicators based on the producing countries,
raw materials, used and general processing steps.

3.2 Life Cycle-Cradle-to-Gate

The life cycle of CRC is taken from a previous study on environmental Life Cycle Assess-
ment (Backes et al., 2022). Currently, PAN is increasingly used as a raw material for the
reinforcement of structures (Bergmeister et al., 2010). The PAN fibers and finally the car-
bon fibers are produced mechanically and usually at a single location. The production of
carbon fibers preferably takes place in Asia, North America, and Europe (Girtner, 2020).
Up to this point, however, the carbon fiber can also become another component, so the
process up to this point is not specifically geared to the production of CRC. It is only when
the finished carbon fibers are transported to another production facility, which is usually
located in Europe, that they are processed into reinforcement. This can be produced either
in mat form or in bar form. In case study, the reinforcement is then transported to Germany,
where the concrete is mixed, placed on the reinforcement, and cured. The composition of
the concrete varies depending on the desired properties or components (Fig. 3). CRC has
so far been used primarily for repair work, but also to a certain extent for new construction
(Textilbetontage, 2017).

3.2.1 Carbon Fiber

More than 90% of the production of carbon fiber (CF) is based on polyacrylonitrile (PAN)
(Fig. 3). This is obtained from petroleum via the intermediate stage propene (Witten, 2013).
Regular PAN fibers consist of 90-94% acrylonitrile. For fiber production, it is polymerized
together with comonomers and spun into precursor fibers. Mainly, PAN fiber production
is assumed to take place in Japan. In contrast, the countries to be considered for the origin
of petroleum can be determined from statistics: The Global Energy Statistical Yearbook
2020 provides a breakdown of petroleum production by country for 2019 (Enerdata, 2021).
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Fig. 3 Production of CRC (CRC)

According to this, the USA is the largest petroleum producer (745 million tons), followed
by Russia (560 million tons) and Saudi Arabia (545 million tons). Thus, the percentage
shares are as follows: USA 16.9%, Russia 12.7%, and Saudi Arabia 12.3%, as well as
Canada 6.1% and Iraq 5.2%.

For the conversion from PAN fiber to carbon fiber (CF), several energy-intensive pro-
cess steps take place in succession (Witten, 2013). The composites market report publishes
data on the carbon fiber market. The global production capacity of CF was 149.3 kt/a in
2018, of which 45.3 kt/a (30.3%) is located in North America. Japan had a production
capacity of 27.1 kt/a (18.2%) and China a capacity of 17.3 kt/a (11.6%) in 2018. Together,
these three countries account for 60.1% of CF’s total production capacity in 2018. The
remaining production capacity can be distributed among Mexico (6.7%), Europe with
France (5.0%), Hungary (4.2%), Germany (3.9%), as well as the United Kingdom (3.3%),
Taiwan (5.9%) and South Korea (5.8%). Only about 5.2% are assigned to the rest of the
world (Witten et al., 2018; Statista, 2021). To focus on (South American) developing
countries in general about the production (supply), it must, unfortunately, be noted that
except for Mexico (which is also counted under North America), there is no information
on the experience of Latin American developing countries where the industry is booming,
such as Brazil or Argentina—these fall under the rest of the world with a very small share.
(Statista, 2021) This is even though the construction sector in Latin America is growing by
about 6% per year (AlliedMarketResearch, 2018). Also regarding the demand, no further
information could be found, except that China seems to provide the largest demand (gener-
ally Asia—Pacific) (MordorlIntelligence, 2022).

The values named refer to all possible application areas for CF and not explicitly to the
construction sector. According to the Composites Market Report of 2018, about 5% of the
carbon fibers produced are attributable to the construction sector (Witten et al., 2018). Spe-
cifically for the construction sector, the institutes available for the production of CRC can
be listed (company headquarters underlined) (C3 CRC composite, 2021) (Table 3).

In contrast to carbon fiber production, the manufacture of carbon fiber reinforcement
is not yet an industrialized process (Witten, 2013). General carbon fiber production is fol-
lowed by bar pultrusion. Subsequently, the surfaces of the reinforcement bars have to be
profiled to ensure bonding (Bohm et al., 2018). With the help of the manufacturers’ web-
sites, it was possible to assign the production sites to the listed institutes (Table 3). (C3
CRC composite, 2021) As the majority of PAN fiber production takes place in Japan, this
assumption is adopted for the present work. The selection of countries to be considered for
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Table 3 Production location of carbon fiber (according (C3 CRC composite, 2021))

Institute Production

ZOLTEK Corporation [Toray + Zoltek; USA] USA, Hungary, Mexico

SGL Carbon SE Germany, Great Britain, Austria, Portugal, Japan, USA

Carbon Fiber Division [MCCFC; USA] USA, Taiwan, New Zealand, Great Britain

Teijin Carbon Europe GmbH Japan, Germany, USA

Hexcel Composites GmbH USA, China, Spain

Solvay GmbH Belgium, Europe, North America, Asia—Pacific, Latin
America

the origin of the feedstock petroleum is less clear to analyze. The percentages of total pro-
duction in 2019 from the USA, Russia, Saudi Arabia, Canada, and Iraq add up to 53.2%,
which is more than half of total worldwide production. Thus, these five countries are exam-
ined in the following. Carbon fiber production occurs globally, so we weigh countries
based on a percentage breakdown of production capacity. Consequently, in the context of
this case study, we focus exclusively on the largest producers. If we add the percentage
shares of North America, Japan, and China, we arrive at a carbon fiber production capacity
of 60.1%.

3.2.2 Concrete

Concrete consists of three to five components: Aggregate, water, and cement, as well as
concrete admixtures. Depending on the exposure class and selected compressive strength
class, the composition and properties, such as durability and compressive strength, of
the concrete vary. The main component of a normal strength concrete for the production
of CRC is aggregate. Gravel 2/8 accounts for a total proportion of about 38%, and sand
together with the fine sand accounts for about 33%. According to the raw materials report
of 2019, the total production of aggregate in Germany in 2019 was about 476 kt. In con-
trast, imports were only about 12.2 kt and exports were 20.5 kt. The significant proportion
of aggregate used in Germany is therefore also produced in Germany. The same applies to
cement (Andruleit et al., 2019). Since many of the institutes specify Germany as produc-
tion location, in this case study, Germany is selected as the reference country for reinforce-
ment production.

3.2.3 Composite Material
As stated at the beginning of the objective formulation, a fictive CRC component built
in Germany is considered in this work. Based on the previously stated details concerning

fiber production and concrete components, in the following, only the main materials, i.e.,
crude oil, aggregate, and cement, are considered for further component analysis (Table 4).
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Table 4 Scope and defined material and production steps being considered

Functional Unit CRC as building component (not further specified)

-Reference Country Petroleum production: USA (16.9%), Russia (12.7%), Saudi Arabia (12.3%),
Canada (6.1%) and

Iraq (5.2%)

PAN fiber production: Japan

Carbon fiber manufacturing: USA (30.3%), Japan (18.2%), China (11.6%)
Reinforcement production: Germany

CRC production: Germany

Aggregate production: Germany

Cement: Germany

System Boundary Cradle-to-gate: (i) petroleum production, (ii) PAN fiber production, (iii)
carbon fiber production, (iv) reinforcement production, (v) raw material
procurement concrete, and (vi) CRC production

Materials: petroleum, gravel, sand and cement

3.3 Social Hotspot Database

After researching the producing countries, the Social Hotspot Database is used to conduct
a risk analysis of the countries and so of the respective component production. Through
this, it can be determined which indicators in the countries have which risk or for which
indicators no data are available so far. To use the SHDB, a sector must be selected for each
input (shdb, 2019). Although the investigated product of CRC is a building component,
which can thus be assigned to the construction sector, the unit processes up to and including
carbon fiber production are not explicitly focused on the final product of CRC. These
processes have a variety of outputs and therefore do not belong to the construction sector.
Following, the petroleum and coal products sector is chosen for petroleum production.
Further, for both PAN fiber and carbon fiber production, the sector chemical, rubber, and
plastic products are chosen. The raw materials aggregate and cement, which form the main
components of concrete, are extracted in Germany. This process step is assigned to the
mineral products nec sector. From the reinforcement production onward, the processes
can be assigned to the construction sector. Since all processes are carried out in Germany
according to the scope of the study, reinforcement production and CRC production are
combined under the title CRC production and considered as one process, even if this does
not necessarily take place at one single site in Germany. The selected input mask for the
SHDB is shown in Table 5, based on Fig. 3.

The risk of individual indicators is indicated with the help of a color code, which is
then weighted with the help of a previously defined score so that an average value can be
formed for the processes. This weighted average can then be used to determine indica-
tors for the CRC hotspot and relevant indicator catalog. Table 6 shows the color and score
scheme of the following risk analysis. The colors from dark red, through red to yellow and
green represent the risk potential of the indicators given by the SHDB. Gray and blue also
represent ‘no data’ and ‘no evidence.” The score can then be used to calculate the risk of
the main process and to determine the significance of the respective indicator. Since this is
a risk assessment, ‘no data’ cannot be set to a score of 0, as this would favor it. Thus, the
score for ‘no data’ is set to 4, which is conservatively between ‘medium’ and ‘high.” The
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Table 5 Processes, countries, and sectors defined for SHDB analysis

Process Abb Country Sector

Petroleum production PP USA USA Petroleum, coal products
Russia RU Petroleum, coal products
Saudi Arabia SA Petroleum, coal products

PAN Fiber production PFP Japan JP Chemical, rubber, plastic products

Carbon Fiber production CFP Japan JP Chemical, rubber, plastic products
USA USA Chemical, rubber, plastic products
China CN Chemical, rubber, plastic products

Concrete raw material and ~ CRM Germany GER Mineral products nec

production
CRC production CCP Germany GER Construction

Table 6 SHDB color and score according to risk level

Risk Very high High Medium Low No Data No Evidence
Color
Score s; 7 5 3 1 4 1

score of ‘no evidence’ is to be equated with low risk. Thus, this heading is given a score of
1 (Table 6).

3.3.1 Metrics

Based on the percentage shares of the production countries shown in Table 4, a weighting
is applied and then a weighted average of the risk analysis of the process steps is calcu-
lated to ensure the representativeness of the selection of indicators. For this purpose, the
percentage shares of the countries ap; must be converted. For oil production, the follow-
ing applies: USA 16.9%, Russia 12.7%, Saudi Arabia 12.3%, Canada 6.1%, and Iraq 5.2%
(Enerdata, 2021). For carbon fiber production, in turn, the following applies: USA 30.3%,
Japan 18.2%, and China 11.6% (Witten et al., 2018). The conversion to a single weighted
value is as follows:

ap;

Wp: =
PE ap +apy+ ... +ap, M

Xpyw = Z Wp;i X Sp; 2
T
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By: }P’W: weighted  average  value of the process P,  with
P € {Petroleum;PANFiber;Carbonfiber;CRC}.

Wp: weighted share of country i, withi € {1;2;... ;n}
ap;: percentage of country i, withi € {1;2;...:n}
sp,;: score from country i, withi € {1;2;...;n}

To determine the weighted mean value )_(w of a process, the sum of the weightings w;
multiplied by the corresponding score s; is formed. For the PAN fiber and CRC processes,
only one score is available in each case, which is why no conversion is necessary. Those
weighted mean values that are greater than or equal to four were marked in red, which
represents an increased risk. Thus, these indicators are included in the indicator catalog.
The metric of classification was chosen, as score 4 represents the middle of medium and
high risk. Moreover, the number 4 itself is included because the score for ‘no data’ was
set at 4. Thus, non-existent data cannot favor exclusion from the indicator catalog. Thus,
the criteria chosen for inclusion in the indicator catalog was a risk score of at least high or
no data available. Indicators for which the SHDB indicates low or medium risk may still
have negative impacts in reality, but carry a lower risk of doing so. Combining the process
steps into an all-encompassing assessment of CRC does not make sense because no data on
the weighting of the process steps are known. In addition, the first three processes do not
explicitly take place for the production of CRC. A part for an airplane can be built from
carbon fiber just as reinforcement can be produced. Thus, the indicator catalog for CRC is
divided into parts according to the process steps (Fig. 3). The formation of an average value
per subcategory and process also makes little sense, since the indicators are not weighted
in this way. In addition, adding up risks carries the risk of a shifted result. Furthermore,
since risk assessment is based on statistical yearbooks (Enerdata, 2021), the values should
be netted as little as possible.

3.4 Results

Based on the defined scope of the investigation, a risk analysis of the countries (not pro-
cesses or materials) identified for the main phases is carried out. This is based on the
SHDB and is presented in tabular form. These tables are then evaluated using the color
and score scheme presented before, so that the significant indicators can be compiled in the
indicator catalog (see Supplementary Material A.1-A.3).

Through the risk analysis, it is clear to see that many data are not given for Saudi
Arabia in the SHDB. For example, the subcategories Labor Rights and Decent Work-
Social Benefits, Health and Safety-Occupational Toxics and Hazards, and Injuries and
Fatalities are without data. Likewise, the subcategory Leadership-Legal System. Data are
also sporadically not given in the other subcategories. This is just as true for the country
of Iraq. In addition, no data are given for labor rights and decent work wage assessments
either. For the other countries, there are only isolated gaps in the data. The fact that no
evidence is given for indicators in the respective country often occurs in bundles. Either
this applies to one indicator in several countries (see, for example, Health and Safety-
Occupational Toxics and Hazards-Miners’ Pneumoconiosis DALYs as a Result of
Workplace Exposure to Airborne Particulate Matter) or one country increasingly has no
evidence for a subcategory (see, for example, Canada, Japan, and Germany: Labor Rights
and Decent Work-Child Labor). The latter is also true for Saudi Arabia and Germany in
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the subcategory Human Rights-Indigenous Rights, or even a majority of countries in the
subcategories Labor Rights and Decent Work-Poverty and Community-Small Farmers vs.
Commercial Farms (landscape sectors only). Conspicuous in terms of high risk are China
in the area of Health and Safety-Occupational Toxics and Hazards and the USA within
both process steps in the area of Labor Rights and Decent Work-Social Benefits. Here,
a large number of the indicators are indicated as high risk. In addition, the subcategory
Labor Rights and Decent Work-Migrant Workers appears to indicate high risks for almost
all countries in relation to immigration. The mean values of the processes CRM (Concrete
raw material and production) and CCP (CRC production) are identical for each individual
indicator. Both processes take place in Germany and can therefore be considered together
in the following. (Supplementary Material: Table A.1-A.3) It remains to be seen whether
the visual impressions described here are corroborated or relativized by the metrics below.
The weighted mean is presented below, which forms a summary of the risk analysis data.
This summary can then be used to select based on relevance. The weighted mean value is
determined as described in advance (Formulal & 2). All fields with mean values greater
than or equal to four are of relevance. If one of the countries poses a very high risk for the
indicator but is not weighted enough, this is indicated by a red dot. This means that the
indicator is included in the catalog despite a weighted mean value below the threshold of
four.

Example

For carbon fiber production (CFP), the sector average wage is below the living wage
for Japan gray (=4), for the USA green (=1), and for China gray (=4) (Table A.lin Supp.
Material). Thus, the weighted average is obtained:

% Xcpp, = 03034 +0.504 X 1 +0.193 x4 =249 < 4

= the field will not be filled in red and thus will not be included in the HotSpot catalog
(Tables 7 and 8, marked in bold).

Table 7 Weighting per country

Process P Country i Weighting w;
PP USA 0.318
Russia 0.239
Saudi Arabia 0.231
Canada 0.115
Iraq 0.098
PFP Japan 1
CFP Japan 0.303
USA 0.504
China 0.193
CRM Germany 1
CCp Germany 1

Bold indicate main countries being focused
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In the following, the weighted average value is presented, which forms a summary of
the risk analysis data. This summary can then be used to select according to relevance.

Since the SHDB indicators can only be assigned to the three stakeholder categories of
Worker, Society, and Local Community, these are listed and considered in detail below.
The stakeholder categories Value Chain Actors, Consumers, and Children are therefore
omitted in the following tables. This also underpins the most frequently defined stake-
holder groups in the literature review (Fig. 2). The following catalog of indicators, how-
ever, is detached from the stakeholder categories. Subcategory 7, Health and Safety, in the
stakeholder category Worker (Table. A.4), is particularly striking for all process steps. 41%
of all indicators are of increasing interest (>4). In addition, 11 fields are marked with a
red dot, i.e., have at least one very high risk. These high risks are primarily attributable to
China, which can be seen in Table A.1. The stakeholder category Society is inconspicu-
ous (Table. A.5), but here data are also only given for one subcategory 5. Corruption. The
weighted mean scores for the Local Community (Table. A.6) occur less frequently above
the threshold of four. Many relevant fields (>4) can be seen for subcategory 9. Safe living
conditions. Sixteen out of 25 fields are marked red here, and there is also one field with a
red dot, i.e., a very high risk for one of the countries. In 3. Delocalization and migration,
half of the fields are red. In addition, it is noticeable that the weighted mean values exceed-
ing the threshold value are relatively high.

Consequently, in conclusion, the desired catalog of indicators for the production (cra-
dle-to-gate) of a CRC component can be summarized-from the tables in the appendix and
the weighted mean values. We use the SHDB again and focus on processes and impact cat-
egories, which is why the perspective on stakeholders selected in advance is now changed
(stakeholders are no longer explicitly named). Since the indicator selection for raw material
procurement concrete and carbon concrete production is identical, the resulting catalog is
presented only once (Table eleven). The mean values are > 5, and the corresponding indica-
tor per production step is marked with an X as relevant process and placed in the CRC’s
risk catalog for social aspects. In the following (Tables 8, 9, 10 and 11), all critical indica-
tors are marked per defined process with an X—to be used in future potential surveys. A
detailed discussion of the indicator catalogs follows in the discussion chapter.
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Table 8 Indicator catalog: Social risks in petroleum production

Petroleum production

Impact catego-

ries

Subcategory

X,,>5 Indicator

Labor rights and Wage Assess-

decent work

Health and
safety

ments
Forced Labor

Freedom of X

Association,
Collective X
Bargaining, X
Right to
Strike
Migrant Labor
X
X
X
X
Social Benefits
X
X
Labor Laws/
Conventions
Discrimination
and equal
opportunity
Unemployment
Occupational
Toxics and
Hazards

Injuries and
Fatalities

Risk that Sector Avg. Wage is below Sweatfree Wage

Forced Labor in Country-Qualitative Global Slavery Index
Overall Forced Labor in Country
US Dept. of Labor Trafficking in Persons Report Tiers

Freedom of Association Rights, Collective Bargaining
Rights, Right to Strike-Qualitative

Collective bargaining coverage
Overall risk of Freedom of Association

Net Migration Rate (NMR) per 1,000 Population
Total Immigrants to Destination Country 2017
Immigrants as a Percentage of the Population, 2017

Risk that a country has not ratified international conven-
tions or set up policies for immigrants

Evidence of Risk to Migrant Workers-Qualitative
Paid annual leave

Sick leave duration

Sick leave pay

Adult need leave

Maternity leave duration

Maternity leave pay

Paternity leave pay

Parental leave duration

Wage replacement of paid parental leave
Overall risk of inadequate social benefits

Number of ILO Conventions Ratified, Abstained,
Denounced

Prevalence of discrimination in the workplace (qualitative)

Unemployment percentage at sector level
Overall Occupational Noise Exposure Risk
Deaths due to occupational-related Leukemia

Disability-adjusted life years due to occupational-related
Leukemia

Asthma DALY as a result of Workplace Exposure to
airborne particulates, both genders

Heart disease Due to Particulate Matters (DALY's)
Non-Fatal Work Related injuries by sector

Fatal injuries by sector

Fatality Rate of injuries by country
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Table 8 (continued)

Petroleum production

Impact catego-

ries

Subcategory

X,,>5 Indicator

Human rights

Governance

Community

Gender Equity

High Conflict
Zones

Human Health
Issues-Non-
communica-
ble Diseases
and other
health risks

Human Health
Issues-Com-
municable
Diseases

Legal System

Corruption

Access to
Improved
Drinking
Water

Access to Hos-
pital Beds

The Global Gender Gap Index, Global Gender Gap Report,
‘World Economic Forum

The Cingranelli-Richards Human Rights Dataset (CIRI),
Women’s Rights

High Conflict UNDP

Minority Rights Group International-People under Threat,
Total Score based on several indicators

Overall High Conflict

Estimated Obesity (BMI=30 kg/m?) Prevalence, Aged
15+, Females

Cases of HIV (per 1000 adults 1549 years)

Dengue Fever, Incidence rate (per 100,000 population)

Bertelsmann Transformation Index-Rule of law-Independ-
ent Judiciary (1-10)

CIRI Human Rights Data Project-Independent Judiciary,
0,1,2)

Global Integrity Index-Judicial Accountability (25%), Rule
of Law (25%), Law Enforcement (50%) (Weighted Ave of
all 3, 1-100)

Worldwide Governance Indicators Corruption Index World
Bank

Transparency International Corruption Perception Index
(2017)

Overall Corruption
% Urban Access to an Improved Source of Drinking Water

Number of Hospital Beds per 1000 population
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Table 10 Indicator catalog: Social risks in carbon fiber production

Carbon fiber production

Impact categories

Subcategory

Indicator

Labor rights and decent work

Poverty
Child Labor
Forced Labor

Freedom of Association,
Collective Bargaining, Right
to Strike

Migrant Labor

Social Benefits

Labor Laws/Conventions

Unemployment

Percent of population living under
the relevant poverty line

Risk of Child Labor by Sector
(qualitative)

US Dept. of Labor Trafficking in
Persons Report Tiers

Freedom of Association Rights,
Collective Bargaining Rights,
Right to Strike-Qualitative

Collective bargaining coverage

Overall risk of Freedom of Asso-
ciation

Total Immigrants to Destination
Country 2017

Immigrants as a Percentage of the
Population, 2017

Risk that a country has not ratified
international conventions or set
up policies for immigrants

Evidence of Risk to Migrant
Workers-Qualitative

Paid annual leave

Sick leave duration

Sick leave pay

Adult need leave
Maternity leave duration
Maternity leave pay
Paternity leave pay
Parental leave duration

Wage replacement of paid parental
leave

Overall risk of inadequate social
benefits

Number of ILO Conventions Rati-
fied, Abstained, Denounced

Unemployment percentage at sec-
tor level
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Table 10 (continued)

Carbon fiber production

Impact categories Subcategory p,, Indicator
5
Health and Safety Occupational Toxics and Deaths due to occupational-related
Hazards Lung Cancer

Injuries and Fatalities

Deaths due to occupational-related
Leukemia

Deaths due to occupational-related
Mesothelioma

Disability-adjusted life years due
to occupational-related Lung
Cancer

Disability-adjusted life years due to
occupational-related Leukemia

Disability-adjusted life years due to
occupational-related Mesothe-
lioma

Overall Occupational Cancer Risk-
loss of life (DALYs)

Overall Occupational Cancer Risk-
Deaths

Asthma DALY as a result of
Workplace Exposure to airborne
particulates, both genders

Chronic Obstructive Pulmonary
Disease DALYS as a result of
Workplace Exposure to airborne
particulates, both genders

Asbestosis DALY as a result of
Workplace Exposure to airborne
particulates, both genders

Silicosis DALY as a result of
Workplace Exposure to airborne
particulates, both genders

Heart disease Due to Particulate
Matters (DALYs)

Non-Fatal Work Related injuries
by sector

Fatal injuries by sector
Non-fatal injuries by country

Fatality Rate of injuries by country
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Table 10 (continued)

Carbon fiber production

Impact categories Subcategory p,, Indicator
5
Human rights Indigenous Rights Risk of a country not adopting
Int]l Conventions to Protect
Indigenous
High Conflict Zones High Conflict Heidelberg Institute-

Human Health Issues-Non-
communicable Diseases and

other health risks
Governance Legal System
Community Access to Improved Drinking
Water

overall
High Conflict UNDP

Minority Rights Group Interna-
tional-People under Threat, Total
Score based on several indicators

Overall High Conflict

Under-five mortality rate (prob-
ability of death before age 5 per
1000 live births)

Cardiovascular diseases, Estimated
Age Standardized Death Rate
(per 100,000)

Population affected by natural
disasters, average per year per
million people

Bertelsmann Transformation
Index-Rule of law-Independent
Judiciary (1-10)

CIRI Human Rights Data Project-
Independent Judiciary, (0,1,2)

% Rural Access to an Improved
Source of Drinking Water
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4 Discussion

At this point, we come back to the goal of this article: to further raise awareness in the con-
struction sector of life-cycle-based sustainability and sustainability that goes beyond the
purely environmental aspect, and to conduct a social hotspot screening to create a future sur-
vey in collaboration with, for example, the construction industry. The catalog of 36 indicators
identified (Tables 8, 9, 10 and 11) provides a basis for recognizing the relevant social issues
for the life cycle of CRC (Table. A.1-A.3) and can further be used to build up and share a
questionnaire used in the industry. However, additional information can be gained from the
tables of weighted mean values (Table. A.4-A.6), as it becomes clear here where values are
given in the database and where they are not (no data/no evidence). In the following, not every
indicator will be discussed, but the totality will be examined for anomalies, so that conclusions
on the life cycle and relevant social aspects of carbon reinforced concrete are permissible. The
impact category of health and safety will be examined in particular, as this is where the most
reference to the processes can be made (Table 12).

e In general, it can be seen at a glance that for all processes, the area of Labor rights
and decent work contains a large proportion of the indicators (X) noted as relevant
(Table 12).

The focus in Labor rights and decent work is particularly on the subcategories: Free-
dom of Association, Collective Bargaining, Right to Strike; Migrant Labor; Social Ben-
efits and Labor Laws/Conventions. For concrete production and the manufacture of the
final CRC component, indicators in the health and safety subcategory are of particular
relevance.

e The most important processes, due to the explicit assignment to the production of
CRC, are the raw material procurement and production of (carbon reinforced) concrete
(Table. A.6).

For (carbon reinforced) concrete production (Table. A.6), increased risks are shown
for the indicators of the impact category health and safety. Ten of the 19 indicators
are included in the catalog, two of which have a very high risk (can also be seen in
Table. A.1). For the subcategory labor rights and decent work-migrant workers, three
of seven risks are at least high. A very high risk for Germany is also found for the indi-
cator Human Rights-High Conflict Zones UNDP (Table. A.3 and Table. A.6). Here,
it is important to check what this indicator explicitly assesses, as there is currently no
indication for Germany, at least with regard to war conflicts or similar. For all other
indicators, Germany predominantly has a score of 1, occasionally a score of 3, which
corresponds to a low or medium risk, or no data are available (see Table. A.1-A.3).

e In the risk analysis of Saudi Arabia, a large number of indicators are missing. In par-
ticular, there is a complete lack of data in the health and safety impact category. The
scores in the impact category of labor rights and decent work are all between medium
risk and very high risk. Only the indicators remittances and workers’ compensation per
immigrant (USD) (Table. A.3)—calculated using the total number of immigrants with
R&D / number and the risk that the average wage is below the country’s minimum wage
are marked with low risk. The latter should be viewed with caution, however, as the
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risk here is based on a value set by the country itself, the minimum wage, and thus can-
not be put into perspective. The lack of data for Saudi Arabia poses a high risk in itself.
However, the country accounts for only 12.3% of oil production. It should be noted,
however, that the Middle East has the world’s largest oil resources (Pablo & Alfonso,
2007). Thus, Saudi Arabia offers the potential to play a major role in oil production in
the future. This has to be considered for such a future-oriented material as carbon fib-
ers. The USA forms the largest share in both oil production and carbon fiber production
(Table seven). Therefore, to differentiate, we look at the risk analysis tables to consider
this country individually. For petroleum production, the USA predominantly shows
high to very high risk in the subcategories of Labor Rights and Decent Work-Freedom
of Association, Collective Bargaining, Right to Strike, and Labor Rights and Decent
Work-Social Benefits (Table. A.1). This is also consistent with the risk data for carbon
fiber manufacturing, which is assigned to a different sector. Thus, these subcategories
need to be looked at more closely for the USA, regardless of the process step. This is
also true for the subcategory Labor Rights and Decent Work-Migrant Workers. The sin-
gle given indicator risk of child labor by sector (qualitative) indicates a very high risk
for China (Table. A.1). For China, this phenomenon is also given in the same impact
category for the subcategory freedom of association, collective bargaining, and right
to strike (Table. A.1& Table ten). Again, risk values for indicators are not given, but
a trend can be seen due to the high risk of other indicators. China accounts for about
11.6% of carbon fiber production.

e The weighted averages often give the impression of increased risk due to the chosen
threshold of four, but in many cases, this impression is based on non-existent data.

A good example of this is the indicator Human Rights-Human Health Problems-
Communicable Diseases-Dengue Fever, Incidence Rate (per 100,000 population)
(Table. A.3). As can be seen in Table A.3, no data are given here except for China.
Thus, the indicators are given a score of four and are transferred to the indicator cata-
log. This shows the impact of the metric, as this is a risk assessment. No data does
not equate to no risk and therefore the indicators need to be revisited. At most, this
approach adds too many indicators to the catalog but does not omit any that are poten-
tially important.

In summary, it can be said that for Germany as well as for the other process countries,
the issue of employee health and safety stands out above all. Therefore, a focus should be
set here for further consideration and a future survey (based on the selected indicators).
For all five process steps, several indicators in the subcategory of migrant workers are also
assigned at least a high risk. Due to a lack of data in some cases, indicators were also
included in the catalog for which there is no known risk. This named data leak can also
be explicitly countered in the future with surveys in and in cooperation with the industry.
Furthermore, limitations are explicitly addressed in the following, which must be dealt
with in the future in relation to the preceding discussion.

5 Limitation
In order to address the increasing interest in the field of sustainable construction, especially

social sustainability, with a clear framework, systematic studies were used, as they provide
an objective overview of the state of the art through strict inclusion and exclusion rules. The
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presented research results of S-LCA in the construction sector are based on only 12 studies,
mainly published between 2018 and 2021. Journals or articles in languages other than Eng-
lish and before 2010 were not included in the study. A clear focus in the conducted literature
review was on the UNEP Guidelines, which completely excludes other potential approaches.
The named restrictions can be extended in a further research. Nevertheless, the main focus of
this study was on the development of a catalog of indicators for carbon reinforced concrete:
The approach chosen in this paper is a process-oriented approach, which is based on official
and published statistics (e.g., yearbooks (Enerdata, 2021)). This entails a certain degree of
uncertainty, as the interrelationships between the individual processes are not clearly differen-
tiated. Thus, the weighted averages and the resulting selection of indicators are not based on
all countries involved in the processes. However, the goal of this work is to identify potential
hotspots through a social hotspot analysis. These potentials are identified through the approach
of this work. This risk analysis is based on the previously identified process countries. While
this provides the prerequisite for identifying the potential hotspots, this approach focuses more
on the countries than on the processes themselves. A comprehensive expert survey, based on
the catalog identified, on the process steps would therefore be a useful addition. A survey itself
or even a cooperation with the producing industry did not exist for the creation of the catalog-
which is why indicators, explicitly those that were created through non-existing data, should
be questioned again.

The S-LCA methodology is designed to evaluate existing structures. However, the
carbon fiber reinforced plastic/product (CFRP) market is in constant growth and includes
the development of new fields, such as the recycling of CFRPs (Backes et al., 2022). Thus,
new activities are always added, which are not yet fully definable and calculable. The
results of this work can therefore serve as a construct for a yet-to-be-performed S-LCA or
as a review of an already existing S-LCA of CRC.

Finally, it should be noted at this point that the production process and the named pro-
cess countries are based on official statistics—an explicit consideration of developing
countries is not made here—especially since these countries are not explicitly named as
producers or customers. Nevertheless, a look at these developing countries can change the
perspective and also the social risks in the future, especially since in these countries, for
example in Latin America, the construction industry is experiencing a boom.

6 Conclusion

The intended goal of this work was (1) a literature review and the identification of chances
and challenges of S-LCAs in the construction sector and (2) a risk analysis of the cradle-
to-gate life cycle of carbon reinforced concrete (CRC) in order to create the prerequisite for
an effective and complete S-LCA, with help of a future questionnaire, based on the created
indicator catalog—specially to answer the question on how to decide among the large set of
possible indicators.

Only a rather small number of studies (literature review) integrate the S-LCA according
to the UNEP/SETAC Guidelines into the building sector. Depending on the study and sub-
category, the type and number of indicators differ greatly, so there is no uniformity (chal-
lenge). Furthermore, qualitative, quantitative, and semi-quantitative indicators were used.
However, for a few individual subcategories, such as ‘worker health and safety,” practition-
ers seem to agree (chances).

@ Springer
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For the purpose of the case study (risk analysis for carbon reinforced concrete), the cra-
dle-to-gate part of life cycle was divided into five major process steps in this work: (1)
petroleum production, (2) PAN fiber production, (3) carbon fiber production, (4) raw mate-
rial procurement concrete, and (5) CRC production. The process countries relevant to these
processes were identified with help of official statistical yearbooks and risk analysis of the
countries was performed based on the Social Hotspots Database (SHDB). Since a majority
of relevant countries were identified for the petroleum production and carbon fiber manu-
facturing process steps, the proportions of countries were weighted and used to group the
risk potentials together. This resulted in a weighted average value as an evaluation crite-
rion. As a metric, an individually defined threshold value was discussed, above which the
risk potential of an indicator is considered relevant.

The result of this case study is a catalog of initial risk assessment of the entire produc-
tion process (36 critical hotspots) and thus forms the basis for an S-LCA of CRC to be car-
ried out in the next step. The main focus of indicators to be highlighted and further used in
the indicator catalog are in the area of labor rights and decent work in the health and safety
subcategory.

Critically, some missing data can lead to a high average value, which is then also
included in the catalog as a relevant indicator, but may not be considered critical. On the
other hand, missing data can also lead to a lower level of information, as in the case of
Saudi Arabia, for example. In the future, the identified indicators can and should again be
revised and possibly shortened or expanded in cooperation with the manufacturing indus-
try to set up a survey.
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