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Abstract

Purpose This article provides methodological insights to evaluate the socio-economic risk of an emerging froth flotation
technology for the mining sector with the goal of guiding the design and development process. This technology is used to
separate valuable particles based on surface properties among minerals and, if properly developed, could be used to valorize
fine particles that currently existing technology cannot separate and thus become waste material.

Methods The Social Hotspot assessment utilized the Product Social Impact Life Cycle Assessment (PSILCA) database to
analyze social hotspots in the relevant industrial sector. In addition, a survey captured the viewpoints of technology devel-
opers regarding additional potential social risk and opportunities. The final results were defined by combining these two
analyses, conducted according to the 2020 UNEP guidelines for Social Life Cycle Assessment of Products and Organiza-
tions. For the economic assessment, the Material Flow Cost Accounting (MFCA) methodology (ISO14051) was applied,
considering material costs, system costs, energy costs, and waste management costs for both the current situation and a
future industrial-scale scenario.

Results and discussion The study emphasizes the importance of tailoring methodological approaches for case studies involv-
ing low Technology Readiness Level (TRL) technologies based on available data. The state of technology development has
led to different results for the economic and social analyses, primarily due to the difficulty in accurately predicting potential
social impacts at this stage. The social analysis identified potential risks and 28 subcategories of impacts across different
stakeholder categories. The economic assessment found that energy costs (49%) were the highest contributor to the MFCA
cost of the future scenario, followed by system costs (29%).

Conclusions and recommendations The study concludes that conducting a socio-economic analysis during the developmental
stage of a technology is valuable for identifying critical hotspots that require monitoring, effectively guiding the research
and development phase. This application represents a unique case in the mining sector and could be a first step in defining
a methodological approach suitable for low TRL technologies. Analyzing both social and economic risks provides a more
comprehensive perspective on sustainability, complementing environmental risk assessments.

Keywords Emerging technologies - Social life cycle assessment - Material Flow Cost Accounting - Social hotspots
analysis - Socio-economic assessment - Flotation technology

1 Introduction

The debate on sustainability has notably shifted in the con-
Communicated by Marzia Traverso. temporary world, broadening beyond the exclusive assess-
ment of environmental impacts. This paradigmatic change
underscores an increasing acknowledgment of the relevance
of social and economic dimensions within the sustainabil-
Department of Civil and Environmental Engineering, ity framework (Merli et al. 2018). Nevertheless, evaluating
Politecnico Di Milano, Piazza Leonardo da Vinci 32, the impacts on all the three dimensions of sustainability to
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emerging technologies poses a complex challenge. Life cycle
assessment (LCA) is a widely used method for evaluating
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the potential environmental impacts of various products
and services, typically focusing on well-established sys-
tems already in the market (Blanco et al. 2020). However, a
branch of LCA focusing on emerging technologies, known
as prospective (pLCA) or ex-ante LCA, has evolved in recent
years (Cucurachi et al. 2018). This approach recognizes that
the early stages of technology development offer the great-
est opportunity to steer technology toward environmental
sustainability (Bergerson et al. 2020; Hetherington et al.
2014). While ex-ante LCA field is continuously developing,
the assessment of social and economic aspects of emerging
technologies are relatively lagging behind which hampers a
holistic view on the future of these technologies from sus-
tainability perspective.

Social sustainability of products or services is increas-
ingly discussed in research, companies, and among poli-
cymakers. Social LCA (S-LCA) is a methodology used to
assess the potential social impacts of products along their
entire life cycle (UNEP/SETAC et al. 2009; UNEP 2020).
The analysis focuses on different stakeholder categories
that might be affected by the systems under analysis (UNEP
2020). Impact categories and their subcategories were
defined in relation to the stakeholder categories. A key chal-
lenge in applying the S-LCA methodology revolves around
the demanding task of collecting data. As highlighted by
Mancini et al. (2021) in a similar case study, this complex-
ity is especially evident in the mining sector. The additional
geographical complications, coupled with the often-con-
siderable distance of investigation sites from the sustain-
ability analysis team, make the collection of primary data
an intricate process. S-LCA of low Technology Readiness
Level (TRL) (1 to 4) technologies is even more challeng-
ing. This is due to the need to obtain data that accurately
represents future industrial-scale applications (high TRL) (5
to 9). In addition, potential social impacts, which are often
difficult to predict, can be underestimated in the process of
scaling up from laboratory or pilot projects to market-level
production. Mancini and Sala (2018) scrutinized 50 stud-
ies and compiled a list of 28 impacts that typify the social
consequences of mining activities. The studies highlighted
that mining impacts revolve around three areas: land use,
environmental effects influencing health, and human rights
considerations. In addition, demographic impacts, particu-
larly related to migration and gender imbalances in mining
communities, emerged from the literature review. Azapagic
(2004) introduced a framework for sustainable development
indicators specifically tailored for the mining and minerals
industry. Within this framework, a set of social indicators
has been carefully designed to include both qualitative and
quantitative measures. Following the structure of the Global
Reporting Initiative (GRI) framework, these indicators were
organized into five categories, addressing aspects related to
labor practices, human rights, and broader issues affecting
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consumers, local communities, and other stakeholders. Fur-
thermore, the issue of identifying and selecting social topics
was highlighted to avoid missing important elements and to
make the analysis as objective as possible.

Unlike environmental LCA (e.g., Tsoy et al. 2020),
S-LCA lacks research on how to properly upscale invento-
ries from laboratory/pilot to commercial or industrial scale.
Some attempts have been made in recent years to adapt the
methodology to different stages of technological develop-
ment. For example, Haase et al. (2022) presented a com-
prehensive approach for prospective sustainability assess-
ment of energy technologies. The methodology focuses on
specific indicators that can be assessed in the early stages of
developing energy-sector technologies. Van Haaster et al.
(2016) proposed a framework to explore potential impacts
on social well-being resulting from the large-scale imple-
mentation of novel technologies. The selection of a limited
number of indicators (11) ensures the methodology remains
simple and transparent. In a similar context, Muller et al.
(2021) conducted a social hotspot assessment on pilot-scale
operations of a modular mining plant in Bosnia and Her-
zegovina to produce lead concentrate. The latter was one
of the first attempts to apply a social hotspot assessment
evaluation in the early development stages of an emerging
technology in the mining sector. In the study, the authors
aimed to identify the most vulnerable areas within the lead
production value chain through a hotspot assessment, ena-
bling the formulation of mitigation measures for the technol-
ogy's implementation.

For the economic assessment, Material Flow Cost
Accounting (MFCA) is one of the methodologies that can
be applied to this end. MFCA offers a transparent and com-
prehensive overview of material flows and stocks within
an organization in physical and monetary units (Kokubu
and Tachikawa 2013), thus supporting the identification
of opportunities to reduce the material losses through effi-
cient management of resources and consequently to reduce
adverse environmental impacts and associated costs. After
its standardization in ISO 14051 (2011), MFCA imple-
mentation witnessed a rise in manufacturing industries
(Chompu-Inwai et al. 2015; Fakoya and Imuezerua 2021),
food industry (Christ and Burritt 2017; May and Guenther
2020), oil refineries (Mahmoudi et al. 2017), metal indus-
try (Sahu et al. 2021; Zhou et al. 2017; Zou et al. 2019),
and waste management (Fakoya and Imuezerua 2021; Ho
et al. 2021). Along with material costs, the computation also
considers the processing costs, such as manpower and util-
ity costs (energy costs) for both products and waste, imply-
ing that MFCA assumes processing costs are incurred even
when producing wastes.

Given the research gap in this area, this article is thus an
ambitious attempt to evaluate the socio-economic risk of an
emerging technology in the mining sector (see Section 2.1),
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with the goal of guiding the design and development pro-
cess, and at the same time improve our understanding of the
aforementioned methodologies when applied to an emerg-
ing technology to achieve valid and meaningful results for
the specific application. By adding the work here to the
pLCA work by Eltohamy et al. (2023), this could be the
first attempt of its kind in literature that applies the three
assessments on a single emerging technology case study, at
least to the authors' knowledge.

The aim is therefore to apply the assessments in the most
appropriate way to the case study, so that the results are
consistent with the level of technological development. For
this reason, the aim of the Social Hotspot assessment was to
identify potential social hotspots, social risk, and opportuni-
ties related to the Fine Future (FF) technology understudy.

In the case of the economic analysis, the aim was to con-
duct a comprehensive analysis of all costs involved to ensure
coverage of the economic impacts during the technology's
implementation phase. While recognizing the limitations,
this approach provides a starting point for thoughtful and
sustainable integration of the technology into the produc-
tion process. It ensures that, despite the low TRL of the
technology, there is a basis for informed decision making.
It paves the way for further research and refinement as the
technology progresses.

2 Methods
2.1 Description of the case study

A new froth flotation technology for the mining industry
has been developed through the European Union Horizon
2020 project FineFuture (FF). Froth flotation is a physico-
chemical separation method that exploits differences in the
surface wettability of mineral particles. In a heterogeneous
solid mixture, hydrophobic particles attach to gas bubbles,
which carry them to the froth phase where they are collected
as froth product (usually the valuable mineral concentrate).
Meanwhile, hydrophilic particles stay in the pulp phase and
are discharged as tailings (Eltohamy et al. 2023).

This initiative, responding to the increasing need for
advanced technologies in treating metal and mineral-rich
fine-grained materials, focuses on addressing the current
absence of suitable methods for processing deposits smaller
than 20 um (Wang and Liu 2021). The absence of such a
technology results in the loss of large amounts of valuable
minerals and metals contained in these deposits. The FF
technology was developed to tackle this issue and support
the efficiency of mining cooperates in Europe. Therefore,
important European players in the mining sector were
eagerly part of the consortium such as Eramet (France),
Grecian Magnesite (Greece), and Magnesitas Navarras

(Spain), each operating on a different mineral or metal. In
this paper, which builds upon Eltohamy et al.’s (2023) work,
we take Grecian Magnesite (GM) as a case study for future
FF technology application. GM is a prominent Greek com-
pany specialized in magnesium oxide (magnesia) produc-
tion that operates in Chalkidiki, Greece. The GM produc-
tion line begins with the extraction of magnesium carbonate
ore, commonly known as magnesite. After extraction, the
ore undergoes a beneficiation process, which concentrates
the magnesite. Following this, the concentrated magnesite
is subjected to calcination, a process that involves heating
it to high temperatures. This calcination step results in the
production of magnesia, the desired final product in the
manufacturing process. During the beneficiation phase, the
intensive washing of magnesite ore generates fine particles
of granular size smaller than 4 mm. Despite the high mineral
concentration in this fraction, it is currently discarded and
stockpiled. This fraction is a targeted stream for beneficia-
tion using FF flotation technology, enabling the production
of high-quality magnesite concentrate for future magnesia
production. Further details on GM production system can
be found in Eltohamy et al. (2023). According to the cur-
rent experimental configuration of the project, the technol-
ogy will be implemented in the beneficiation phase, and in
the case of Grecian Magnesite, it will take place entirely in
Greece.

2.2 Social hotspot assessment

The scope of this assessment is to identify the social hot-
spots, potential risks, and opportunities associated with the
development and implementation of the FF technology.
Social risk refers to the potential negative social impacts
associated with the life cycle of the technology under devel-
opment, while social opportunities could be considered the
potential positive social impact associated with the technol-
ogy and its lifecycle. Due to practical constraints, the appli-
cation of the S-LCA methodology to low TRL technolo-
gies is very complex and not always feasible. Many of the
potential social risks cannot be accurately predicted when a
technology or product is at an experimental stage of devel-
opment and production has not yet reached an appropriate
scale. For example, it may be inappropriate to make predic-
tions about worker conditions without verifying potential
impacts with primary data. Scaling up social impacts while
maintaining evaluation objectivity can be very complicated.
However, identifying potential hotspots at an early stage can
facilitate the prevention of potential impacts and provide a
basis for proactive rather than reactive management of future
sustainability issues.

Therefore, the social hotspot assessment serves a twofold
purpose: first, it aims to identify stakeholders and subcat-
egories to be analyzed in a future comprehensive S-LCA
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study with primary data. Second, it seeks to pinpoint social
hotspots relevant to the industrial sector, which are crucial
to consider during the transition from pilot scale to industrial
implementation.

Based on the definition of the Guidelines for Social LCA
of Products and Organizations (UNEP 2020), six stakeholder
categories can be identified: worker, local community, value
chain actors, consumer, society, and children. To achieve a
social risk assessment that closely aligns with the case study
and its complexity, the assessment was structured as follows:

e First step: In order to identify potential links between the
developing technology and its social impacts, an internal
survey was conducted among the project partners. Each
partner was asked to identify the subcategories for each
stakeholder category that would be most affected by the
development of the technology. The set of subcategories
and stakeholders used in the survey are those reported in
the 2020 Guidelines (UNEP 2020);

e Second step: social hotspots analysis.

The decision to distribute the survey to the project par-
ticipants was based on the understanding that those who are
actively involved in the development of the technology have
valuable insights on its potential impacts. The questionnaire
was developed to capture considerations as close to the case
study as possible. In addition, the questionnaire explored
all stakeholder categories and subcategories present in the
UNEP 2020 guidelines, differently from the database used
for the social hotspots analysis. The survey also provided a
perspective that included positive themes typically excluded
from this type of evaluation (Marmol et al. 2023). The poten-
tial bias behind the choices made by project participants is
an important issue to consider. There may be a tendency to
associate the technology mainly with opportunities rather
than risks. However, it is important to highlight all poten-
tial risks and opportunities that the implementation of the
technology might have. For this reason, the perspective of
technical experts cannot be ignored, but must be evaluated
with due caution.

The social hotspots analysis relied on the Product Social
Impact Life Cycle Assessment (PSILCA) database devel-
oped by GreenDelta. PSILCA uses a multiregional input/
output (MRIO) database, called Eora. Eora covers most of
the entire world economy, on an industrial sector basis, and
data for around 15,000 sectors and 189 countries is available
(GreenDelta —Maister et al. 2020). Using PSILCA, industrial
sectors are classified according to the NACE Rev. 2 clas-
sification of industrial activities. NACE is the "statistical
classification of economic activities in the European Com-
munity". As there is no accepted standard for the selection
of social indicators, a comprehensive array of indicators is
compiled and accessible in the PSILCA database. In total, it
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includes 69 qualitative and quantitative indicators. Concern-
ing the case study, the sector "Other mining and quarrying"
was analyzed in accordance with the partner indication, and
the country selected for the analysis was Greece. The sys-
tem boundaries are defined by the industrial sector chosen
in PSILCA. This classification encompasses activities such
as extraction from mines or quarries, dredging of alluvial
deposits, rock crushing, and utilizing salt marshes. The
extracted materials are primarily used in construction and
the production of materials, as well as in chemical manufac-
turing. However, this category excludes mineral processing,
except for operations like crushing, grinding, cutting, clean-
ing, drying, sorting, and mixing (NACE Rev. 2, 2008).

In accordance with the guidelines provided in the
PSILCA user manual, a cut-off of 107 was applied to the
analysis to ensure the inclusion of all potentially relevant
processes. The selected activity variable was working hours,
as it is the most commonly used measure in studies of this
kind. Given the low TRL technology, it was decided to ana-
lyze this industrial sector, as this is the sector where the
technology will be applied and where potential social risks
will arise. Analyses of other sectors potentially related to
the case study were not developed, first because of their
limited influence in terms of contribution to the process,
and second because it is not currently possible to determine
with certainty in which countries such processes would be
implemented. The functional unit was defined as the single
dollar of product exiting the sector. The study employed the
reference scale approach named "Social Impacts Weight-
ing method" used in the PSILCA database. The final results
were quantified in medium risk hours (MRHs), which is the
number of worker hours along the supply chain that are char-
acterized by a medium social risk.

2.3 Economic assessment
2.3.1 MFCA methodology

The adoption of MFCA in this study was driven by its strong
systematic approach to tracking material flows and associ-
ated costs which fits very well the case study, aiming at
reducing wasted flows while increasing the quantity of the
valuable product. The rationality behind using MFCA over
other cost accounting methods such as environmental LCC
lies in the fact that the main focus of an LCC is to calculate
the product's/service's total cost before manufacturing/estab-
lishing it, which should eventually be recovered by its sales.
In MFCA, the same is done by identifying the cost, which is
lost through the wastes/losses from each process within the
system boundary (Schmidt 2015). Unlike an LCC, MFCA
allocates the losses into material, energy, miscellaneous, and
waste treatment costs, thereby identifying exactly where the
mitigation measures need to be targeted to optimize the total
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cost. The methodology, therefore, is expected to provide
adaptable and insightful indications into the material and
cost dynamics, with a focus on waste management (Naka-
jima et al. 2015; Schmidt 2015; Wagner 2015). In the MFCA
methodology, all costs are categorized into four main types:
Material Cost (MC), Energy Cost (EC), System Cost (SC),
and Waste Management Cost (WC). Each identified process
within the system boundary is referred to as a "Quantity
Center (QC)." The total input cost to a QC is divided into
two output costs: the positive cost (cost of the product) and
the negative cost (cost of the losses). Both positive and
negative costs are distributed across MC, EC, SC, and WC.
The best practice for calculating the costs, in the absence
of relevant information, is to allocate them according to the
material distribution percentage in the QC concerned. WC,
as per the standard, is always attributed to the losses. The
costs are then subsequently passed on to the following QC
in a multi-stage production system and the same principle
is followed. The total costs, therefore, involved in the whole
process are calculated by adding the total positive cost to the
total negative costs.

2.3.2 Goal and scope

The goal of this assessment is to evaluate the economic sus-
tainability of the FF technology in the context of the GM
case study using the MFCA methodology. First, the cur-
rent scenario where the fine wastes that are generated out
of the washing step of the beneficiation phase are dumped
and remain unutilized is evaluated. Thereafter, for the future
scenario, the adoption of the FF froth flotation technology is
considered. The evaluation was carried out under the frame-
work of ISO 14051 (2011). The assessment is comparative
since it compares the current business-as-usual with future
scenario that includes the FF unit. For both the scenarios,
the system boundary starts from the point where the fine
particles are generated from the extensive washing in ben-
eficiation, thereby omitting all the units that are common to
both the scenarios.

In MFCA, the QCs is the part of the process in which
inputs and outputs are quantified. In most cases, QCs repre-
sent parts of the process in which materials are transformed
(Huang et al. 2019). The system boundary and the related
QC:s for the current and future scenarios are illustrated in
Figs. 1 and 2, respectively. The selection of QCs was based
on units performing similar functions. The current scenario
had only one QC (QC*1), which is the stockpile where the
fine deposits are dumped after the ore beneficiation. The
future scenario, on the other hand, had seven QCs: QC1
(stockpile), QC2 (fine milling), QC3 (FF flotation), QC4
(dewatering), QCS5 (drying), QC6 (briquetting), and QC7
(calcination). The key unit of the FF intervention, i.e., the
FF flotation cells, is housed within QC3. QC3 also includes

QC*1
(Stockpile)

Fines < 4mm

Fig. 1 Identified quantity center (QC) for the current scenario

a dewatering tank to perform thickening operations on the
flotation tailings, as a part of waste management. Likewise,
QC7 also includes a flue gas treatment system to treat the
flue gases emitted from the calcination operations. Primary
data on physical quantities was obtained through cross-refer-
encing data collected from both the company and the project
consortium. The monetary data was collected by conducting
online interviews and questionnaires. In situations where
primary data was not available, proxy data was collected
through literature surveys and from online databases.

2.3.3 Quantification of inputs/outputs

The ISO standard defines three categories of cost under
MFCA—Material Costs (MC), System Costs (SC), and
Waste Management Costs (WC). Material Cost represents
the cost of a substance that is processed through a process-
ing unit. In most cases, the purchase price is considered
as the material cost. System Cost takes into account all
costs incurred in the process of in-house handling of mate-
rial flows except for the material, energy, and waste man-
agement costs. Waste Management Costs considers costs
involved in handling of the material losses. In addition to
the above, there are energy costs (EC), which include the
cost for energy sources such as electricity, fuels, steam, heat,
and compressed air. Identifying the relevant cost inputs and
outputs enables the connection of the QCs within the MFCA
boundary, allowing data from the QCs to be linked and
evaluated across the entire system (ISO, 2011). The inputs
comprise costs of materials, water, energy, and transport,
while outputs are the costs of products, material losses, and
energy losses. The monetary quantification was carried out
mostly on the primary data provided by GM in the follow-
ing manner:

e Current Scenario (QC*1): The average cost involved
from the ore extraction, beneficiation, and until the pro-
duction of the kiln feed was provided by GM in €/ton of
concentrate for the kiln feed along with its percent dis-
tribution in terms of MC, EC, and SC. Among additional
inputs, the only cost involved was the cost for transport-
ing the fine waste into the stockpile area, which acts as
a waste storage facility in the current scenario. Tables 1
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and 2 show the distribution of costs in the current sce-
nario referred to 1 ton of the fine rejects stored in QC*1.

For the future scenario, some filing-in of gaps had to be
considered as the project was still in pilot phase and some
cost information was either unavailable or too sensitive
to be disclosed. Hence, the costs for the future scenario
were derived using estimations with the help of second-
ary databases and other literatures. The MC was provided
by GM authorities in €/ton throughput, since the flota-
tion cells are already in operation at their experimental
set up in Germany. EC information was extracted from
the Eurostat national database along with literatures and

UK-based Argus media. For the SC, which constitutes all
miscellaneous cost, three major categories were identi-
fied—transportation, labor cost, and machinery mainte-
nance cost:

Transport cost: fuel cost (per tkm) was derived from
Ecoinvent (report no.14) while operating cost was pro-
vided by GM.

Labor cost: a total of 15 persons were anticipated to be
working on QCs that require manual labor. Hourly wages
were derived from the OECD statistics and the labor cost
was then calculated for every QC.

Machine/equipment maintenance cost: it was provided
by GM.

Finally, waste management costs (WC) were provided by

media organization that conduct price assessments and ~ GM.
analysis for the international energy market such as the
Fig.2 Identified quantity cent- Sy
ers (QCs) for the future scenario QCI_ = QC2 QC3 : < QC4
| (stockpile) (Fine Milling) (FF floatation) (Dewatering)
QC7 QC6 QCs
(Stocking & Calcination) | (Briquetting) | (Drying)
Table 1 QuanFiﬁed inputs in the QC Tnputs Qty MC EC SC (6) WC
current scenario t € €
Transport Labor Machinery
QC*1 Fines from 1 1.73 243 2.24 0 0 0
(Stockpile) beneficiation
New inputs 0 0 0 0.28 0 0 0
Table 2 QuaI.ltiﬁed inputs in the QC Inputs Qy MC EC SC (6) %
future scenario t € €
Transport Labor Machinery
QCl1 Fines from beneficiation 1 1.73 243 2.52 0.48 0 0
(stockpile)
QC2 Stockpile deposits 1.67 231 0258 0.36 0.193 0 0
(Milling)
QC3 Milled grains 333 636 008 0 0.193 2.23 0.019
(FF flotation)
QcC4 Flotation concentrate 1.93 3.67 0.024 O 0.193 0 0
(Dewatering)
QCs Dewatered concentrate ~ 0.63 1.15 1927  0.57 0.289 0 0
(Drying)
QC6 Dried concentrate 0.58 1.05 0746 0O 0.289 0 0
(Briquetting)
QC7 Magnesite briquettes 0.58 1.05 10.728 0.08 0.579 1.69 1.04
(Calcination)

@ Springer



The International Journal of Life Cycle Assessment (2025) 30:1349-1362

1355

It is to be mentioned here that for the machine main-
tenance cost, only QC3 and QC7 were considered since
they were the most important processing units within the
system boundary and also because the machinery cost
information was available solely for the FF flotation plant
and the calcination unit (including the flue gas treatment).

3 Results
3.1 Results of the social hotspot assessment

The results of the Social Hotspot assessment are composed
of the results of both the internal survey and the analy-
sis of the social hotspots. Conducting these two analyses
simultaneously made it possible to identify social issues
that may have significant impacts, whether positive or
negative, and so that require attention during the imple-
mentation of the FF technology. It is important to note
that PSILCA refers to a different number of subcategories
and stakeholder categories compared to the UNEP 2020
Guidelines. For this reason, the proposed survey and the
related responses from participants have a broader focus.
This also allowed for the inclusion of subcategories that
would otherwise have been excluded. It is therefore cru-
cial to consider the results of both assessments to ensure
a thorough and comprehensive approach to the evaluation
process.

3.1.1 Internal survey

The findings from the survey administered to project partici-
pants are detailed in Fig. 3, where responses are categorized
based on stakeholder categories. The questionnaire received
12 responses, encompassing both individual perspectives
and collaborative answers from work package groups.

The number of participants is limited, but it includes
the entire team responsible for developing the technology.
Therefore, while the responses are few, they carry significant
weight as they represent the collective expertise of the only
individuals who have specific knowledge of the technology.
In the chart, the expressed percentage indicates the number
of survey participants who selected that specific subcategory
among those that could be impacted through the implemen-
tation of the FF technology.

The analysis reveals a predominant bias in the partners'
internal perspectives, emphasizing the potential positive
impacts of the technology. These perceived benefits include
technological advancements, contributions to economic
growth, and a commitment to end-of-life responsibility.
These insights are valuable as they highlight positive aspects
that might be underestimated or overlooked in the overall
evaluation. However, it is crucial to recognize that focus-
ing solely on the benefits of FF technology may lead to a
biased assessment of its social impact. Subjectivity in the
evaluation process could result in an overemphasis on posi-
tive impacts while minimizing or neglecting negative ones.
This inherent bias may stem from the professional interests

Technology Deve ! opm e i

Contribution to Economic Development

End-of-Life Responsibility
Local Employment
Access to Material Resources

Public Commitment to Sustainability Issues
Safe and Healthy Living Conditions

Respect of Intellectual Property Rights
Community Engagement
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Feedback Mechanism

Health and safety

Fair Competition

Supplier Relationships
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Fair Salary

Cultural Heritage

Promoting Social Responsibility
Privacy

Corruption

Delocalization and Migration
Respect of Indigenous Rights
Hours of work

Freedom of Association
Prevention and Mitigation of Conflicts
Secure Living Conditions
Forced Labour

Child Labour
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Fig.3 Subcategory selection: results of the internal survey
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of those involved, which may lead them to emphasize the
benefits of the technology. To mitigate this bias, the survey
results were cross-referenced with the outcomes of the social
hotspots analysis (Section 3.1.2).

3.1.2 Social hotspots analysis

In Fig. 4, the results obtained from the PSILCA database
are presented and organized by stakeholder categories and
subcategories. Considering all the different indicators, for
all the different stakeholders, the final value of MRH related
to the social risk in the analyzed sector in Greece is of 36.1
MRH for one dollar of output from the sector considered.

The subcategories most impacted by the industrial sector
concern corruption (value chain actors), fair salary (work-
ers), and access to material resources (local community).
The analysis shows that the category of workers is particu-
larly impacted. In fact, five out of its eight subcategories are
found to have values above the single MRH.

The six subcategories with an MRH value exceeding 2 h
have been described in Table 3 to highlight their indicators.
The option of visualizing the different indicators makes it
possible to identify the hotspots in detail.

For the subcategory corruption, the two indicators public
sector corruption and active involvement of enterprises in
corruption and bribery contribute significantly to the final
value (63% and 37%, respectively). Moreover, the first one
alone measures more than four MRH related to the produc-
tion of the single dollar output. In PSILCA, public sector

Access to material resources

Migration

Safe and healthy living conditions
Contribution to economic development
GHG Footprint

Local employment

Respect of indigenous rights
Environmental Footprint

Contribution to economic development
Prevention and mitigation of conflicts
Health and safety

Contribution to economic development
Corruption

Fair competition

Promoting social responsibility

Fair salary

Workers’ rights

Discrimination

Child labour

Subcategories

corruption is measured by Transparency International's Cor-
ruption Perceptions Index (CPI) that ranks countries on a
scale of 0 to 100, with O indicating a perception of high
corruption and 100 indicating a perception of high cleanli-
ness. The data, provided by Transparency International (an
open access database), in PSILCA V.3, includes informa-
tion from 2018. In 2018, Greece achieved a value of 45,
which is the reason of the result for the social impact assess-
ment. For the indicator Active involvement of enterprises
in corruption and bribery, data from the OECD's Foreign
Bribery Report is used (OECD 2014). This international
report aims to measure and document transnational corrup-
tion, particularly foreign bribery defined in Article 1 of the
OECD Anti-Bribery Convention. Given that these results are
on a national and industrial scale level, their relevance to the
case study is not immediate. However, this finding highlights
the need for our case study to monitor and pay attention to
possible instances of corruption in the entire life cycle. One
of the potential tools to ensure risk reduction is a constant
focus on transparency, ensuring that anti-corruption policies
and procedures are in place at company level.

The Fair Salary indicator consists of three sub-indicators:
"Living wage, per month," "Minimum wage, per month,"
and "Sector average wage, per month." The overall risk is the
sum of the risks associated with each sub-indicator. In order
to minimize the associated risks during the implementation
phase of the FF technology, it will be important to ensure
the development of a fair salary policy at the company level,
to guarantee ongoing compliance and fairness in employee

Forced labour - Workers A
Working time - ;o@ItCommumty
ociety

Social benefits
Health and Safety

o
-

B value Chain Actors

4 5 6 7
Medium risk hour

Fig.4 Subcategories results for the sector "Other mining and quarrying activities" in Greece
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Table 3 Indicator values for the six subcategories with the highest potential impact
Subcategory Stakeholder Indicators MRH %
Corruption Value chain actors Public sector corruption 4.098 63.26
Active involvement of enterprises in corruption and bribery 2.380 36.74
Fair salary Workers Fair salary 4.638 100.00
Access to material Local community Biomass consumption 4.138 93.03
resources Certified environmental management system 0.152 3.42
Industrial water depletion 0.096 2.16
Mineral consumption 0.061 1.37
Fossil fuel consumption 0.001 0.02
Migration Local community Migration flows 3.197 90.59
International migrant stock 0.326 9.24
International migrant workers (in the sector/site) 0.005 0.14
Net migration 0.001 0.03
Workers’ rights Workers Trade unionism 3.067 98.55
Association and bargaining rights 0.045 1.45

compensation. It would also be useful to conduct regular
audits of employee pay to ensure ongoing compliance with
fair pay criteria.

For the subcategory access to material resources, biomass
consumption has a substantial impact (93%) compared to
the other indicators. To assess the risk associated with bio-
mass extraction, PSILCA uses data from the online portal
www.materialflows.net , referring to the year 2017. Biomass
extraction is measured at the country level in tons per capita
and tons per square kilometer; MRHs are then summed up in
a single indicator. The risk assessment measures the poten-
tial risk of conflicts due to restricted access of local com-
munities to material resources. To mitigate the social risks
associated with biomass extraction, a company can focus on
sustainable practices and on sustainable resource manage-
ment. This involves adopting sustainable processes that will
minimize environmental impact and ensure the long-term
availability of biomass resources.

Migrant flows contribute 91% of the total impact to the
subcategory migration. The data, sourced from ILOstat,
offers international labor migration statistics categorized
by economic activity based on the International Standard
Industrial Classification of All Economic Activities (ISIC
Rev.4). In PSILCA, for the risk assessment, it is assumed
that a higher proportion of migrant workers increases the
likelihood of discrimination, unfair working conditions, and
conflicts with local communities compared to sectors with
lower migrant shares. Moreover, significant disparities in
the migrant stock of a country can also exacerbate these
issues; this is considered by calculating the ratio between the
migrant stock and the percentage of international migrant
workers in the sector. Developing and implementing robust
anti-discrimination policies is the first step in reducing these
types of risks in an organization. These policies should be

enforced at all levels of the organization to ensure fairness
in recruitment, hiring, and workplace practices. Compliance
with local and international labor standards, such as ensur-
ing fair wages and safe working conditions, helps create a
supportive environment that respects the rights and dignity
of migrant workers and fosters a culture of inclusion and
compliance.

The trade unionism indicator contributes 98% to the
workers' rights subcategory impacts. The data on the trade
union density rate is obtained from the ILOstat online data-
base, spanning from 2013 to 2016. This indicator measures
the risk related to the proportion of workers who are mem-
bers of trade unions within specific countries or regions.
Given that the ability to organize in trade unions is essen-
tial for collectively protecting workers' interests and rights,
higher density rates typically indicate more favorable condi-
tions for association and, consequently, lower social risks.
For companies seeking to mitigate these kinds of risks,
developing strong relationships with trade unions and labor
organizations is very important. Working with unions pro-
motes mutual understanding and constructive dialogue on
labor issues. By engaging in regular consultations and nego-
tiations, companies can effectively address concerns, ensur-
ing that workers are treated fairly and that labor rights are
respected. The definition of robust conflict resolution mecha-
nisms further strengthens these relationships and fosters a
balanced work environment where the company's objectives
are aligned with the interests of employees.

It is important to note that this analysis covers the entire
life cycle of goods produced by the sector. Therefore, the
implications derived from these results apply not only to the
company adopting the FF technology, but also to all compa-
nies involved in this life cycle. To effectively mitigate risks,
it will be crucial to consider these findings when evaluating
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potential partners entering the life cycle through technology
implementation.

Moreover, the PSILCA database allows to evaluate the
sectors that, as inputs to the analyzed industrial sector, make
a significant contribution to total impacts. Results are shown
in Table 4. It should be underlined that even the most recent
version of the database does not account for changes and
conflicts occurring after 2019, potentially resulting in a lack
of updates on the social risks. Notable among the mentioned
countries are Iran and Russia. The industrial sector with the
highest impacts is related to the energy production from
coke, petroleum, and nuclear fuel. For future implementa-
tion of the technology, it will be important to consider these
findings to mitigate the potential social impacts associated
with these sectors. Diversifying sourcing geographically and
in terms of energy types is one possible action. For example,
it could be beneficial to examine the origins of the compa-
ny's energy supplies to determine whether they reflect these
potential risks or not. If they do, a specific analysis could be
undertaken to evaluate more sustainable alternatives from
both an environmental and socio-economic perspective.

The analysis of hotspots has thus highlighted the key
stakeholders to monitor indicators characterized by higher
risk and industrial sectors by country that could significantly
impact the social performance of the production supply
chain. The combination of these results, together with the
social issues highlighted by the survey, provides an impor-
tant initial set of information for monitoring social risks
throughout the technology implementation phase.

3.1.3 Stakeholder and subcategory selection

For the final assessment, the outcomes of both evaluations
are considered. In detail, for the survey, the subcategories
chosen by over 30% of the participants are considered,
whereas for the outcomes derived from the social hotspots
analysis, all subcategories exceeding a single medium-
risk hour value have been incorporated into the selection.

Figure 5 summarizes the selection results. Five stakeholders
emerge from the survey, while three emerge from the social
hotspot analysis. For stakeholders selected by both analyses,
the subcategories often differ. The survey therefore had the
added value of identifying important stakeholders and sub-
categories that would not have emerged with the PSILCA
database analysis alone.

3.2 Results of the economic assessment

Having quantified the costs, each individual QC is analyzed
for the distribution of material and cost flows and then
aggregated together into a cost flow model.

Since in the current scenario the stockpile area is just a
waste storage area, from Table 1 it can be deduced that the
total input cost to the QC*1 (i.e., 6.69 €) is lost as a material
loss (negative product).

Table 5 shows instead the cost chart of the future sce-
nario: the total MFCA cost is 33.28 €. It can be observed
that of the total MFCA cost, approximately 24% (7.96 €) of
it is converted into a positive product, whereas the remain-
ing 76% (25.32 €) is lost to the material waste and losses.
The highest contribution to this MFCA cost was derived
from the total energy cost (49%), followed by system costs
(29%). Material costs account for 19% of the total MFCA
cost and the waste management cost takes up only 3%. Fig-
ure 6 shows the contribution charts of the two main cost
categories. For the EC, it was observed that the highest con-
tributor was QC7, i.e., the calcination unit, wherein the cost
of pet coke acquired for the calcination of the magnesite
briquettes was the most dominant. For the SC, the contribu-
tion was shared by QC3 and QC7. Although QC1 shows
the highest percentage value, most of it is derived from the
transferred costs from beneficiation phase which lies outside
the system boundary and so the actual contribution of QC1
is just 0.48 € in the form of labor cost to the total SC of QC1.
Both for QC3 and QC7, it is the machine maintenance cost
that dominates the respective SCs. Considering the material

Table 4 Process upstream

. . - Process upstream impacts Country % of the contribu-
1mpact.s leth the highest tion to the upstream
potential impact impact

Coke, refined petroleum products, and nuclear fuel GR 20

Manufacture of coke, refined petroleum products, and nuclear fuels GR 20

Crude petroleum IR 12

Collection, purification, and distribution of water IR 11

Mining and quarrying (energy) RU 7

Land transport; transport via pipelines GR 3

Electrical energy, gas, steam, and hot water GR 3

Wholesale trade and commission trade, except of motor vehicles and GR 3

motorcycles
Other mining and quarrying products GR 3
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Fig.5 Subcategory selection: final results

Table 5 Cost chart of the future scenario

MC EC SC WwC Total costs
€ € € € €
Product 0.44 5.67 1.85 - 7.96
(positive (1.31%) (17.05%) (5.55%) - (23.91%)
product)
Material loss 5.92 10.53 7.81 1.06 25.32
(negative (17.80%) (31.64%) (23.47%) (3.18%) (76.09%)
product)
Total cost 6.36 16.20 9.66 1.06 33.28

(19.11%) (48.69%) (29.02%) (3.18%) (100.0%)

costs, QC3 is responsible for 4.05 € out of 6.36 € (i.e., 64%),
and this is due to the cost of the collector chemical used in
the flotation process in QC3.

It is also worth mentioning here that the wastewater gen-
erated from QC3 and QC4 are internally recycled. The total
quantity of water that is recycled back into the system is 2.14
tons and worth 1.86 € of equivalent freshwater acquisition
indicating cost savings to the total MFCA cost. However,
ISO 14051: 2011 states in Sect. 5.3.4 that even if a part or

* Access to material

resources LOca I
* Migration -
« Safe and healthyliving Communlty
conditions

* Corruption
* Fair competition

Value chain

»  Promotingsocial actors
responsibility

« Fairsalary

+ Workers’rights Workers

+ Discrimination
* Childlabour
* Forced labour

whole of the material loss is recycled internally, it should
be handled in the same way as any other material loss and
the allocation of the costs be done according to the pro-
vided guidelines as mentioned earlier, i.e., between products
and material losses only. This statement does not seem very
realistic. If the cost savings are allocated to the different
cost categories, i.e., MC, EC, and SC, it has been observed
that the total MFCA cost for the future baseline scenario
showed a reduction from 33.28 to 23.43 €, which is an
approximate 30% decrease as compared to the usual scenario
when recycled materials are treated as waste. The negative
product showed a significant reduction from 76.09% (25.32
€) to 66% (15.47 €) when calculated following the above
approach.

4 Discussion and limitations

The assessments were performed to guide the development
of FF technology and enhance its effectiveness in managing
socio-economic impacts. However, some limitations have
emerged during the study.
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Fig.6 Contribution tree for the
total MFCA energy costs (top)
and system costs (down)

Total EC - 16.20€
(100%)

: !

! | ) I }

QC1-2.43€ QC2-0.26€ QC3 - 0.09€ QC4-0.02€ QCs5 - 1.93€ QC6-0.75€ QC7 -10.73€
(15.00%) (1.60%) (0.55%) (0.12%) (11.91%) (4.63%) (66.23%)
Total SC - 9.66€
(100%)
l l l A l v l
QC1 -3.00€ QC2-0.55€ QC3-2.42€ QC4-0.19€ QC5 - 0.86€ QC6-0.29€ QC7-2.35€
(31.05%) (5.69%) (25.05%) (1.96%) (8.90%) (3.00%) (24.32%)

Concerning the social analysis, it is important to put in
evidence the bias identified in the views of the experts work-
ing on the development of the technology. As said before,
according to the respondents of the survey the technology is
mainly associated with positive impacts, whereas the hotspot
analysis through the PSILCA database identified negative
impacts too. A combination of the two tools can help to
broaden the focus of the research and ensure that the selec-
tion of subcategories considers both potential positive and
negative impacts. Once the technology is implemented, pri-
mary data can be used to further assess the actual extent of
these opportunities.

Another important point of discussion concerns the
pros and cons of using databases for social analyses. These
facilitate the acquisition of information through secondary
data, enabling the development of highly useful risk analy-
ses, particularly in the preliminary stages. However, social
impacts evolve rapidly, as evidenced by the recent complex
geopolitical tensions that have significantly affected Euro-
pean economies. When applying such databases to emerg-
ing technologies, it is crucial to recognize the importance
of database responsiveness for ensuring comprehensive risk
coverage. Consequently, it is essential to keep databases con-
stantly updated for achieving the most accurate assessment
of social impacts.

For the economic assessment, the central concerns
revolved around the challenges associated with upscaling
technology and its implications for analysis. Moreover,
while MFCA has been successfully applied in manufacturing
industries in the past, this study examines its application in
the service sector and within a prospective scenario. To deal
with these challenges, a comparative approach was adopted,
considering both existing and future conditions. Indeed,
projecting the costs of the future scenario from laboratory
scale to a hypothetical full operational level required realistic
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estimations. However, some costs could not be calculated,
indicating a need for future studies once the technology
becomes fully operational. Indeed, the MFCA methodol-
ogy allows for an analysis that can be easily updated as data
evolves.

The issue of the technology upscaling was present in the
social analysis too. It meant that a full S-LCA could not
be conducted given the difficulties and potential inaccura-
cies in data estimation. It was thus deemed more practical
to undertake a preliminary risk analysis. Consequently, the
methodology was simplified by utilizing secondary data and
expanding the system boundaries from the specific case to
the entire industrial sector, thereby assessing potential risks
within the relevant geographic region. By providing a con-
crete understanding of potential risks, an analysis of social
hotspots facilitates progress in implementing the technology.

5 Conclusions and recommendations

This article discusses the socio-economic assessment con-
ducted for the Grecian Magnesite case study within the
FineFuture project. Although further implementation steps
are needed, the analysis has already identified hotspots,
risks, and opportunities to monitor during this technology
development stage.

From a Social Hotspot assessment perspective, a key
finding emphasizes the need for careful calibration of the
methodology implementation. While generating scenarios
through statistical assessments might be tempting, accurately
predicting social impacts is extremely challenging. The com-
bination of an internal survey with a hotspot analysis based
on the PSILCA database has proven to be a valid way of
proceeding to understand and anticipate potential opportuni-
ties and impacts.
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From an economic perspective, the MFCA enabled the
evaluation of the technology's economic impacts, providing
tangible results to assess the economic feasibility of imple-
menting the emerging technology. The study also highlighted
that, according to ISO standards, material recycling is not con-
sidered a cost saving, indicating a potential area for further
research.

The main lesson learned from the study is that the meth-
odological application to case studies involving low TRL tech-
nologies must always be tailored on the type of data that can be
collected and should align with the level of uncertainty in the
data acquisition. Moreover, data collection for both method-
ologies is highly resource intensive, and so the study empha-
sizes the importance of promoting data transparency between
technology developers and assessment parties. Enhanced com-
munication of data, while addressing confidentiality concerns,
is crucial for modeling the system consistently with reality.
Robust results can offer clear guidance to technology develop-
ers as they advance their technologies.

Lastly, the study highlights the need to refine socio-eco-
nomic sustainability assessment methodologies, contributing
to literature development for their application to emerging
technologies. In fact, given the recent development of ex-ante
LCAs for evaluating environmental impacts, methodologies
for evaluating social and economic impacts also need to evolve
to ensure a comprehensive assessment of sustainability. Failure
to do so could lead to an unbalanced assessment where envi-
ronmental aspects are prioritized while social and economic
dimensions are overlooked. Continuous application of these
methodologies is thus important to refine them and solve the
identified limitations and challenges. Utilizing these method-
ologies for emerging technologies involves considering sus-
tainability as a guiding principle in technology development
rather than just a final goal.
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