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ABSTRACT

The potential beneficial and harmful social impacts generated by the introduction of novel technologies,
in general, and those concerning nutrient recovery and the improvement of nutrient efficiency in agri-
culture, in particular, have received little attention, as shown in the literature. This study investigated the
current social impacts of agricultural practices in Belgium, Germany and Spain, and the potential social
impacts of novel technologies introduced in agriculture to reduce nutrient losses. Based on 65 indicators
used in the PSILCA database, the greatest impacts in the baselines are related to fair salaries, biomass
consumption, industrial water depletion and public sector corruption. The potential social impacts of the
technologies were assessed using 17 midpoint indicators that have a potential to affect social endpoints.
The potential benefits of novel agricultural technologies were the creation of more attractive jobs in agri-
culture, and a better and healthier environment for local communities, workers and society. However,
their harmful effects mainly related to workers and local community health, due to the substances used
in the technologies and the potential gases emitted. Given the current lack of Social Life Cycle Assessment
(S-LCA) studies on novel technologies in agriculture, this study is the first to use the PSILCA database to
assess different technologies for nutrient recovery in agriculture in an initial and prospective assessment
of their potential social impacts. Further work is required for a site-specific assessment of the technolo-
gies when a higher level of social adaptation is achieved.

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Institution of Chemical Engineers.

This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Food and agriculture production systems are facing unprece-
dented challenges due to the increasing demand for food for a
growing population, rising hunger and malnutrition, adverse cli-
mate change effects, overexploitation of natural resources, loss of
biodiversity, food loss and waste (FAO, 2021b). According to the
European Commission (EC, 2021), the European Union (EU) is the
world’s largest importer and exporter of agri-food products, and
the production of commodities are known to have negative envi-
ronmental and social impacts.

Air pollutant emissions represent a key driver of air quality and
ecosystem health, being agriculture responsible for 90% of ammo-
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nia emissions mainly from animal manure and fertiliser application
(EEA, 2018). In addition, agriculture is one of the main sources of
greenhouse gas (GHG) emissions, being responsible for 54% of total
methane (CH4) emitted in EU and approximately 79% of the total
nitrous oxide (N,O) emissions in 2020 (Mielcarek-bochefiska and
Rzeznik, 2021).

To be sustainable, agriculture must meet the needs of present
and future generations while ensuring profitability, environmental
health, and social and economic equity (Brundtland, 1987). Accord-
ing to the European Nitrogen Assessment (Sutton et al., 2011), am-
monia emissions lead to losses of welfare and affect human health.
Furthermore, nitrate levels in water resources around the world
have increased due to intensive livestock farming and cropping,
causing harmful biological effects such as cancer, thyroid disease,
infant mortality, and birth defects (Sahoo et al., 2016; Ward et al.,
2018). In addition, nitrous oxide emissions can contribute to de-
creasing lung function, respiratory hospital admissions and cardio-
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Nomenclature

CHy4 methane

DALYs  Disability Adjusted Life Years

EC European Commission

EU European Union

FAO Food and agriculture organization

GHG greenhouse gas

N,0 nitrous oxide

PSILCA  Product Social Impact Life Cycle Assessment
SRL Societal Readiness Level

vascular outcomes, while nitrogen dioxide has also been associated
with adverse respiratory issues, for example coughing or shortness
of breath (Levy, 2003).

In a view of the need to improve agriculture and reduce the
impacts of nutrient emissions, nutrient recovery technologies will
play a pivotal role in achieving these goals. Xia et al. (2020) re-
viewed current practices and future prospects in control technolo-
gies for nitrogen and phosphorous from agricultural runoff, high-
lighting that tillage practices (i.e., conservation and rotation) can
significantly improve surface roughness and reduce surface runoff,
also fertilisation management is another effective strategy to con-
trol nutrient losses, and process control technologies (i.e., microbial
treatment technologies and constructed wetlands) aim to remove
pollutants during agricultural runoff transport. In order to mitigate
air emissions from agricultural practices, technologies as anaerobic
digestion at farm scale, low nitrogen feed and precision farming
have been applied (Fellmann et al., 2021).

Innovation in agricultural systems will have several benefi-
cial environmental impacts. However, the associated social impacts
may not be immediately apparent, particularly when they are a
consequence of environmental benefits. For instance, introducing
novel solutions in agriculture to reduce environmental impacts can
create opportunities for growth and jobs for local communities,
more training for workers, new strategies for the outputs (e.g. bio-
gas production, recirculation of water) on farms, and systems and
innovative options involving science, technology and policy. Fur-
thermore, the inclusion of different solutions, some of them with
high levels of technology and innovation, presents an opportunity
to attract young and skilled workers, making agriculture more in-
teresting to this section of population. However, it is not clear
how adaptations and modifications to already established indus-
tries might evolve in a sustainable manner (Siebert et al., 2018).

Unfortunately, it is very difficult to obtain specific data to as-
sess the social impacts over a life cycle, i.e. the whole produc-
tion chain, in agriculture when compared with environmental as-
sessments, leading to an imbalance between the three dimensions
of sustainability (Darnhofer et al., 2010). However, there is grow-
ing awareness of the need for information on the social costs and
opportunities of current activities and their related technological
friendly alternatives (Darnhofer et al., 2010). Through the use of
life cycle perspective and Life Cycle Assessment (LCA) it is possible
to assess environmental loads of a product throughout its entire
life cycle and the potential impacts of these loads on the environ-
ment (ISO 14040, 2006), being thus a valid tool for addressing the
potential shifting of environmental consequences along the whole
production chain.

The life cycle of a product involves the extraction of the raw
material, the production and distribution of the product, its use
and its final deposition, when the product is no longer used. Life
Cycle Assessment (LCA) is a tool to investigate the environmen-
tal sustainability of the life cycle of products, with the possibility
of also providing a social and economic sustainability by including
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two other tools, Social Life Cycle Assessment (referred to in the
present work as S-LCA) and Life Cycle Costing (LCC) (Prasad et al.,
2020). S-LCA has been shown to be a relevant methodology for
the social evaluation of product systems, processes and services
(Chen and Holden, 2017; Pelletier, 2018; UNEP, 2020). S-LCA helps
to assess the socioeconomic impacts that directly and indirectly
affect stakeholders during a product life cycle, providing short-
and long-term information to help organisations better understand
their current situation and development over time (Kiithnen and
Hahn, 2017; Arcese et al., 2018). The Guidelines for Social Life Cy-
cle Assessment of Products and Organizations (UNEP, 2009) were
updated in 2020 (UNEP, 2020), and are used to assess social and
socio-economic impacts, both positive and negative, of products
over their lifecycle.

A socioeconomic assessment may be even harder when it
comes to the introduction of novel technologies. Van Haaster
et al. (2017) discuss general considerations regarding S-LCA,
proposing a framework to explore future potential impacts on so-
cial well-being arising from the inclusion of novel technologies,
and offer a pioneering prospective S-LCA study. In the present
study, an S-LCA using the Likert scale (Albaum, 1997) and expert
opinions was used to identify the potential social impacts of the
inclusion of solutions to recover nutrients in agricultural systems
across Europe.

The objectives of this study were therefore:

« To screen social impacts in agricultural systems using S-LCA
and an S-LCA database;

- Identify hotspots in agricultural product systems in Belgium,
Germany and Spain using the Product Social Impact Life Cycle
Assessment (PSILCA) database;

- To define a set of indicators to assess the social effects of tech-
nologies to reduce nutrient losses in agriculture;

« To test and evaluate the effectiveness of prospective assess-
ments in S-LCA, carrying out a case study for three different
technologies.

2. Methods

A pathway for the S-LCA performed in the present study is de-
tailed in Fig. 1 following the Guidelines for Social Life Cycle Assess-
ment of Products and Organizations (UNEP, 2020).

Scenario analysis has emerged as a way of characterising the fu-
ture and its uncertainties through structured thinking. In addition,
they have been defined as plausible and often simplified descrip-
tions of how the future may develop based on a consistent set of
assumptions considering key driving forces and relationships. The
qualitative and descriptive assumptions within scenarios are called
storylines, and they can describe the consequences or outcomes of
a scenario (Rousenvell et al., 2010).

2.1. Baseline: agriculture profile using the PSILCA database

The baseline represents a minimum or starting point used for
comparisons, that is, a business-as-usual scenario considered to
compare with possible changes brought about in the evaluated sys-
tem. In the current study, the baseline is assumed as to be a ‘typ-
ical farm’, without technologies no technology included to reduce
nutrient losses, using the agricultural product system from PSILCA
with no changes.

The goal of the first part of the study was to provide a screen-
ing analysis taking a country-specific approach using the Product
Social Impact Life Cycle Assessment (PSILCA) database. PSILCA ver-
sion 3 uses the multi-regional input/output database EORA, 2019
version, which covers the entire world economy. As with EORA,
PSILCA uses money flows to link processes providing social impacts
for around 15,000 sectors in 189 countries (Maister et al., 2020).
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Fig. 1. Path followed to assess a baseline and scenarios created due to the inclusion of a novel technology in an agricultural system.

The PSILCA database is a global, consistent database, suitable to
assess social impacts of products, along product life cycles, provid-
ing generic information on social aspects in country-sector combi-
nations and commodities that can be used for screening purposes
to identify high-risk regions (Maister et al., 2020; UNEP, 2020).
In PSILCA, the sector and country-specific data are obtained from
international institutions (e.g., World Bank, OECD, World Health
Organization, Walk Free Foundation, ILOSTAT database) and at-
tributed to the selected product systems and indicators. Using
PSILCA, it is possible ‘to measure’ how externalities (e.g. corrup-
tion, child labour, trade unionism) affect or can be affected by the
product being assessed (Kono et al., 2018; Werker et al., 2019a;
Martin and Herlaar et al., 2021).

In the current study, 69 qualitative and quantitative indica-
tors from PSILCA were used to calculate the social impacts of
a baseline (current situation) in agriculture and also to iden-
tify social hotspots in the product systems (Maister et al.,, 2020).
The indicators address stakeholders such as workers, local com-
munity, society and value chain actors. The indicators used in
the PSILCA database include those recommend by UNEP-SETAC
(Benoit-Norris, 2013).

The system boundaries and life cycle inventory are related
to the product systems selected in the PSILCA database: ‘Indus-
tries - Agriculture, hunting and related service activities’ for Bel-
gium, ‘Industries - Agriculture and hunting’ for Germany, and ‘In-
dustries - Agriculture, livestock, and hunting’ for Spain. In EORA,
each country uses its own classification system and sector names
(Lenzen et al., 2013). Therefore, it is assumed that although the
names of the products differ slightly, they are comparable in the
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context of agriculture. Belgium, Germany and Spain were selected
because the technologies detailed in Section 3.2 have been devel-
oped and tested by experts there.

A cut-off of 1E-05 was applied in the impact analysis,
which is the maximum detail in the version ‘starter’ of PSILCA
(Maister et al., 2020). The results included all the sectors up to the
fiftth level of upstream processes, which is sufficient for the cur-
rent study since the technologies evaluated (Section 2.2) have lim-
ited capacity to affect the production systems of other countries
involved in the main product. No further modification was made
to the product systems or indicators values provided by PSILCA.

The functional unit used was 1 USD of output of a generic agri-
cultural product in the respective sectors, since it is intended to
assess potential hotspots in the agricultural chain in the countries,
and not a specific product. The activity variable was the number
of hours required to generate 1 USD of product output, using USD
from 2015 as reference. Although it may seem inappropriate to use
dollars to assess the impacts for European systems, the dollar is
the basis for transactions and is used in major commercial activi-
ties in the global economy.

The impact assessment was performed in the free software
OpenLCA using the Social Impacts Weighting method from PSILCA,
applying characterisation factors to each indicator according to
its risk or opportunity created (Table 1). The assignment of risk
and opportunity levels was based on international conventions
and standards, labour laws, expert opinions and the literature
(Maister et al., 2020). The risks represented the potential negative
impacts, and the opportunities represented the potential positive
impact. The indicator ‘Contribution of the sector to economic de-
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Table 1
Characterisation factors for the Social Impacts Weighting method in PSILCA re-
trieved from Maister et al. (2020).

Nature of indicator Level Factor
Risk Very low 0.01
Low 0.1
Medium 1
High 10
Very high 100
No risk 0
Risk/Opportunity No data 0.1
Opportunity Low 0.1
Medium 1
High 10
No opportunity 0

velopment’ was the indicator that assessed opportunities in PSILCA
v3.

The total impact on each product system is the summation of
the risks subtracted by the opportunities created. In addition, the
indicators are also presented separately in Supplementary Material
S2 so as not to lose transparency (UNEP, 2020). As explained in
Werker et al. (2019b), the metric of medium risk hours (med risk
hours) used in PSILCA to present the impact results is not mea-
sured on a particular scale (ranges classifying the impacts from
very low to very high, for instance), hence it is necessary to com-
pare different supply chains to make the results meaningful. There-
fore, the results for this part of the study are presented for each
country. Med risk hours represent the total risk involved in pro-
ducing 1 USD of the output.

2.2. Definition of the novel technologies

The metric Societal Readiness Level (SRL) assesses the level of
societal adaptation of a novel technology on a scale of 1 (less
adapted) to 9 (more adapted) (Bruno et al.,, 2020). For the tech-
nologies included in this study, the SRL was 2. SRL 2 means that
the problem is formulated (high environmental impact from agri-
culture), a solution is proposed (a novel technology to recover nu-
trients and enhance nutrient efficiency), and the expected societal
readiness is defined (social impacts due to the inclusion of the
technology in the agricultural scenario) and considers which stake-
holders are relevant for the assessment (stakeholders directly and
indirectly affected by agriculture and the novel technology devel-
oped). The inclusion of the SRL in the presentation of technolo-
gies is necessary in order to justify why a qualitative assessment is
more suitable for the current study.

The following technologies used in the present study are part
of the H2020 Nutri2Cycle! project, the focus of which is to close
nutrient loops of nitrogen (N), phosphorus (P) and carbon (C) in
agriculture.

2.2.1. Anaerobic digestion strategies for optimised nutrient and
energy recovery from animal manure (farm scale anaerobic digestion)

Residues from agriculture may lead to odour and greenhouse
gases (GHG) emissions. Farm scale anaerobic digestion technology
produces renewable energy on-site and reduces GHG from manure
storage and is a tool to increase energetic self-sufficiency and thus
be less dependent on fluctuating energy market prices. In addition,
it reduces the need for fossil fuels.

Biogas (main product) and digestate (subproduct) are the final
products from the technology. The biogas consists mainly of CO,
and CHy, which can be combusted in a combined heat and power

1 https://www.nutri2cycle.eu/
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(CHP) installation, driving the generator that produces electricity.
In addition, the farmer can also use the heat provided by the CHP.
The digestate can be used as an organic fertiliser.

This technology was assessed regarding its use in agriculture in
Belgium, where it has been developed and tested in the frame of
the Nutri2Cycle project.

2.2.2. Precision fertilisation of maize using organic fertilisers
(Precision fertilisation)

This technology combines precision fertilisation and manure
application in a maize crop. To date, manure has been applied as a
basal fertilisation, and P variability in the soil is not taken into con-
sideration, which can lead to P accumulation and potential leach-
ing. The technology proposes applying manure as a basal fertilisa-
tion based on P requirements established using precision farming
tools. By using GPS georeferencing, precision fertilisation can ad-
just fertiliser application rates according to each specific location
in the field. Nowadays, the process of variable-rate fertiliser appli-
cation, considering the spatial distribution of nutrient content, the
creation of fertiliser prescription maps and implementation in the
field, is already being put into practice in many farms across Eu-
rope (Basso et al., 2016; Vatsanidou et al., 2017).

This technology was assessed regarding its use in agriculture in
Germany, where it has been developed and tested in the frame of
the Nutri2Cycle project..

2.2.3. Low-temperature ammonium-stripping using a vacuum
(low-temperature stripping)

The aim of this technology is to remove nitrogen from the lig-
uid matrix (manure or thin fraction from digestate). This is done
by vacuum stripping and the ammonia is recovered in an absorp-
tion system. Absorption can take place using different acids (i.e.
sulphuric, nitric or lactic acid), producing ammonia sulphate, am-
monia nitrate or ammonia lactate respectively.

Ammonia salt solution can be considered a cleaned form of re-
cuperated nitrogen (N). This ammonia, in the form of an ammo-
nium sulphate, nitrate or lactate salt solution, can be reused as a
fertiliser. While the added value of producing the cleaner ammonia
water is not proven in the market and as the legislative framework
has not been approved yet, the application of the technique will be
limited.

This technology was assessed regarding its use in agriculture in
Spain, where it has been developed and tested in the frame of the
Nutri2Cycle project..

2.3. Prospective assessment of novel technologies for nitrogen
recovery in agriculture

Social aspects can be firstly assessed applying S-LCA in novel
technologies to evaluate potential aspects raised and their associ-
ated impacts, qualifying them qualified into positive or negative ef-
fects or changes compared to an already existing product, process
or service (Burchi et al., 2013). The low adaptation of the solutions
is one of the reasons for opting to undertake a prospective and
qualitative S-LCA of the technologies.

2.3.1. Set of relevant indicators for the S-LCA of novel technologies for
nutrient recovery in agriculture

It is important to highlight that most of the technologies that
will be incorporated in agricultural systems, making them hard to
evaluate as a standalone process due to the low adaptation in the
society. Therefore, the prospective assessment undertaken in the
present study assessed the potential social impacts due to the in-
clusion of these technologies considering the life cycle of the prod-
uct system explored in the baseline.


https://www.nutri2cycle.eu/

E.P. Andrade, A. Bonmati, L. Esteller et al.

For a more comprehensive S-LCA method, a limited set of
relevant, transparent and easily outlined indicators is required
(Siebert et al., 2018). In the current study, the indicators selected
prioritised the main issues concerning agriculture and nutrient re-
covery, both social and environmental indicators (midpoint indi-
cators) with social consequences (endpoint indicators), where the
technologies might have an impact. The proposed set of indica-
tors and the assessment carried out aim to present in an easy for-
mat to end users and other stakeholders different areas that may
be affected by technologies before these stakeholders introduce
them into their product systems. For example, by introducing a
new technology, stakeholders can contribute to making agriculture
more financially attractive for young professionals, safer for work-
ers and local communities, or for a sustainable society in which
there is higher level of well-being in the environment, social and
economic dimensions (Abad-Segura et al., 2020). The set of indi-
cators is summarised in Table 2, which highlights their relevance
for inclusion in the prospective assessment of the novel technolo-
gies for nutrient recovery in agriculture. It is important to note that
caution should be exercised when carrying out an environmental
LCA and a social LCA, using the proposed set of indicators, at the
same time to avoid overlaps. It is necessary to clarify how the indi-
cator can have social and environmental consequences or to elim-
inate the indicator from an assessment, whether environmental or
social, as in Werker et al. (2019b).

2.3.2. Inventory and impact assessment method for qualitative and
prospective assessment

Data for S-LCA can be collected from different sources, for in-
stance, scientific publications, generic databases (i.e., PSILCA), in-
terviews, and surveys (UNEP, 2020). For prospective assessments,
data sources include expert interviews (Thonemann et al.,, 2020).
The Excel questionnaire featuring the selected indicators was sent
to experts in each technology due to the level of detail and the
specificity of the assessment (Supplementary material S1). The ex-
perts selected in the present study were the researchers responsi-
ble for each technology in the Nutri2Cycle project. For each tech-
nology, at least two experts were responsible for the answers pro-
vided and another expert, the survey leader, was responsible for
the review round, resulting in at least three experts for each tech-
nology.

The questionnaire was answered using a Likert scale
(Albaum, 1997), taking into account the inclusion of a tech-
nology in a specific agricultural system. The Likert scale is used to
measure attitude and, consist of a series of statements to which
a respondent indicates a degree of agreement or disagreement
using the following options: strongly agree, agree, neither agree
nor disagree, disagree or strongly disagree. The proposed Likert
scale was created following the psychometric scale proposed in
Likert (1932), specifying the level of agreement with a statement
(from totally agree to totally disagree). A detail definition of each
potential response for the indicators, and the answers for each
technology after two rounds of experts questioning for the indica-
tors selected using the Likert scale are detailed in Supplementary
material S3.

In the present study, an adapted version of the approach used
in Franze and Ciroth (2011) was applied for the impact assessment,
with an assessment method based on interpretation using a simple
system with colours and statements. Through this method, results
are readily understood and intuitive, and provide a quick overview
of the potential impacts of the solutions. Considering the com-
plexity of social phenomena and the difficulty of avoiding ordinal
scales completely in S-LCA (Arvidsson, 2019), the scale in Table 3
was used in the impact assessment, ranging from ‘potentially large
beneficial effect’ to ‘potentially large harmful effect’. The indicators
were not aggregated and the technologies were not ranked.
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Qualitative aspects represent an action from which stakeholders
experience the consequences of a product system (Siebert et al.,
2018). In the present study, the assessment provided will guide
end-users as to the nature of the technologies’ potential effect, in-
forming them of what potential effects the technologies may have.
The qualitative information obtained from the questionnaires for
the midpoint indicators underwent a review round owing to the
importance of data triangulation in S-LCA (Ramirez et al., 2016), es-
pecially when qualitative data are used since there is no guarantee
that the respondents have interpreted the potential effect in the
same way (Fig. 2). The methodology applied in the review round
is presented in the Supplementary material S4.

2.3.3. Comparative analysis using PSILCA

To compare the baseline and the potential changes brought
about by the technologies, some indicators in the PSILCA database
were selected as having the potential to be affected by the tech-
nologies in a potential scenario, with the technologies assessed in
a specific analysis (Table 4). Given the difficulty of predicting quan-
titative data, the complexness of the indicators and the low soci-
etal adaptation of the technologies, it was decided to increase or
decrease, where it was possible, the indicator’s risk level by one
level, according to the answers provided in Table 3 and Fig. 2, and
keeping life cycle inventory as provided by PSILCA for each product
system. Thus, for a potential benefit (PBE and HPBE as potential ef-
fects of the technology), the risk was reduced in one level in com-
parison to the risk established in the baseline, but for a potential
harmful effect (PHE and HPHE as potential effects of the technol-
ogy), the risk was increased in one level in comparison to the risk
established in the baseline. It is important to note that if the risk is
already in the lower boundary or upper boundary of the risk level,
it is not possible to decrease or increase the risk, respectively, re-
gardless the effect of the technology.

The baseline is assumed as to be a ‘typical farm’ in the respec-
tive country, and the technology scenario was the scenario consid-
ering the potential changes in risk due to inclusion of the tech-
nology, according to the answers in the questionnaire. The func-
tional unit for both scenarios in the comparison was 1000 USD of
a generic agricultural product output.

Ten indicators in PSILCA were associated to the midpoint indi-
cators selected in the present study, meaning that potential bene-
fits or harmful effects of the technologies could change the risks,
increasing or lowering them, associated to each indicator in the
countries and respective product systems assessed (Table 4). The
indicator ‘Presence of sufficient safety measures’ can be improved
with more training to use the technology more effectively. ‘DALYs
due to indoor and outdoor air and water pollution’ was affected by
the reduction (risk decreases) or increase (risk increasing) in GHG
emissions. Risks in the ‘Sector average, per month’ can be reduced
due to the inclusion of high-skilled workers required to operate the
novel technologies. Risks in the ‘rate of non-fatal accidents’ that
can be increased due to the insertion of new source of damage in
the farm due to the novel technology. The technologies could pro-
mote a daily saving of labour, impacting beneficially, regarding H&S
and well-being, in ‘weekly hours of work per employee’. The risk
in the ‘level of industrial water use’ can be increased or reduced
according to the water demanded by the technology. The reduc-
tion of external sources of energy (i.e., due to biogas production)
can reduce ‘fossil fuel consumption’. Better management of manure
(reducing ammonia emissions) can contribute to decrease the risk
in the ‘pollution level of the country’, and the creation of new job
positions would have a potential beneficial impact reducing risks
in ‘unemployment’. Finally, decreasing the dependence on the im-
portation of mineral fertilizers can reduce the risk in the indicator
‘Corruption’.
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Table 2
Set of indicators for the S-LCA of novel technologies for nutrient recovery in agriculture.

Midpoint indicator

Indicator is addressed in...

Social endpoint indicators

Included because...

New job position

High-level skills
from workers

Training courses
for workers

More time in the
daily work routine
on the farm

Healthy & safety
(H&S) of workers
regarding
regulation for the
technology and
H&S of workers
regarding new
source of damage
in the farm
Corruption
(Potential
avoidance of
corruption in the
substitution of
impacting inputs)

Ammonia
volatilisation (NHs3)

Odour on the farm

Water quality and
water consumption

Nitrate leaching

Hurst et al. (2005)

van Haaster et al. (2017)

Urbancova & Depoo (2018)

Hurst et al. (2005)

van Haaster et al. (2017)

PSILCA database
(Maister et al., 2020)

Sustainable Development
Goal 2 (SDG 2) ‘End
hunger, achieve food
security and improved
nutrition and promote
sustainable agriculture’
(United Nations, 2022)
Wohlenberg et al. (2020)
Peters et al. (2014)

PSILCA database
(Maister et al., 2020)

SDG 6 ‘Ensure availability
and sustainable
management of water and
sanitation for all’

(United Nations, 2022)

Unemployment
Employment in agriculture

Hours worked by
high-skilled persons
engaged

High-skilled labour
compensation

Extent of staff training

Mean weekly hours
worked by employed
person by sex and
economic activity
Excessive working hours
per country

Existence of labour laws
per country

Cases of non-fatal
occupational injury in
agriculture

Cases of fatal occupational
injuries in agriculture

Control of corruption
(import of P fertilisers)

Mean population exposure
to particulate matter
(PM2.5)

Psychological health
effects per organisation,
sector and country
(number of accidents
caused by physical or
mental stress)

Use of abiotic and biotic

resources and water per
sector, area and country

Pollution of water and
groundwater per country
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Green innovations introduced in rural areas are expected to create green
jobs directly and indirectly

Unemployment and underemployment in rural areas contribute to poverty
and low wages

The underestimation of unemployment in rural areas contributes to "hidden
employment’ where workers give up searching for jobs or accept working for
less time than they would like (Hurst et al., 2005)

Innovative technologies that require high skills can be associated with
decent wages, and safe work conditions, improving agriculture (Kim, 2018)

Several farmers manage their farms by themselves, and training is not a
priority in their daily working lives

Employees in agricultural companies are aware of the need to learn and
develop due to organisational, technological and social dynamics (Urbancova
and Depoo, 2018)

Adequate working time is a crucial aspect of decent work, providing
adequate periods of rest and recuperation

Workers should have access to a minimum desirable number of hours of
work to earn an adequate level of monthly remuneration, avoiding
involuntary part-time employment and time-related underemployment
(Hurst et al., 2005)

Agriculture involves dangerous work occupations due to the dangerous
machinery used, unsafe electrical wiring and appliances,
livestock-transmitted diseases, falls from heights, and exposure to toxic
pesticides

Governance or technical instruments intend to protect people and the
environment using a technology that is adequately controlled, contributing
to sustainable agriculture (Hurst et al., 2005; van Haaster et al., 2017)

About 85% of P in agriculture comes from processing mined phosphate rock
(Cordell et al., 2010), mainly in countries that have a high level of
corruption, which both developed and developing countries have been
ignoring (Drebee and Abdul-Razak, 2020). When avoiding the importation of
P, due to the recovery of the nutrient, it has a potential to decrease
non-domestic corruption in agricultural products value chain.

An increasing body of literature has provided evidence of the environmental
implications of corruption (social aspect).

Agriculture is a major contributor to ammonia emissions, but also has a high
potential to mitigate them by implementing beneficial management
practices.

The exposure to ammonia volatilised (from a few hours to a few weeks) is
associated with small but significant increases in cardiovascular
disease-related mortality, and the size of this effect increases with
longer-term exposure (Bittman et al., 2013).

Living in proximity to large-scale livestock farms has been linked to
symptoms of impaired mental health, as assessed by epidemiologic measures
(Donham et al., 2007)

There is evidence that persistent exposure to odours can have adverse
effects, for instance, headaches, throat and eye irritation, nausea,
sleeplessness, anxiety, stress, or even respiratory problems

(D-NOSES consortium, 2019)

Water pollution is a global challenge that has increased in both developed
and developing countries, undermining economic growth as well as
socio-environmental sustainability and health of billions of people

(FAO, 2018)

Water quality and water consumption are aligned to the Sustainable
Development Goals (SDGs), especially SDG 6 ‘Ensure access to water and
sanitation for all’, and target 6.3 ‘... improve water quality by reducing
pollution, eliminating dumping and minimizing release of hazardous
chemicals and materials’

In the last century, water use has doubled the rate of population growth,
and in the last 30 years, food production has increased by more than 100%,
and agriculture has accounted for approximately 70% of global freshwater
withdrawals (FAO, 2017).

The Drinking Water Directive (EEC, 1991) defines 50 mg NO; /L as the upper
limit for nitrate concentration in water intended for human consumption,
and concentrations above 25 mg NO; /L are cause for concern

Some public health studies have estimated elevated risks for subpopulations
exposed to chronic levels of nitrate below the regulatory standard of 10 ppm
nitrate-N, including increased risks of cancer and birth defects (Keeler et al.,
2016)

(continued on next page)
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Table 2 (continued)
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Midpoint indicator

Indicator is addressed in... Social endpoint indicators

Included because...

Phosphorus use
(reduction of P
importation
contributing to
reduce local
communities’
issues)

Reduction of
external sources of
energy

Greenhouse gas
emissions (GHG)
(regarding health
effects on people)

Food production
increasing and new
knowledge and
scientific purpose

SDG 12 ‘Ensure sustainable
consumption and
production patterns’
(United Nations, 2022)

Nutrient phosphate P,0s
(total) used

P fertiliser importation
(local communities
affected)

SDG 7 ‘Ensure access to
affordable, reliable,
sustainable and modern
energy for all’

(United Nations, 2022)

Electricity consumption in
agriculture

PSILCA database
(Maister et al., 2020)

Burden of disease by
country - risk contribution
of air pollution (including
GHG emissions) in DALYs
(Disability-adjusted life
year) for ‘chronic
obstructive pulmonary
disease’

Pollution levels by country

SDG 2 ‘End hunger,
achieve food security and
improved nutrition and
promote sustainable
agriculture’

(United Nations, 2022)

Food production index
Expenditure on research
and development (% of
Gross Domestic Product -
GDP)

Phosphorus supply disruptions may occur due, for example, to the
concentration of production in a small number of countries, political
instability, troubled labour and wage relations between workers and
phosphate companies (Ridder et al., 2012)

Cadmium accumulation in EU soils due to the use of P fertilisers made with
contaminated rock can affect human health, not only causing environmental
damage (Ridder et al., 2012)

Some regions that are richest in phosphate reserves are also highly
marginalised, with no political voice or economic opportunities

The proper usage of renewable energy systems can achieve improvements in
local employment, better health, job opportunities, job creation, consumer
choice, better life standards, income development, demographic impacts,
social bonds creation, and community development (Kumar 2020)
Combining local renewable energy resources with the appropriate
technology, self-supply and energy self-sufficiency are possible, generating
stable prices and helping to achieve a sustainable model that would help
repopulate rural areas (Kumar 2020)

Negative impacts of climate change on crop productivity and livestock will
become increasingly serious around the world, having impacts on
productivity and consequently on food security (FAO, 2016)

Agriculture, forestry and land-use change are responsible for around 20% of
world’s total GHG emissions (FAO, 2016)

Climate change threatens society’s health, but knowledge and policies
linking the reduction of greenhouse gas emissions and potentially large
effects on the population’s health are not widespread (Haines et al., 2009)
Climate-related health indicators are potentially useful for tracking the
adverse public health effects of GHG emissions, enabling more focused
interventions (Navi et al., 2017)

Climate change has a huge potential to trigger or aggravate respiratory
diseases (D’Amato et al., 2014)

Research and development and the proper dissemination of results to
agriculturists are crucial to increase agricultural production and achieve food
security (Ejeta, 2009)

Table 3
Qualitative assessment of social indicators using Likert scale parameters.

Level (Likert scale) Strongly agree Agree

Neither agree nor
disagree

Disagree Strongly disagree

Impact High potential of Potential beneficial Indifferent effect (IE) Potential harmful effect High potential of
assessment beneficial effect (HPBE) effect (PBE) (PHE) harmful effect (HPHE)
3. Results impact within the value chain and their respective risk in the sub-

3.1. Impact assessment

3.1.1. Social impact assessment of the baseline and identification of
hotspots

This section addresses potential social hotspots in the agricul-
tural value chain in Belgium, Germany, and Spain (Fig. 3; Supple-
mentary material S2), with indicators assessed according to their

Table 4

categories used in PSILCA. The indicators within each subcategory
can be checked in Maister et al. (2020). The total impact for the
baseline, in med risk hours, using PSILCA, was 10.14 in Belgium,
11.71 in Germany and 12.66 in Spain, representing the estimated
total numbers of hours of risk to produce 1 USD output. It is im-
portant to bear in mind that for the subcategory ‘contribution of
the sector to economic development’ (ECO) this is a positive im-
pact, representing an opportunity of 0.033, 0.027 and 0.039 med

Indicators from PSILCA database affected by the technologies for nutrient recovery and their association to the midpoint indicators selected in this study.

Stakeholder Indicator in PSILCA

Midpoint indicator in the present study

Workers Presence of sufficient safety measures

DALYs due to indoor and outdoor air and water pollution

Sector average wage, per month
Rate of non-fatal accidents at workplace
Weekly hours of work per employee

Local community Extraction of fossil fuels

Level of industrial water use (related to total withdrawal)

Pollution level of the country
Unemployment rate in the country

Value chain actors Corruption

Training courses for workers

Greenhouse gas emissions (GHG) (regarding health effects on
people)

High-level skills from workers

H&S of workers regarding new source of damage in the farm
More time in the daily work routine on the farm

Reduction of external sources of energy

Water quality and water consumption

Ammonia volatilisation (NH3)

New job positions

Corruption (Potential avoidance of corruption in the substitution
of impacting inputs)
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fYES

The indicator should
be answered as
‘Neither agree nor
disagree’

Will the
harmful effect
definitely
happen?

NO

!

<4+—NO

<+ NO

Assessment of each indicator

Does the
technology promote
any change in the
indicator?

Does the
change provoke
a social benefit
for the
stakeholders?,

The indicator should
be answered as
‘Disagree’
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Will the
beneficial
effect definitely
happen?

NO

!

The indicator should
be answered as

‘Agree’

Fig. 2. Decision tree for building the social Life Cycle Inventory (S-LCI) through the identification of potential social impacts from solutions for nutrient recovery in agriculture

and livestock.
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Fig. 3. Impact assessment (med risk hours?) of the baseline in agriculture in Belgium, Germany and Spain considering PSILCA database subcategories.

Legend: ATW: accidents at work, BCN: biomass consumption, CHL: child labour, COR: public sector corruption, DALY: disability-adjusted life years due to indoor and outdoor
air and water pollution, DWC: drinking water coverage, ECO: contribution of the sector to economic development, EFP: embodied footprints, EOE: expenditures on education,
FAB: freedom of association and collective bargaining, FCP: fair competition, FOL: forced labour, FSY: fair salary, GEW: gender wage gap, GHG: greenhouse gases footprints,
HEE: health expenditure, ILL: illiteracy, IMS: international migrant stock, INR: indigenous rights, IWD: industrial water depletion, MFC: minerals and fossil fuel consumption,
MIG: migration, MLF: men in the sectoral labour force, POL: pollution, PSR: promoting social responsibility, ROC: risk of conflicts, SAM: safety measures, SAN: sanitation
coverage, SSE: social security expenditures, TIP: trafficking in persons, UNE: unemployment, VAT: value added (total), VER: violations of employment laws and regulations,
WHW: weekly hours of work per employee, WLF: women in the sectoral labour force, WND: workers affected by natural disasters, YIL: youth illiteracy

2Note that the impact produced in the indicator ‘contribution of the sector to economic development’ represents an opportunity, therefore, a positive impact.
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risk hours for the sectors, respectively in Belgium, Germany and
Spain.

The baseline assessment showed that, considering PSILCA indi-
cators and subcategories, the greater impacts in the value chain of
agriculture and potential hotspots in the systems were found in
‘fair salary (FSY)' for the three countries assessed. Other important
subcategories with large impacts are ‘biomass consumption (BCN)’,
‘industrial water depletion’ (IWD), ‘value added (total) (VAT)’, ‘pub-
lic sector corruption’ (COR), ‘freedom of association and collective
bargaining (FAB), and ‘migration (MIG)'. Therefore, these are the
subcategories should be improved in order to contribute to social
sustainability in the agricultural sector, i.e. the hotspots in light
of the PSILCA results. A detailed explanation for the subcategories
with the greatest impacts follows.

‘Fair salary’ (FSY) is assessed in consideration of the living wage.
A living wage is defined as the income needed for a decent liv-
ing, thus the higher the living wage, the higher the minimum and
sector average wages have to be in order to reduce social risks
(Maister et al., 2020). In Belgium and Germany, the living wage is
more than a thousand dollars per person per month, representing
a very high risk, while for Spain it is between 576 and 768 dol-
lars per person per month, representing a high risk. Regarding the
sector’s average wage, agriculture was found to be a very low risk
activity in Germany and Spain, and low risk in Belgium, although
agriculture is considered a low-paid sector. It is important to note
risk levels for living wage are defined after a combination with the
minimum, since the concept of living wage is not necessarily clear,
and it is assumed that a very low minimum wage aggravates living
conditions in general (Maister et al., 2020).

The ‘biomass consumption’ (BCN) is assessed as the area used
to extract biomass (Maister et al., 2020). Biomass consumption
higher than 800 t/km? is considered a very high risk. For Belgium
and Germany, biomass consumption was, respectively, 2082 and
1375 t/km? respectively, and for Spain it was 433 t/km? represent-
ing a medium risk. The risks were established considering average
values across all countries included in the PSILCA database.

‘Industrial water depletion’ (IWD) was an issue in the agricul-
tural sector in Germany and Belgium, being attributed a very high
risk for this subcategory. The risk is related to the indicators ad-
dressing water consumed being higher than 40% of the total with-
drawal and more than 13% of the total renewable water resources
in those countries. In Spain, the indicators were classified as low
and medium risk respectively.

The indicator ‘embodied value-added total’ is part of the sub-
category ‘embodied footprints’ (EFP), and it is the result of the
difference between inputs (i.e., energy and materials) and out-
puts (i.e., products and coproducts) of the process divided by the
gross output of the sector, obtained from EORA. The indicator
embodied value-added total is calculated per 1 dollar of output
(Maister et al., 2020). Different processes are higher contributors
for very high risks in the agricultural value chain. In Belgium, it
was the production of chemicals and chemical products, such as
chemical fertilisers used in agriculture. In Germany, was due to the
‘wholesale trade, except of motor vehicles and motorcycles’ process
that includes wholesale trade on its own or on a fee or contract
basis related to domestic wholesale trade, as well as international
import and export. In Spain, the manufacture of prepared feeds for
farm animals represents a very high risk in the indicator.

‘Public sector corruption’ (COR) is a subcategory mainly influ-
enced by the acquisition of imported products in the countries
assessed in the present study. The subcategory presented indica-
tors with a very high risk in the Belgian and Spanish agricultural
chains, mainly due to agricultural imports from Argentina such as
fruits and nuts, and the cultivation of vegetables and other crops.
In Germany, it was influenced by mined products imported from
China and India, and agricultural products from Argentina. Thus,
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the greatest impacts were related to non-domestic processes that
are intrinsic to the product chain. The same happens for other in-
dicators, for instance the risk of contributing to child labour and
youth illiteracy due to agricultural products imported from India,
although those processes make a small contribution to the product
chains assessed in the current study.

The subcategory ‘Freedom of association and collective bargain-
ing’ (FAB) has indicators with a very high risk in agriculture in Ger-
many and Spain due to the indicator ‘trade union density’, but not
in agriculture in Belgium (very low risk). This indicator represents
the number of employees who are members of an organised union
as a percentage of the total number of employees (Maister et al.,
2020). A very high risk is related to the situation where fewer than
20% of the employees are members of a trade union, and a very
low risk is when this value is above than 80%.

Finally, impacts in ‘migration’ (MIG) have a high value in
Germany since the migration rate in the sector is above 15%o
(per mille). Germany is a country that is very open to receiv-
ing migrants, which means that issues related to religion, race
or discrimination may represent risks if not addressed prop-
erly (Maister et al, 2020). In Belgium, the sector has high
and medium risk, respectively, and in Spain there is a medium
risk.

3.1.2. Social impact assessment of technologies for nutrient recovery
considering experts knowledge

The technologies were prospectively evaluated, bearing in mind
that they can vary greatly according to the context (country/farm)
in which they are applied or the baseline with which they are
compared. In the present study, social impacts were assessed con-
sidering where the technology is developed and the midpoint indi-
cators selected in Table 1, and final results after the two rounds of
questioning is presented in Fig. 4. It is important to highlight that
the social assessment provided in this section has no evidence yet
due to the low level of adaptation of the technologies, thus, they
were assessed as a potential effect.

Farm-scale anaerobic digestion’ technology scored 18% in HPBE,
41% in PBE, 35% in IE, 6% in PHE and 0% in HPHE. A technician is
recommended for monitoring the biogas installation, and a profes-
sional maintenance engineer could be helpful with managing the
technology. Although an additional activity is introduced into the
system, it is not expected to take much time to do it, thus no
extra time of work is necessary and working time could poten-
tially be saved. The biogas produced is inflammable, which can cre-
ate a harmful effect, making the observation of strict safety rules
essential when cleaning the reactor. However, it is expected that
with prior adequate training, the risk of damage can be minimised.
Since agroresidues will no longer be stored, it is expected a re-
duction in odour, which is beneficial for workers and to the local
community. The production of renewable energy has a potential
to contribute to the reduction of fossil-based energy requirements,
consequently contributing to decrease GHG emissions.

The use of organic fertilisers in the technology ‘precision fertil-
isation’ had 18% HPBE, 35% PBE, 24% IE, 12% PHE and 12% HPHE.
This technology has the possibility to create a new market, requir-
ing more human resources. In addition, since the use of organic
materials as fertilisers is more complex than mineral fertilisers, it
is recommended that high-skilled workers to manage this technol-
ogy, which can be achieved by encouraging more training for work-
ers and hiring skilled labour. Currently, regulations on the use of
fertilisers are general and do not promote the use of organic mate-
rials, thus suggesting the use of organic fertilisers might press pol-
icymakers to create new more specific regulations. In addition, the
use of organic materials increases the soil organic matter content,
which can have a direct impact on water retention and the poten-
tial reduction of water consumption for irrigation. However, it is
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Stakeholder Midpoint indicator
New job positions
AR High-level skills required from workers
= Training and employee development increasing
= ,
o extra hours of work daily
WORKERS | New regulation for the technology
New source of damage to farm
workers when using the technology
e’_‘e VCA  Substitution of a more impacting input
Reduction of NH;3 emissions
m Reduction of odour
Improvementin water quality
LOCAL Reduction of water consumption
COMMUNITY | geduction of phosphorus use
Reduction of nitrate leaching
m Reduction of external sources of energy
anen. Reduction of GHG (N,0, CH,,CO,) emissions
LU Food production increasing
SOCIETY

_New knowledge and scientific purpose

High Potential of
Beneficial Effect

Potential
Beneficial Effect
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Fig. 4. Social assessment of the potential impacts of solutions used to recover nutrients from agricultural and livestock practices.
Legend: VCA = value chain actors; GHG = Greenhouse gas; N,O = nitrous oxide; CHy; = methane; NH; = ammonia; CO, = carbon dioxide.

expected that the technology could contribute to ammonia volatil-
isation increasing the odour for workers and the local community,
although mitigation techniques are available, and has the potential
to increase GHG emissions due to the use of organic fertilisers.

‘Low-temperature ammonium-stripping’ scored 35% in HPBE,
24% PBE, 24% IE, 12% PHE and 6% in HPHE. It is expected that new
job positions will be created since this technology will need tech-
nicians for installation and maintenance. Training farmers to oper-
ate the technology is important, and technicians must be trained
to maintain the plant. This technology was developed to work au-
tomatically and remotely controlled, requiring only a brief supervi-
sion, which can save some work time, but it is still recommended
that a technician operates and checks the proper functioning of the
plant. When the technology is correctly used, no air pollution is
expected from the reaction of ammonia and sulphur dioxide, but
this can be considered a potential source of damage to workers.
Proper handling of acidic or basic potential of hydrogen (pH) sub-
stances will prevent personal injury. The main aim of this tech-
nology is the recovery of ammonia from livestock manure, avoid-
ing manure storage in open pits for long periods, and uncontrolled
ammonia emission to atmosphere, consequently reducing odour on
the farm.

A summary of the potential social benefits and harmful impacts
of the novel technologies for nutrient recovery in agriculture is
provided in Table 5. The detailed assessment of the midpoint in-
dicators for the technologies is presented in SM 3.

3.1.3. Comparative analysis: baseline x technology

The risk level in the baseline and technologies scenarios (rep-
resented in Table 6 by their respective countries) are shown in
Table 6. The required training to work with the technologies rep-
resents an improvement of ‘presence of sufficient safety measures’,
thus the risk levels from the technologies in Belgium and Germany
were reduced by one level (from low risk to very low risk). There
is no data for Spain regarding the indicator. The risk for ‘DALYs
due to indoor and outdoor air and water pollution’ has been raised
by one level (from ‘very low’ to ‘low’) in Germany due to the po-
tential emission of NH; and odour from the use of organic fer-
tilisers. Since the risks ‘rate of non-fatal accidents at workplace’
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and ‘extraction of fossil fuels’ are already ‘very low’ for the three
countries, no changes were made. As far as ‘weekly hours of work
per employee’ is concerned, the risks were reduced by one level
(from ‘medium’ to ‘low’) in Belgium and Germany, as the technolo-
gies have the potential to save some time during daily work. No
changes were attributed to Spain because the lower risk level for
this indicator is ‘low’. Risk for ‘level of industrial water use (related
to total withdrawal)’ indicator was reduced in Germany (from ‘low’
to ‘very low’ risk) since the technology has the potential to reduce
water consumption in the crop, but it has been raised in Spain
as the technology will consume water, potentially increasing sys-
tem’s water consumption. The risks in ‘pollution level of the coun-
try’ were reduced in Belgium (from ‘medium’ to ‘low’) and in Spain
(from ‘low’ to ‘very low’) since both technologies have the poten-
tial to reduce NH3 emissions. For the indicator ‘unemployment rate
in the country’, the risk was reduced in Germany and Spain since
there is potential job positions creation due to the inclusion of the
novel technology in the agricultural system. No changes have been
made in the indicator ‘Corruption’ since most of impacts are non-
domestic, therefore they low potential to be affected by the tech-
nology, although the overall product system impact can be reduced
avoiding imports from countries with high level of corruption.

The overall impact of assuming including the technology in
each scenario reduced by 0.02%, 0.04% and 0.06%, respectively, in
Belgium, Germany, and Spain. The small differences found, from
the baseline were due to the potential changes induced by the
technologies not affecting the impact categories that have great-
est impacts (see Section 3.1.1). Furthermore, only a few categories
used in PSILCA were able to show potential changes brought about
by the technologies (Table 7) (Supplementary material S4). Other
indicators that could be affected by the technologies are presented
in Supplementary material S6.

4. Discussion
4.1. Interpretation: complementary assessment

Although scenario storylines attempt to show the different
facets of the world, they do not fully reflect the true situa-
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Table 5
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Summary of potential social benefits and harmful impacts of the novel technologies for nutrient recovery in agriculture.

Farm scale anaerobic digestion

Precision organic fertilisation

Low-temperature stripping

Examples of potential beneficial impacts

It is recommended a technician (with high
level skills) for biogas installation

It is expected that a potential working time
could be saved

It is expected reduction in odour due to lower
ammonia emissions

Production of renewable energy as biogas
possibly contributing to reduce fossil fuels
consumption

regulations

It can contribute to the creation of a new
market of organic fertilizers

It is recommended workers with higher skills
to operate the technology

It has the potential to contribute to the
production of organic fertilisers, and
potentially new and more specialised

It has the potential to decrease in water

consumption in the crop
Examples of harmful impacts

Biogas produced is
inflammable which is a potential risk to
workers and the local community

It has the potential to
Contribute to ammonia
volatilisation and GHG

It is recommend technicians (with high level
skills) for installation and maintenance of the
technology

Some working time saved

No air pollution from the technology is
expected

A better management of the manure has a
potential to reduce the odour in the farm and
surroundings

Energy consumed in the technology might be
a problem, increasing energy demand in the
system

emissions, which have an impact on people’s

health

Table 6

Indicators from PSILCA which have the potential to be affected by the technologies, and their risk level in the baseline (risks from PSILCA) and technology scenario

(risks according experts’ responses to the questionnaires).

Risk
B T B T B T
Stakeholder Indicator in PSILCA Belgium Germany Spain
Workers Presence of sufficient safety measures. LR VLR LR VLR ND ND
DALYs?® due to indoor and outdoor air VLR VLR VLR LR VLR VLR
and water pollution.
Sector average wage, per month. LR LR VLR VLR VLR VLR
Rate of non-fatal accidents at VLR VLR VLR VLR LR LR
workplace.
Weekly hours of work per employee. MR LR MR LR LR LR
Local community Extraction of fossil fuels VLR VLR VLR VLR VLR VLR
Level of industrial water use (related VHR VHR LR VLR LR MR
to total withdrawal)
Pollution level of the country MR LR ND ND LR VLR
Unemployment rate in the country LR LR LR VLR HR MR
Value chain actors Corruption LR LR LR LR HR HR

3 Disability Adjusted Life Years.

Table 7

Comparative analysis for the S-LCA of novel technologies for nutrient recovery in agriculture considering U$ 1000 output, highlighting impact categories whose results

can be changed by the technology.

Typical farm in Belgium

Typical farm in Germany Typical farm in Spain

Indicator

B T B T B T
DALYs due to indoor and 6.2 6.2 1.8 2.2 10.2 10.2
outdoor air and water
pollution
Industrial water depletion 1497.8 1497.8 976.2 975.8 140.2 143.9
Pollution 111.6 110.5 134.9 134.9 149.7 149.4
Safety measures 534 533 40.9 40.6 50.4 50.4
Unemployment 10.1 10.1 7.9 7.5 163.0 126.1
Weekly hours of work per 28.9 27.8 31.2 27.6 25.0 25.0
employee
TOTAL IMPACT* 10,144.8 10,142.5 11,655.6 11,651.2 12,638.6 12,630.9

Legend: B = baseline, T= technology.
* Total impact considering all impact categories.

tion. However, they do achieve a simulation of reality, showing
potential situations, and communicate might happen in future
(Rounsevell et al., 2010). This section highlights indicators that are
covered by the PSILCA database and that have the potential to be
affected by the novel technologies (Table 4). Other relevant indica-
tors are presented in the Supplementary material S5.

The ‘presence of sufficient safety measures’, estimated in
PSILCA, was attributed by the ‘Severe injury reports 2019’ docu-
ment from the United States. The indicator measures the num-
ber of accidents, safety and health incidents per 10,000 employ-
ees in the sector. In 2020 in Germany, there were an estimated
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582,000 workers in agriculture (Statista, 2021), around 300,000
(Ceicdata, 2021) in Belgium and 765,000 in Spain (Statista, 2021).
Thus, to go from ‘low’ to ‘very low’ risk, a total of 28.5, 1.47 and
37.5 accidents and incidents (per 100,000 employees) have to be
avoided in German, Belgian and Spanish agricultural sectors re-
spectively. According to the ILO (2021), insufficient labour inspec-
tions, a lack of hazard training are causes of accidents and inci-
dents in agriculture. Thus, promoting training and development for
workers and creating new regulations are essential if accidents and
incidents in agriculture are to be avoided following the inclusion of
the novel technologies.
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‘DALYs due to indoor and outdoor air and water pollution’ is
the most suitable indicator, in PSILCA, for assessing potential so-
cial effects with regard to the reduction of emissions in agricul-
ture. However, in this case, the two sources of air and water pol-
lution are accounted for together in the same DALY and the data
used were from 2004. DALYs were updated in 2016 (WHO, 2016),
and the data for ‘ambient air pollution’ are divided into lower res-
piratory infections, tracheal, bronchial and lung cancers, cataracts,
ischaemic heart disease, stroke and chronic obstructive pulmonary
disease. ‘Lower respiratory infections’ include GHG emissions, and
therefore are related to agricultural emissions (Lee, 2010). Accord-
ing to WHO (2016), the DALYs (per 1000 population) due to ‘lower
respiratory infections’ are 0.78 (very low risk), 0.44 (very low risk)
and 0.30 (very low risk) in Belgium, Germany, and Spain, respec-
tively, representing a very low risk in PSILCA. Unfortunately, data
are not provided for workers or specific industry sectors, which
would be useful for estimating how much this indicator is affected
by agricultural practices and potential effects due to the inclusion
of novel technologies in agriculture.

According to Salary Explorer (2021) and the risk scale estimated
in PSILCA (Maister et al., 2020), the average wage in the agricul-
tural sector in Belgium is 3880 €/month but ranges from 1890 to
8930 €/month. In Germany, it is 2290 euros, ranging from 960 to
5670 €/month. In Spain, this figure is 1710 euros, ranging from 830
to 3940 €/month. The risks in PSILCA (Maister et al., 2020) are at-
tributed considering the ratio between average salary and living
wage, or average salary and minimum wage. The minimum wage
(in euros) in Belgium, Germany and Spain are respectively, 1626,
1585 and 1126 (Country economy, 2021). Thus, the risks for salaries
(lowest, average and highest salaries) in agriculture in Belgium are,
respectively, high, low and very low. In Germany, the risks are, re-
spectively, very high, high and very low. In Spain, the risks are very
high, high and very low. No changes were attributed to this indica-
tor, but if in a near-future it becomes mandatory include technolo-
gies to reduce impacts in agriculture, more technicians will be re-
quired to deal with the technology. Thus, the average salary in the
sector has the potential to be increased, attracting more young and
highly skilled professionals to the sector, but the lower salaries, re-
sponsible for the higher risks, may not change. Another important
point is related to the definition of stakeholders. In the current
study as well as in PSILCA, workers fall within the same stake-
holder category, but if agricultural workers are divided into differ-
ent categories (i.e. farm owners, technicians, farm managers, agri-
cultural workers in general) different impacts and hotspots could
be addressed. Thus, it is essential to provide ranges for this in-
dicator; however, it is not clear how these should be grouped
in a final indicator without losing the potential discrepancies
identified.

In 2018, the total number of non-fatal accidents in agricul-
ture in Belgium, Germany and Spain were 398, 47,652 and 29,378,
respectively (Eurostat, 2021). In Europe, most of them (66.5%)
(Eurostat, 2021) occurred on the farm or in the forest zone, and
28.3% were due to agricultural work or work with live animals. Re-
garding the specific physical activity that was carried at the exact
time of the accident, the activity ‘handling of objects’ represented
27% of non-fatal accidents in Spain (Eurostat, 2021). This activity
could be affected by the inclusion of the novel technologies, either
reducing or increasing this number. An increase could be due to
the handling of acids or new equipment introduced with the tech-
nologies, but with good training this number could be the same
or decrease over time. Therefore, for this indicator, more time is
needed for a better evaluation, according to the level of implemen-
tation of the technologies in agriculture and the data provided. A
positive point is the level of specificity in the Eurostat database,
although it would be of greater interest if the data for arable and
livestock systems were split.
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With regards to working time, labour-saving technologies (i.e.
precision fertilisation and adoption of other machinery) are in de-
mand due to the complex, highly variable environment in agri-
culture, and these can led to increased productivity and quality
of agricultural output, and reduced dependence on labour, as well
as improved environmental control (Gallardo and Sauer 2018). For
instance, the time, effort and energy expended in a small family
homestead differs significantly from that on a large commercial
livestock farm. In farms that are a commercial concern, farm own-
ers are more cautious of employees and interns’ work. Thus, full-
time employees work a little under 35 h and part-time workers
typically work around 20 h a week. However, farmers who own
their own businesses usually work about 44 h a week (Bureau of
Labor Statistics, 2021). (Umstdtter et al., 2016) claim that the work-
ing hours per person have tended to remain stable with technolog-
ical progress since the resulting reduction in working time is be-
ing used for other activities. Thus, it is hard to make predictions
for the indicator on working time since it depends greatly on the
farm and work conditions.

It could be argued that there is some overlap between social
and environmental indicators; however, their inclusion is deemed
important in a social assessment because it results in greater fo-
cus on the social consequences of environmental damage, while in
environmental LCA the focus is on quantifying the damage.

The exploitation and destruction of natural resources can di-
rectly affect local communities whose livelihoods and economies
are based on fossil fuels, biomass and ores, for instance
(Maister et al., 2020). In 2018, Spain consumed 1033.5E03 tonnes
of nitrogen fertiliser (Eurostat, 2021), and 23.8% of imports
of mixed mineral or chemical fertilisers came from Morocco
(OEC, 2021), where there is evidence that rights to health of work-
ers and local communities are being overlooked (Switzer, 2019).
In Belgium, 29% of mixed mineral or chemical fertilisers were im-
ported from Russia, which suffers from a depletion in the source
of phosphate fertilisers (Saritas and Kuzminov, 2017). The precise
application of nitrogen, the removal of nitrogen pollution from the
environment and the use of organic fertilisers will help reduce the
consumption of mineral fertilisers, decreasing the pressure on nat-
ural resources and specific local communities.

A controversial indicator is the indicator related to water. Re-
sults provided by PSILCA can contradict those from other sources.
In Belgium, the agricultural sector consumes 1.12% of total wa-
ter withdrawal and 0.24% of total renewable water resources
(FAO 2021), both representing a very low impact, although PSILCA
identifies a very high risk for both indicators. In Germany, the
same divergence was found when comparing PSILCA risk levels and
AQUASTAT data (FAO, 2021). A very high risk for agricultural water
withdrawal (related to total renewable water resources) was iden-
tified in PSILCA, but in AQUASTAT this value was 0.25%, which rep-
resents a very low risk; there was also a low risk for agricultural
water withdrawal (related total water withdrawal), while in AQUA-
STAT this value was 1.4%, which was a very low risk. For Spain, the
opposite was found, with lower risks in PSILCA and higher risks in
AQUASTAT. Spain has a very high risk related to agricultural wa-
ter withdrawal both related to total withdrawal (65%) and to total
renewable water resources (18%), although in PSILCA it is identi-
fied as a low and medium risk respectively. In addition, the AWARE
method (Boulay et al., 2018), used in environmental LCAs to assess
water scarcity, shows small characterisation factors (for irrigation)
for Belgium (2.208) and Germany (1.778), representing a potential
low impact, and a high value for Spain (80.760), representing a po-
tential high impact.

The ‘pollution level of the country’ assesses the overall level of
pollution in a country through an index, based on visitors’ per-
ceptions, and ranges from 0 to 100, with 100 being the worst re-
sult. The index for Belgium and Spain in 2019 was 49.89 and 39.36
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respectively (Numbeo, 2019). No data are attributed to Germany in
PSILCA, although there is a value of 28.01 in Numbeo (2019). Ac-
cording to Maister et al. (2020), the indicator is suitable for assess-
ing safe and healthy living conditions of local communities. There-
fore, since other types of pollution such as noise and waste dis-
posal are included, the inclusion of novel technologies may have
the potential to change peoples’ perception regarding of pollution.
However, to better assess this indicator, it should be assessed in a
rural area or in a local community near an agricultural area.

Special attention should be paid to the indicator ‘Unemploy-
ment rate’. Rotz et al. (2019) highlight that the rapid advance of
agricultural technologies has led to different predictions about the
future of labour and rurality. For some experts, agricultural tech-
nologies can lead to the exploitation of marginalised and racialised
labourers by landowners, governments and corporations, resulting
in social, economic, and racial inequities in labour, skills devel-
opment and rural spatiality. However, it has suggested that novel
technologies can positively contribute to creating new workplace
opportunities in rural communities. Again, the way in which the
technology will impact this indicator should be assessed in a spe-
cific analysis because it will depend on working conditions applied.
For instance, a company could train an employee, not necessar-
ily with high-level skills, to work with the technology or they can
hire another worker with experience in that technology. More re-
search and greater maturity of the technologies are needed before
a change in the indicator can be confirmed.

Corruption can be measured by the Corruption Perceptions In-
dex (CPI) that ranks countries from 0 to 100, with 100 being the
least corrupt (Nedelciu et al., 2020). Usually, one product life cycle
affects several countries, and several of the P fertiliser importers
into Spain (Jordan, CPI 49) and Belgium (Morocco, CPI 40) have a
very high risk of corruption, measured by the Corruption Percep-
tions Index (CPI) (World Bank, 2019), socially affecting the agricul-
tural products. The situation is similar to Germany, with more than
70% of P fertilisers imported from Israel, which has a CPI of 60; al-
though it is a high CPI, it is similar index to, for instance, Spain
(62) and Portugal (61). Improving nutrient efficiency by increasing
the use of organic fertilisers and reducing losses will contribute
to a decrease in the import of mineral fertilisers, consequently re-
ducing social impacts in the value chain, but it does not solve the
problem corruption.

It is important to highlight that the use of agricultural prod-
uct systems in PSILCA certainly influences the results, especially
related to the flows considered in the selected product system.
PSILCA still takes an environmental studies approach and focuses
on negative impacts (or risks). In addition, in PSILCA some social
indicators can also be environmental indicators, for instance, ‘ex-
traction of biomass’, ‘level of industrial water’ and ‘embodied CO,
footprint’; therefore, care should be taken in sustainability assess-
ments to avoid double counting of impacts. It is evident that the
database will evolve when the data are available, thus, in a near
future it is expected that more indicators to assess opportunities
will be included in the database.

4.2. The diverse use of PSILCA in S-LCA

In the present study, the PSILCA database was used in the S-
LCA. However, the representativeness of the data represents a chal-
lenging issue for the social LCI in PSILCA due to data availability
(Kono et al., 2018). Even though the database covers almost 15,000
different sectors in 189 countries, for a more specific situation in
a sector, a complementary assessment is necessary. In the current
study, the focus was on strategies for reducing nutrient losses in
agriculture, but only a few indicators were available to assess those
impacts, making necessary to undertake a complementary assess-
ment to contextualise the results provided.
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Werker et al. (2019b) assessed the social impacts on work-
ing conditions of a novel technology hydrogen production by ad-
vanced alkaline water electrolysis (AEL) from a life cycle perspec-
tive when installed in Germany, Austria and Spain. They used a
mixed methodology, PSILCA version 2.0, and complemented and
compared it with raw data and a qualitative literature analysis. Al-
though they acknowledge that a greater number of indicators and
detailed results are provided, PSILCA excludes important segments
of society, such as informal workers, which are relevant for agri-
cultural systems. In addition, the concept of medium risk hours in
PSILCA is difficult to understand.

In the current study, PSILCA was used to build a baseline sce-
nario and identify hotspots.Hannouf and Asefa (2018) used the
database to evaluate the social performance of background pro-
cesses in a high-density polyethylene production. With PSILCA,
they were able to address the social hotspots areas that require
a greater focus from suppliers. In the case of the novel technolo-
gies assessed here, hotspots and the potential benefits or harmful
effects added into the agricultural system could be identified.

4.3. Prospective assessments in social studies, including S-LCA

Prospective assessments in S-LCA are under-investigated due to
the difficulty of predicting social impacts since it involves many
variables. According to van Haaster et al. (2017), social indicators
are difficult to predict since they are time, region and circumstance
specific and management dependent.

Haines et al. (2009) uses the DALYs to measure healthy years
saved due to the mitigation measures in four sectors (household
energy, transport, food and agriculture, and electricity generation)
using a ‘comparative risk assessment’ (Wilkinson et al., 2007) to
model the potential effects. They recognised that the model has
limitations, but they provide important comparative evidence of
the possible health effects expected from the adoption of mitiga-
tion policies.

In addition, van Haaster et al. (2017) uses S-LCA to develop
a framework to assess aspects related to well-being that are po-
tentially affected by novel technologies. The study has a future-
oriented approach relying on the construction of scenarios. They
selected 11 indicators, including knowledge-intensive jobs and to-
tal employment, but they assessed these two indicators quanti-
tatively, unlike the present study. They also address those uncer-
tainties are commonly found in prospective assessments, especially
when it comes to the definition of baseline scenarios, which is also
highlighted in the current work.

Although the methodologies showed have many limitations, the
identification of indicators that could be temporally consistent and
cover relevant hotspots, and consistent models or methods to mea-
sure or estimate them, are essential to be improved for future re-
search on aggregating prospective and quantitative assessments in
S-LCA. Those methods and models and social mechanisms are also
relevant for S-LCA using impact pathways? (UNEP, 2020) as impact
assessment approach.

5. Conclusions

The aim of the present study was to select and test indicators
in order to perform an S-LCA of novel technologies to be applied in
agriculture, undertaking comparison with a baseline in agriculture
in Belgium, Germany and Spain. A set of indicators of this kind en-
ables the assessment of social hotspots and opportunities related
to novel technologies applied in agriculture to recover nutrients
and improve of nutrient efficiency.

2 Translation of social activity/stressor into a social damage (Maister et al., 2020).
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Through the questionnaire and expert knowledge, examples of
potential impacts of the technologies included the need for highly
skilled workers, attracting a highly qualified labour force to agri-
culture, increasing training and employee development, improving
the efficiency of the technologies, in the case of some of them,
helping to reduce accidents at work, and the need for new reg-
ulations to deal with organic fertilisers more effectively. In addi-
tion, novel ways to properly dealing with manure can involve a
reduction in odour and other gases for local community and can
also contribute to new knowledge and scientific research to im-
prove agriculture. Other indicators, such as new jobs or a reduction
in extra hours at the farms, were revealed to be site-dependent
and would vary depending on the company or farmer behaviour.
However, the inclusion of novel technologies may introduce new
sources of damage, for instance, when using acids or working with
heavy machinery, although these risks are controllable. Experts
were cautious about the potential effects related to N and P emis-
sions since emissions vary according to the conditions in which
fertilisers are applied, making a potential effect harder to define.

Using the PSILCA database for the comparative analysis, small
difference was seen between the baseline and the potential sce-
nario with the technology included just increasing and decreasing
risks of the indicators. A consistent explanation is the fact that the
PSILCA is insufficiently sensitive to small changes because it is too
generic to show benefits offered by the technologies. Another point
is that the indicators for which the technologies have potential to
bring about change did not show a high impact in the baseline.

Qualitative assessments for prospective studies in S-LCA may
be a starting point for predicting the potential benefits and harm-
ful effects of novel technologies. For future work, also depending
on the maturity of the technologies, wherever possible a full S-
LCA of technology, either standalone or in the context in which
is applied, should be undertaken, in order to provide quantitative
ranges for each indicator. The initial screening provided by experts
in the technologies should be confirmed using quantitative data for
each type of technology and potential scenarios.
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