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Abstract: Bio-based fertilizers (BBFs) can be a solution for converting agricultural waste into new
products useful for increasing organic matter in the soil, thus reducing the consumption of mineral
fertilizers. This can contribute to the ecological transition launched by the European Commission for
the coming decades. Scenario analysis is an effective tool to assess the factors that can affect the
development of the agri-food supply chain, evaluating the effects of their possible evolutions.

The aim of this work is to draw plausible future scenarios for the BBF supply chain and to strengthen
the consistency evaluation process of these scenarios. We built the scenarios considering both the
literature and findings from stakeholder consultations. We then verified their consistency by adopting
the Cross-Impact Balances (CIB) method, along with other techniques to better evaluate the
consistency and plausibility of the narratives.

The analysis provides stakeholders with information to evaluate possible future trends in the BBF
supply chain. Monitoring the evolution of the identified drivers and maintaining constant and periodic
discussions among stakeholders constitute the prerequisites for supporting the desirable future
development of BBFs.

1. Introduction and backgrounds

In an increasingly globalized and interconnected world, the development of socio-economic systems
is influenced by a multitude of factors whose trends are difficult to predict, at least in the long term.
As demonstrated by recent financial, pandemic, and climate crises, mathematical models are not
always capable of producing reliable forecasts in a context where uncertainty plays a determinant role
(Puy et al., 2022). The most recent big-data analysis tools and the development of artificial
intelligence will certainly enhance our ability to understand the world, but they will also generate a
mass of results that are not always coherent, making it difficult to identify the most reliable ones
(Hariri et al., 2019). Chaos theory has demonstrated the unpredictability of complex systems, where
a small change in the state of one or more factors is sufficient to produce completely different effects
(Schueler, 1996).

Future scenario analysis does not aim to predict the future but evaluates what happens if one or more
factors that influence the system (driving forces) evolve in certain directions. It is not a probabilistic
model but a logical approach for identifying possible evolutionary trends based on an appropriate
knowledge of the initial state of the determining factors, the cause-effect relationships between them,
and their impacts on the system.

There is no single definition of scenarios. In this work, scenarios are plausible narratives of how the
future could develop, based on a coherent and consistent set of assumptions about the main driving
forces and their relationships (Hunt et al., 2012; Boschetti et al., 2016; Guivarch et al., 2017). The
narratives or storylines focus on the drivers that have greater importance and uncertainty, highlighting
the main scenario characteristics, the relationships between key driving forces, and the dynamics of
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their evolution (IPCC, 2014). They may include quantitative data from literature, specific surveys, or
mathematical models (Swart et al., 2004; Reed et al., 2013; Guivarch et al., 2017).

The literature on future studies is extensive, with several attempts at classification tracing back to the
triad of possible, probable, and preferable futures. Borjeson et al. (2006), adapting previous
classifications, distinguish three main categories of scenario studies based on the user’s perspective
(questions): predictive scenarios (what will happen?); exploratory scenarios (what can happen?); and
normative scenarios (how to reach a preferred future situation?), further articulated based on more
specific questions.

Different techniques can be adopted to develop future scenarios. A widespread method generates four
alternative (exploratory) scenarios related to the investigated topic using the 2x2 Matrix Technique
(Schoemaker, 1995; O’Neill et al., 2014; Rhydderch, 2017; Fritsche et al., 2021). For this purpose,
two factors of great importance and uncertainty that influence the future of the topic are identified,
with two opposed outcomes imagined for each. Placing the two factors on a Cartesian plane, they
intersect at the present time to form four quadrants, with the ends of the axes indicating the possible
evolution of the two factors at the chosen future horizon. Each quadrant produces a scenario whose
narrative is determined by the outcomes of the factors on the axes and other relevant identified factors.
Another technique of interest is a normative scenario, participatory backcasting (Quist and Vergragt,
2006), which starts from sharing a desirable future among stakeholders and identifies possible actions
(policies) that may lead to the fixed goal. Explorative scenarios and backcasting can also be
combined, as Vervoort et al. (2014) experimented in the context of food security.

Numerous public and private institutions use scenario analysis for their strategic choices and policies.
In some governments, it has become an institutionalized activity (as in Singapore, the United
Kingdom, and Finland) (Stérmer et al., 2020). The European Commission (EC) has also been using
this tool for a long time. Burgelman et al. (2014) trace its history, noting that the motivation behind
this choice was to improve the administration and governance of the EC through the broad
involvement of stakeholders in the decision-making process. The use of foresight processes by the
EC began in the late 1970s, but only in 2017 did the EC produce documents officially acknowledging
the usefulness of foresight for better regulation (Stérmer et al., 2020). The EC documents cited
recognize four functions or benefits of applying foresight to policymaking: informing policy,
facilitating policy implementation, embedding participation in the policymaking process, and
supporting policy definition.

Scenario analysis has constituted an important tool for the scientific community in defining possible
future paths of socio-economic development, both globally and in specific sectors and territories.
Among the former, a series of future scenarios have been produced, starting from the conceptual work
of O'Neill et al. (2014) and later defined in the corresponding narrative contents (O'Neill et al., 2017).
These are known as Shared Socioeconomic Pathways (SSPs) and describe alternative future
trajectories of several factors connected to the challenges that climate change poses to society
concerning adaptation and mitigation. They represent plausible conditions that can be realized in the
future (to 2050) in large regions of the world regarding human and demographic development,
economy and lifestyle, policies and institutions, technology, environment, and natural resources.
Due to the general nature of the SSPs, they can be used as references for other analyses of
development paths, both on issues directly related to the climate and on more specific themes, at both
global and sub-national scales (e.g., Lassaletta et al., 2019; Chen et al., 2020; Mitter et al., 2020), thus
distinguishing basic and extended SSPs (O’Neill et al., 2014; van Ruijven et al., 2014). Using SSP
narratives, Mitter et al. (2020) defined possible future scenarios for the European agri-food system,
the so-called EUR-AQri-SSPs, providing plausible references to derive storylines related to more
specific contexts (sectors or areas). The EUR-AQgri-SSPs have recently been used as a reference for
defining future scenarios for pesticides (Nagesh et al., 2023).

Using the same context scenarios, in this work we define plausible future development pathways for
the bio-based fertilizer value chain, identifying the main factors that can influence its future
development.



101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150

To date, there is no unique definition of bio-based fertilizers (BBFs), but work is underway at the
European level towards a standard definition (ESPP, 2023). Wester-Larsen et al. (2022) define BBFs
“as materials or products derived from biomaterials (plant, animal, or microbial origin, often wastes,
residues or side-streams from agriculture, industry, or society) with a content of bioavailable plant
nutrients suitable to serve as a fertilizer for crops” (Wester-Larsen et al., 2022, p.1). This is the
meaning of BBFs used in our work, which is consistent with the elements of the ongoing debate at
the European level and the recent literature on the subject (Tur-Cardona et al., 2018; Chojnacka et
al., 2020; Puglia et al., 2021; Egas et al., 2023; Kurniawati et al., 2023).

The cited literature reports how the production of bio-based fertilizers from residues and by-products
of the agri-food system would contribute to solving the problems arising from the large quantities of
organic waste produced and the use of mineral fertilizers, which depend on non-renewable resources.
An increasing and widespread use of BBFs to replace mineral fertilizers would improve the health of
natural resources by reducing the accumulation of nutrients in the soil and water. The recovery of
useful materials from the waste of the agri-food system to produce fertilizers also responds to the
need to make the entire system more sustainable. This need was expressed by the European
Commission in the Circular Economy Action Plan (European Commission, 2015), most recently
updated (European Commission, 2020), and is reiterated by the 2019 EU Fertilizer Regulation
(European Commission, 2019), as well as the recent report from the European Environment Agency
(2020). However, it should be considered that the use of these products is not free from problems in
the current state of technology. It has been ascertained that contamination by heavy metals and
pathogens represents the main problem for the use of BBFs, whose acceptability by consumers
(farmers) would be hindered, among other things, by issues relating to costs (for transport and
production) and the still unclear political framework (Kurniawati et al., 2023).

For the purposes of this work, the qualitative data for identifying the most important and uncertain
driving forces relating to BBFs were provided by a multi-actor participatory technique. This approach
was supported by data collection from official sources and literature.

Stakeholder engagement is quite common in futures studies. In the review by Fauré et al. (2017), they
highlight how this approach is particularly prevalent when dealing with issues related to
sustainability. More generally, Pernaa (2017) points out that anticipating the future requires more
interdisciplinary and multi-perspective collaboration due to the growing complexity in our societies.
The participatory approach strengthens scenarios and facilitates the activities of researchers, policy
makers, and decision-makers (Borch and Merida, 2013; Mitter et al., 2020).

The participation of stakeholders also contributes to ensuring the internal consistency of the storylines
(or grading them in terms of coherence) through the judgments expressed by experts on the
relationships between the identified drivers. A tool to visualize these relationships is Causal Loop
Diagrams (CLD), used, for example, by Mathijs et al. (2017) and Mitter et al. (2020). In this work,
we adopt the Cross-Impact Balance (CIB) analysis (Weimer-Jehle, 2006), which identifies internally
consistent scenarios through cross-impact matrices. More generally, the CIB method is aimed at the
"systematic construction of qualitative and semi-quantitative scenarios” (Weimer-Jehle, 2023), and
has been applied in many contexts to analyse the relationships between the factors of scenarios using
an algorithm. In the literature, CIB has more frequently been used for the analysis of scenarios in the
energy field, for climate change, and for sustainable development. There are few works about the
agricultural and agri-food sector, with only one publication (Kurniawan, 2020) that used CIB together
with the SSP method to evaluate the coherence of scenarios at different scales of detail. In our
analysis, we adopted CIB to evaluate the consistency of scenarios of the same scale, constructed
through the SSP method (BBFs scenarios).

In summary, the aim of the work is twofold. Firstly, it is intended to draw plausible future scenarios
for the BBF supply chain, and secondly to verify whether CIB can be used to facilitate the consistency
analysis of the scenarios, reducing the risk of outlining internally inconsistent situations. The
originality of this work concerns both the study object of the scenario analysis (BBF supply chain)
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and the combined use of CIB and EUR-AQgri-SSP methodologies to strengthen the validation process
of the scenarios.

In the following paragraphs, the methodological path adopted to build plausible and consistent future
scenarios for BBFs is described, followed by the achieved results. The discussion is focused on the
combined use of different methods and tools. Finally, the advantages and limitations of the
methodological approach are outlined in the conclusion.

2. Methodology

The methodology used to build the BBF scenarios is based on two preliminary considerations.

First, the case study represents a segment of the agri-food chain, which is itself a component of the
agri-food system. This concatenation of contexts, which can be further expanded to include higher
levels, implies that the driving forces influencing the development of BBFs can be internal to the
sector or derived from external contexts. For example, the production cost of BBFs or their chemical-
physical characteristics are internal drivers, while the prices of mineral fertilizers or the
environmental sensitivity of consumers are external factors. The ability of the SSPs to nest scenarios
allows for the linking of external factors to internal ones, thereby articulating higher-level narratives
by incorporating specific insights and variations for the analysed sector.

The second consideration concerns the role of the multi-actor approach. Generally, building scenarios
with the participation of stakeholders involves a lengthy process of exchanges with the actors,
including a preparatory phase and multiple meetings in which the elements of the scenarios are
progressively defined (e.g., Bock et al., 2020; Mitter et al., 2020). In our study, the approach was
decidedly more concise, hampered by the restrictions linked to the COVID-19 pandemic. Due to these
constraints, the participatory process was carried out through online workshops and surveys, an
approach that limited the interaction between the subjects involved but sped up the collection of
information.

The analysis followed the steps shown in Table 1.

Table 1 - Synoptic diagram of the analysis path

Methods and Tools

Phases Outputs

1. ldentifying and analyzing|-
the focal issue
(from Jan 2021 to Mar 2021) |~

bibliographic review on biofertilizers and| —

agri-food system global trends
STEEP classification analysis of main
factors affecting BBF supply chain

18 "trend cards" summarizing
the current and forecast situation
of each factor (analysis and
statistics)

2. Choosing the appropriate|-
scenario-building method
(from Apr 2021 to Jun 2021)

bibliographic  review on  scenario
methods and on European agri-food
scenarios

EUR-AQri-SSPs scenarios as baseline
method for BBF supply chain analysis

selection of the method for
scenario building

identification of the global agri-
food framework for BBFs
development

3. Identifying the drivers and|-
organizing the information
framework

(from Jul 2021 to Oct 2021)

participatory ~ approach  techniques
involving 5 experts, 14 stakeholders, and
10 project partners

— 1 focus group, 5 online meetings, 3 online

surveys

validation and integration of
relevant and uncertain drivers for
BBF development (134 final
factors)

4. Building and analyzing|-
scenarios
(from Nov 2021 to Dec 2021)

adaptation of EUR-Agri-SSPs scenarios|
introducing and analyzing BBF main
drivers

in-depth narrative writing linked to
global scenarios; synthetic narrative
drafting diversified by the project pilot
areas - narrative revision by experts in
European agri-food development

four main scenarios: two
extreme and opposite and two
intermediate ones

scenario variants for each project|
pilot area (4)

5. Checking the consistency of| -
BBF scenarios
(from Jan 2022 to Feb 2022)

Cross-Impact Balances (CIB) tool for|
analyzing  the  relationships  and

9 consistent scenarios from

2,187 variant combinations
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combinations between the states of the| — the 4 SSP scenarios are included

drivers in the 9 CIB scenarios (positive
— comparison between SSP and CIB results|  consistency check)

(future situations)

2.1. ldentifying and analyzing the focal issue

The case study focuses on the production and use of BBFs, considering the main aspects that can
affect the organization and development of this supply chain. The goal was to outline some plausible
and alternative scenarios for 2050, useful to support decision strategies for both those who want to
invest in the sector and policymakers who intend to facilitate the development of BBFs.

An analysis of the available documentation focused on the fertilizer sector (Chojnacka et al., 2020;
Fertilizers Europe asbl, 2021) and more generally on the development of the agri-food system (FAO,
2022) has provided the first qualitative and quantitative information. We classified this information
according to the STEEP categories (society, technology, economy, environment, politics). For each
category, the phenomena that characterize the sector have been summarized, with statistical and
forecast data, to evaluate the current and prospective situation. In this way, the main factors (driving
forces or drivers) to be considered for the development of BBFs were identified.

2.2. Choosing the appropriate scenario building method

The definition of plausible future scenarios for BBFs started with the identification of more general
scenarios for the food system and the main factors that influence its evolution. To this end, academic
and grey literature and research projects on the subject were examined via the web, and also retrieved
from the websites of international organizations, government agencies, and private institutions. The
H2020 SURE-Farm Project was identified as consistent with our objectives. SURE-Farm defined the
EUR-AQri-SSPs scenarios (Mathijs et al., 2017, also described in detail in Mitter et al., 2020), which
are derived from the global Shared Socioeconomic Pathways (SSP) scenarios (O’Neill et al., 2017).
Mitter et al. (2020) start from the SSPs to narrate the future conditions of the farming system in
Europe and use a multi-actor approach for their definition. They extend the analysis to food consumer
issues and use other scenario studies to enrich the narratives. Based on the uncertainty of the main
socio-economic, environmental, and technological factors, they define five alternative scenarios, the
EUR-AQri-SSPs, describing plausible future conditions (up to 2050) for the European agricultural
and food systems in relation to climatic challenges.

The EUR-AQri-SSPs are taken as context scenarios for the BBFs case study. Each of them defines
differentiated conditions of the macro-environment (population, geopolitics, economic development,
markets, technology, etc.) which in turn influence the conditions of the specific factors identified for
the development of the BBF supply chain. In this study, only four of the five EUR-Agri-SSPs have
been considered, excluding the EUR-AQri-SSPs No. 2 because it has intermediate characteristics
compared to the other scenarios.

2.3. ldentifying the drivers and organizing the information framework

The set of indicators that measure the possible trends of the drivers in the reference period of the
scenarios has been defined. This information, organized by STEEP categories, formed the basis of
the BBFs scenarios, built on differentiated trends and therefore outlining evolutionary trajectories
that lead to alternative or opposite future situations. In this way, it was possible to evaluate which
factors determine the preferable evolution of BBFs.

The set of drivers selected for the BBFs scenarios derives from the bibliographic survey (Phase 1)
and the participatory process, and partially from those already identified by Mitter et al. (2020) for
the EUR-Agri SSP scenarios. The main driving forces that can favour or hinder the development of
fertilizers of biological origin in the European agri-food system were identified and discussed in
several meetings coordinated by the research group, in which sector stakeholders participated.

For this purpose, in each of the European areas considered for the development of the case study
(Almeria (ES), Flanders (B), Friuli-Venezia Giulia (IT), and Pays de la Loire (FR)), 10-15
stakeholders from the fertilizer sector were selected, including researchers, operators, associations,
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and policymakers, based on the following criteria: Interest, Availability, Relevance, Appropriateness,
Representativeness, Broad Vision (Zawalinska et al., 2022).

The four regions were selected by the Rustica project partners because the agricultural sector
significantly contributes to the deterioration of natural resources, although to different extents. The
intensity of agricultural production causes widespread contamination by fertilizers (and pesticides),
and considerable quantities of low-quality waste pose problems for their proper utilization/disposal,
risking worsening the environmental impact. Despite local policies promoting the development of the
circular economy, the use of food sector waste in the form of bio-based fertilizers is still rather limited
in all regions, as results from the direct survey carried out during the EU Rustica Project. The diversity
of the socio-economic contexts of the regions, through the multi-actor approach, provided elements
to enrich and strengthen the prospective framework defined hereafter in the BBFs future scenarios.
Having been informed in advance about the objectives and contents of the study, the stakeholders in
each area were then invited to participate in a workshop during which they were interviewed based
on a work outline common to all areas. Overall, around 50 stakeholders were involved to identify and
classify the most relevant and uncertain drivers of the BBF supply chain. Relevance was assessed by
the power to influence the evolution of the phenomenon of interest (BBFs development), while
uncertainty concerned the predictability of the trend in the period considered. At the end of the
stakeholder consultation, 134 of the most relevant and uncertain factors were considered for the
scenario analysis (Table A in the appendix). These factors were further analysed to classify them
according to their common characteristics in terms of context and/or purpose. This slightly more
detailed reclassification of the STEEP categories was helpful in identifying these seven main driving
forces: sustainability awareness, political framework, fertilizers market, technological solutions,
innovation uptake process, agri-environmental system, and bioeconomy patterns. These were
considered the main determinant factors for the evolution of BBFs.

2.4. Building and analyzing scenarios

The BBFs scenarios were developed by associating the drivers identified for the BBFs with the EUR-
Agri-SSP context scenarios. The process of adapting and deepening context scenarios into BBFs ones
was long and articulated. In continuity with the context scenarios, the drafts of the BBFs narratives
were elaborated, assuming four distinct future situations: two extreme and opposite
(favourable/unfavourable for the BBFs development) and two with a mix of positive and negative
elements (Phase 4). A fifth EUR-AQri-SSP scenario was not considered as it is intermediate between
the others. In the first two scenarios, the direction of the drivers is opposite, all aimed at facilitating
or hindering the occurrence of a positive context for BBFs, while the other two are characterized by
diversified situations with some dominant evolutionary elements.

Each scenario is characterized by a different evolution of the drivers. For example, in the first
scenario, the sustainability of agriculture is favoured by a growth in social environmental awareness,
which implies a propensity to reuse agricultural waste and to eat healthier food.

The drafting of a scenario narrative is rigidly codified in the literature, and although there are margins
for subjective interpretations, these must be based on objective elements such as the possible
evolutions of coherent and specific drivers. The subjectivity of the interpretation can only make the
narrative more interesting by avoiding a slavish commentary on the situations that outline the
scenario. Nevertheless, the guidelines of the methodology adopted, the feedback from the experts,
and the robustness check of scenarios limit the personal influences of researchers, experts, and
stakeholders.

2.5. Checking the consistency of BBF scenarios

With the drafting of the final narratives, the analysis of the scenarios was not concluded, as it was
necessary to verify that the construction and revision process had not led to inconsistent situations
within each scenario and between them. For example, if a scenario considers a sharp increase in
energy prices and at the same time a reduction in the prices of mineral fertilizers, a contradictory or
at least unrealistic situation has occurred.
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We then proceeded with a consistency check of the BBFs scenarios by analysing the relationships
and combinations between the states of the drivers. While Mitter's methodology used Causal Loop
Diagrams (CLD) to analytically describe the interdependencies between factors, another analysis tool
called Cross-Impact Balances (CIB) (Weimer-Jehle, 2006) was chosen for BBFs. Both methods
analyse the relationships of influence between drivers and are used when it is not possible to adopt a
mathematical model to measure these interdependencies. The CIB method analyses the relationships
between the factors through a quantitative assessment (scores), while the CLD uses a graphic
language (flow charts). The CLD method should be applied to each hypothesized scenario, while the
CIB method considers all possible scenarios generated by the drivers’ combinations. For this reason,
CIB was chosen to assess all scenarios, including those unrelated to Mitter’s results.

The CIB method is based on the construction of a symmetrical matrix where the different future
situations are placed by row and by column. These situations are identified by a title (descriptor) and
articulated into a few possible evolutionary paths (variants). The descriptors summarize the
previously identified drivers, which act in the same context, labelling the group with a title evocative
of the dominant theme, while the variants are derived from the different evolutions of the drivers
between the scenarios.

3. Results and discussion

3.1. The future scenarios for the bio-based fertilizers

Following the methodology described above, the first draft of the BBFs narratives was prepared by
the research group and submitted for review to a panel of experts. Twelve experts from different
institutions and professional backgrounds participated in the panel. The online focus group was held
in July 2021. The participants were selected based on their roles and expertise in the field:
Research/Academics, Stakeholders, and Policymakers.

Two experts were from The University of Bologna and CREA Agriculture and Environmental
Research Centre, with technical backgrounds in fertilizers and organic farming. A representative from
ENEA had expertise in biomass for energy use, and a fruit supply chain expert was from CRPV. The
six stakeholders involved included representatives from the Italian Biomass Association — ITABIA,
the President of the Associazione Chimica Verde Bionet-Biomass and Green Chemistry, a
representative from Esco Lazio - Biogas and Digestate, a biological expert in biofertilization from
BIO/INTESA, the Head of Communication for Terre d’Etruria Cooperative, and a representative
from Enomondo, which focuses on the recovery of agri-food waste for bioenergy and compost.
Additionally, two experts from the Italian Ministry of Agriculture and three agri-environmental
technicians from three Italian regions were involved.

They were asked to evaluate the narratives’ plausibility, consistency, richness, creativity, and
salience, as indicated by the reference methodology (Mitter et al., 2020). These criteria aim to
consolidate the texts by eliminating any inconsistencies and evaluating their degree of realism while
maintaining elements of creative originality, considering unexpected and improbable situations. This
is exemplified by the war in Ukraine, an extreme event not directly considered in the hypothesized
scenarios, which were developed before the conflict, although one scenario describes a situation of
strong territorial inequalities and social conflicts.

The experts' suggestions were useful in refining the narratives and arriving at their final version, the
summary of which is reported below, while their full version is available online as supplementary
material. Each of the following narratives is composed of the main elements of the context scenario
(from Mitter et al., 2020, in a box in italics) and the extended BBFs narrative (in regular font).

FIRST SCENARIO: BBFs ON VALORIZATION PATH

Main elements of context scenario: Agriculture on sustainable paths

A strong network of small and medium-sized towns and large cities. Diversity in agricultural supply chains
supported by globally connected markets with internalized costs of trade. Multi-level cooperation, policy
integration, and societal participation. Pronounced technological development directed towards
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environmentally friendly processes and cooperation between farmers and consumers. Increasing
environmental awareness, resource use efficiency, and environmental health.

BBFs narrative

Sustainability awareness is growing in agriculture, leading to the adoption of circular business models, often
through vertical integration in supply chains. Growing urbanization facilitates the recovery and enhancement
of biomass, thanks to infrastructure and the concentration of actors and knowledge in cities. Digital
technologies ensure the dissemination of knowledge to the most remote rural areas, where technological
solutions are also widespread.

There is a growing demand for safe and sustainable (organic) products, especially local products. Society's
interest in food production methods directs agriculture towards more sustainable techniques and, due to strict
environmental legislation, towards greater use of bio-based products from agricultural waste, such as
fertilizers. This leads to competition between the possible destinations of raw materials, resulting in wide
price volatility for bio-based products.

With the increase in demand for bio-based products, the supply is organized and structured into small or
medium-sized networks with consortium-type biomass transformation plants spread throughout the territory,
depending on the availability of local feedstock. Sustainable logistics allow for efficient biomass collection
and delivery services. Within the local networks, integrated products and services adapted to the needs of
farms are provided.

Policy encourages and supports the adoption of circular business models by stimulating the integration of
actors. On the demand side, policy pays great attention to communication and fosters relationships based on
trust.

The integration between economic subjects facilitates the adoption of technological innovations that improve
the quality of the BBFs (stability of characteristics, ease of use, effectiveness). Artificial Intelligence (Al)
caters to fertilization needs by powering Decision Support Systems (DSS) based on the automatic exchange
of data between devices and BBFs suppliers.

The greater use of BBFs derived from the recycling of fruit and vegetable waste reduces the utilization of
mineral fertilizers, avoiding the exploitation of non-renewable resources for their production.

SECOND SCENARIO: BBFs ON DIFFERENTIATION PATH

Main elements of context scenario: Agriculture on separated paths

Decelerated urbanization. National agricultural supply chains benefit from protectionism. National
agricultural policies aim for national food and energy security. Slow agricultural technology development
and uptake due to reduced investments and scepticism. High pressure on natural resources due to high
national demand for agricultural commodities and limited coordination and technological progress.

BBFs narrative

A general climate of mistrust, slow generational turnover, and the degradation of infrastructure hinder the
integration of economic actors and the adoption of innovative and eco-sustainable solutions. Society also
lacks a culture of waste recycling.

Low environmental sensitivity creates an unfavourable climate for the spread of sustainable (organic)
agriculture and the adoption of circular production processes, which are also hampered by the reduction of
public support. At the farm level, the valorisation of waste is limited and often faced with ineffective
techniques. This hinders the spread of bio-based productions, to which inefficient logistics contribute. Even
if the price of biomass is low, the final bio-based product does not have a good quality-price ratio.

A few large producers of fertilizers (mostly mineral fertilizers) dominate the market, while the growing
isolation of countries makes access to raw materials (such as phosphorus) more difficult and contributes to
their price increase. The large companies cater to their country’s fertilizer needs, increasing their use
efficiency through customized solutions and new technologies for mineral extraction.

Environmental policy is inconsistent and unresponsive, and the bioeconomy and circular economy languish
due to the closure of national economies and the lack of environmental objectives. Traditional agricultural
lobbies, dominated by a few major players, increase their influence on political decision-makers, while the
integration of local actors to organize integrated supply chains is not supported by adequate regional policies.
The scarcity of investments in R&D limits the development of technologies with low environmental impact.
There is also a lack of technological solutions for the adequate reuse of agricultural waste. This leads to poor
quality finished products, which therefore cannot compete with mineral fertilizers. Small-scale plants are
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present only in some areas with strong production specialization, but their diffusion is hindered by general
mistrust and difficulty in establishing relationships.

On the environmental front, the inappropriate treatment of agricultural residues contributes to the pollution
of natural resources.

THIRD SCENARIO: BBFs ON POLARIZATION PATH

Main elements of context scenario: Agriculture on unequal paths

Territorial fragmentation. A business-oriented elite dominates agricultural supply chains. A business-
oriented elite dominates European institutions and sets the policy agenda. Rapid technology development
focuses on production and energy efficiency. Environmental awareness is limited to the neighbourhoods of
the wealthy upper class.

BBFs narrative

The tendency towards individualism hinders the organization of supply chains, while the lack of
environmental sensitivity means that sustainable techniques remain confined to some rural areas and
communities. In these areas, the lack of infrastructure produces serious logistical problems for the transport
and storage of agricultural products, as well as for the distribution of inputs and the collection of production
waste.

Only in peri-urban areas do a few fertilizer producers invest in bio-based products to differentiate their supply
and respond to an elite demand willing to pay high prices. As a result, BBFs are more expensive than mineral
fertilizers due to the absence of a market or well-structured supply chain. Furthermore, economic conditions
do not support farmers adopting high-cost inputs due to low food prices.

The demand for bio-based fertilizer products is weak as environmental standards are not restrictive. This
situation is also exacerbated by the lack of specific regulations on the use of organic waste. Existing
regulations, which are neither coherent nor incisive, favour aspects of technological development over those
of environmental sustainability. The main rules that define certifications and labels are managed and
guaranteed by private bodies, leading to differences between territorial productive systems.

Subsidies for innovative technologies in agriculture favour investments only in the most developed
regions/countries, where effective BBF technologies are adopted. Elsewhere, the complexity and cost of
technology limit its local accessibility. Technological platforms interconnect economic actors mainly to
manage trade flows while maintaining the managerial autonomy of companies.

In general, agriculture contributes to the degradation of natural resources, as the use of mineral fertilizers and
chemical pesticides is intensive. Sustainable agriculture methods and circular approaches are widespread
only in natural areas. Here, the use of bio-based fertilizers is mandatory as agricultural products are certified
and subject to strict quality contraols.

FOURTH SCENARIO: BBFs ON TECHNOCRATIC PATH

Main elements of context scenario: Agriculture on high-tech paths

Metropolization. High-tech, large companies dominate globalized agricultural supply chains. European
institutions foster international trade but delay environmental action. There is a high affinity for output-
oriented technology. A lack of global environmental awareness.

BBFs narrative

The environmental awareness of the population and young farmers is limited, partly because the high and
generalized orientation towards using technology for all aspects of life has solved many problems related to
the scarcity of non-renewable resources. However, in rural areas excluded from technological development,
traditional agricultural practices remain inefficient and sometimes negatively impact natural resources.
Food waste is concentrated in cities due to increasing urbanization. Bio-based fertilizers are processed in
agro-industrial districts where the plants operate on an industrial scale and are part of multinational networks.
Waste from agricultural production in less urbanized areas is recycled by large high-tech farms through their
own small and medium-scale plants. The mineral fertilizer industry dominates the market thanks to the
development of more efficient technologies and highly effective formulations. Green chemistry is developing
rapidly, but the technologies are protected by patents and are therefore not very accessible due to the
competitive market environment.

Public support for the circular approach is almost absent, with most investments being private. In agri-food
supply chains, processing waste is usually recycled to improve efficiency. Policies supporting bio-based
production are oriented towards their technological uses (e.g., bioplastics for food packaging). Specific
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legislation for bio-based fertilizers is lacking, but some available measures concerning labels facilitate
communication to consumers (health footprints).

Internet of Things (1oT) and Blockchain technologies allow the automated management of a well-integrated
and traceable agri-food chain, where biomass for recycling is also managed. In this way, bio-based waste and
fertilizers are valorised. However, mineral fertilizers dominate the market due to the presence of large
companies and pressure from lobbies.

The lack of environmental awareness leads to negligent management of natural resources in agriculture. In
peri-urban areas, the intensive use of pesticides and inorganic fertilizers creates problems with dangerous
residues from chemical inputs. The production and use of bio-based fertilizers are quite widespread but
limited due to competition with fossil-based inorganic fertilizers.

3.2. The consistency of the scenarios

The next step was the validation of the robustness of the scenarios through the CIB analysis. The CI1B
matrix (Table 2) developed for the BBFs is made up of seven descriptors and three variants each. The
resulting matrix is sized at 21 rows by 21 columns, filled with scores assigned by the research group,
evaluating the direction of each interdependence between the variants. The CIB method can use
different scoring (e.g., £3) to measure the strength of relationships. Usually, the score is an integer
value between -1 and 1, which indicates whether the situation indicated in the row favours (1) or
hinders (-1) the one indicated in the column. The zero value indicates substantial neutrality, while the
null value indicates the absence of interdependence between the two situations.

Table 2 - CIB matrix for the BBFs scenarios

Descriptors and variants A B ¢ D E F G
12 31 231 2 3|1 2 3|1 2 3|1 2 3|1 2 3
) 1. Linear transfer 1100
A.Innovation uptake process 2. Cooperative participation 1 0 -1
3. Selfish approach 10 1
1. Societal rooted 11 1|1 0 11 0 1|1 1 -1|1 1 -1
B. Sustainability Awareness 2. Consumers driven 01 0|1 1 0|1 1 -1/0 1 00 1 O
3. Elite fashion 141 0|0 1 1]/0 1 0|1 0 1|0 0 1
i 1. Circular based 1 0 -1 1 1 11 0 0 1 0 -1
C. Bioeconomy development 2. Transition in progress o 1 o o 1 0lo 1 o o 1 1
3. Business as usual 10 1 4 0 11 0 1 11 0
1. Bio-based competitiveness 1 10 10 1|1 1 1
D-Fertiizers Market 2. Niche productions 0 1 0 0 1 0|0 0 1
3. Inorganic power 10 1 10 1 (-1 0 1
X X 1. Agroecological approach 1 0 0|1 1 -1 1 0 -1{1 0 -1
E. Agri-enviromental System 2. Low impact standards 0 1 0|0 1 0 0 1 0|0 1 1
3. Sustainable oasis 1 0 1]/0 0 1 1 0 1|0 0 1
1. Systemic regulations 01 0|1 0 -1 1 0 1|1 0 -1 1 1 -1
F. Political Framework 2. Environmental compliance |1 o 1 [0 1 o0 o 1 00 1 1 0 1 0
3. Chemical lobbies 0 -1 1|1 0 1 10 1|1 0 0 10 1
1. Accessible and effective 01 0|1 0 1|1 0 1|1 0 -1/1 0 1|1 1 -
G. Technological Solutions 2. Effective but complex 10 4l0o 1 0lo 1 ol1 1 0lo 1 4lo 1 o
3. Efficient but ineffective 00 1|10 1|10 1|10 1|1 1 0/-1 0 1

Source: own elaboration

The CIB algorithm computes the algebraic sum of the scores of all the matrix combinations and
considers more coherent scenarios when positive values prevail over negative ones. These are the
scenarios that do not present contradictions between the different hypothesized situations. The
number of consistent scenarios varies according to the scores assigned and can be very high if the
interdependence relationships generate many possible combinations or even null if they outline
alternative and non-overlapping situations. This methodology was used to evaluate whether the four
hypothesized BBFs scenarios fall within the set of possible coherent scenarios.

The software application of the CIB algorithm extracted nine consistent scenarios with positive scores
from 2,187 variants combinations. These scenarios were compared with the BBFs ones to assess
correspondences and differences. Table 3 indicates the variants that characterize the scenarios
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identified by the CIB. Those inside the green columns coincide with the situations described in the
BBFs narratives. In summary, the CIB analysis confirmed that the BBFs scenarios are consistent as
no contradictions emerge in the relationships between the drivers considered.

The CIB analysis also identified five more scenarios in addition to those derived from the SSP
methodology. These are situations that differ in a few elements from BBFs narratives but are equally
plausible.
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468  Table 3 — CIB consistent scenarios with SSP overlapping results (&) and scenarios (green columns)

Scenarios

Descriptors and Variants
P 1 2 3 4 5 6 7 8

A. Innovation adoption process

1 Linear transfer =]

2 Cooperative participation (=] O
3 Selfish approach O O [w] Ol O

B. Sustainability awareness

1 Societal rooted [m] [l
2 Consumers driven [l [m] [m]
3 Elite fashion [l [l L]

C. Bioeconomy patterns

1 Circular based [m] [l
2 Transition in progress O (=] [w] ]
3 Business as usual ] ]

D. Fertiliser’s market

1 Bio-based competitiveness [=] ] ]
2 Niche productions ]
3 Inorganic power L] =] L] L]

E. Agri-environmental system

1 Agroecological approach =] ]
2 Low impact standards [m] ] (=] | U
3 Sustainable oasis ]

F. Political framework

1 Systemic regulations =] ]
2 Environmental compliance Il (=] L]
3 Chemical lobbies [w] | O

G. Technological solutions

1 Accessible and effective [m] [l
2 Effective but complex ] ]
3 Efficient but ineffective ] [m] ] ]

469 Source: own elaboration
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From the synoptic Table 2 of the CIB scenarios, it also emerges that some situations (variants) that
are not particularly favourable to the development of BBF are more frequent. In the other scenarios
identified by the CIB, the influence of chemical lobbies (F3) and the persistence in the market of
mineral fertilizers (D3) are recurring variants, probably due to the setting of low environmental
standards (E2). Technological processing is not efficient and is not equally capable of creating
effective and valid BBFs (G3). The ecological transition process is unfinished (C2), and the
production of BBF is still marginal and valued only within some social contexts (B3); the
development of innovations is weak and individualistic (A3).

The CIB tool also provides a graphical representation of the influence force of descriptors. In the
following graph (Figure 1), the descriptors in the upper right quadrant are the most influential,
meaning they determine the status of the other factors the most.

Figure 1: Influence profile of drivers

Active sum

G. Technological Solutions

B. Sustainability Awareness

F. Political Framework

C. Bioeconomy development

E. Agri-enviromental System

2 -

D. Fertilizers Market

A. Innovation uptake process

1 1 1
1 2 3

Source: own elaboration

Technological solutions are the most influential factor (high active score sum), while the innovation
process is the least influential. This result is probably affected by the presence during participation
processes of several people with technical skills who therefore emphasized the relevance of the
technological drivers for the development of BBFs. Social awareness and the political context are
very influential too, while economic megatrends are weaker as they depend more on other factors.

4. Conclusions

The exploratory scenarios describe future, plausible, and alternative situations, highlighting the
technical and socio-economic conditions that could determine them. In this article, we have built four
scenarios for BBFs to 2050, using context scenarios for the agri-food system identified in the
literature and specific drivers for BBFs identified thanks to the active contribution of stakeholders.
To validate the results, we first consulted external experts to verify the consistency of the scenarios.
Subsequently, we used the CIB method in an original way to improve the robustness of the
verification process.

The defined scenarios include a very advantageous situation for BBFs (BBFs on valorization path),
where the technological and socio-economic conditions are favorable to the development of an
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efficient, well-organized, and politically supported supply chain. In a context of this type, where
circularity permeates the economic system and represents a value for all citizens, a potential threat
for BBFs lies in the competition in the use of the raw material, the residual biomass of the agri-food
system. Conversely, in the less favorable scenario (BBFs on technocratic path), mineral fertilizers
continue to dominate the market, supported by technology and public support, while a marginal BBF
supply chain finds limited space in politics, hindered by powerful chemical lobbies. In the other two
scenarios (BBFs on differentiation path and BBFs on polarization path), which are intermediate
compared to the previous ones, the production and use of BBFs are reduced in both cases, but this
situation is determined by different evolution of the drivers. In the first case, the difficulty of
integrating companies and the lack of a widespread knowledge and innovation system contribute to
the fragmentation of the production fabric and limit the diffusion of efficient technologies for BBFs.
Their use is therefore uneven across the territory and between types of agricultural holdings. Finally,
in the 'BBFs on polarization path' scenario, the production of BBFs is strongly localized in some areas
where favorable conditions exist (for example, for the availability of biomass), while more generally
it is hindered by various factors, such as limited environmental sensitivity and the lack of adequate
technology and logistics.

The scenario analysis highlighted the particular importance of some drivers for the future
development of BBFs, such as product quality, farmers' knowledge, adequate technology and
logistics, and public intervention aimed not only at the regulation of the sector but also at the
promotion of knowledge and use of BBFs, confirming what has also been found by others
(Kurnawiati et al., 2023). The consultation of external experts has contributed to and strengthened
the coherence of the defined scenarios. However, different driver evolutions may lead to the definition
of other plausible scenarios. We therefore checked whether, among all the possible scenarios
generated by the BBF drivers, the scenarios presented above were also included and what the relative
degree of coherence was. For this purpose, we used the CIB algorithm. This approach aims to
strengthen the verification of the results of the scenario analysis as the two paths are independent and
start from different assumptions. The process of building storylines ensures that the factors considered
are consistent with the object of the study (in our case the BBF supply chain), since they are based
on specific information combined with expert assessments and stakeholder experiences. The CIB,
meanwhile, focuses on interdependent relationships between the drivers that allow any
inconsistencies to be highlighted. If the results of the two techniques overlap, the risk of producing
inconsistent scenarios is lower. In our case, the results of the comparison demonstrate that the
scenarios built for BBFs using the EUR-AQri-SSP and the stakeholder support are included among
those indicated by the CIB as consistent but also indicate how other equally plausible narratives can
be generated. This outcome is not surprising when we consider that one of the characteristics that
guides the choice of drivers is uncertainty (in addition to relevance) and that, the greater the
uncertainty, the more numerous the possible future realizations of the driver considered will be.

In addition to the methodological aspect, the analysis carried out on the BBFs case study produced a
further result which contributes to confirming what has already been argued (Pernaa, 2017) regarding
the ability of scenario analysis to create/increase knowledge through comparison between actors of
different origins and experiences and the debate generated during the participatory process. This
knowledge goes beyond the specific object of the investigation to include the ability to project oneself
into the future, an ability which, however, only a structured and continuous path can ensure. The
choice of stakeholders has an impact on the entire process of construction and evaluation of the
scenarios and can represent a limit, where this choice is somehow lacking not only in terms of the
breadth of knowledge on the object of the research but also by the lack of forecasting skills. On the
other hand, the latter can be acquired along an interactive learning path between the research group
and the actors involved in the scenario analysis.

Ultimately, the analysis provides stakeholders (researchers, policymakers, supply chain operators)
with information to evaluate possible future trends in the BBF supply chain. The drivers identified
and their evolutions traced in the scenarios constitute a decision support tool for any actions to be
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taken to favor (or hinder) the occurrence of desired (or unwanted) future situations. Monitoring the
evolution of the identified drivers and constant and periodic discussion between stakeholders are the
prerequisites for pursuing a desirable future development for BBFs.
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APPENDIX
A. List of drivers proposed by stakeholders grouped by categories.
Sustainability awareness

Acceptance of BBF

Awareness of Producers (Farmers)

Awareness of Wastes as a Resource

Consolidation of Traditional Fertilisers

Demand of Healthy Products

Development of Sustainable Farming Method
Healthy Dietary Regimes

Higher Sustainability Awareness Thus Greater
Demand

Improvement of the Landscape and of the Image of
Our Agricultural Sector

Increase of Environmental Sensibility

Increased Awareness and Trust of Farmers
Increased Organic Production (Consumer -
Export)

Political Framework

Administration for Farmer

Ban on Synthetic Fertilisers

Certain and Enhanced Regulation of Biomass /
BBF

Certificates and Labels
Common Agricultural
Development Programs
Compensation Measure for Soil C Sequestration
Design of a Common Regulation in Europe
Development of Regulation to Promote the Use
of BBF

Economic Help to Develop BBF is Needed

Policy/  Rural

Economic Sustainability Guaranteed
Environmental Responsive and Consistent
Policies

Facilitation of Environmental Objectives
Required by Legislation

Future Demands Imposed by Regulation (Water
and Carbon Footprint Certifications) (Fa)

Fertilizers Market

Affordability of Rbff Production Process
Assessed Costs/Benefits of BBF
Competition with Other Fertilisers
Competitive Market Prices of BBF
Competitiveness of the Production Chain
Cost of Mineral Fertilizers
Cost of the Product (Including Full Production)
Costs of Production Will Determine Final Price
of BBF
Decrease of the Biowaste Treatment Costs
. Economic Imbalance of Costs of Wastes
Management
Economic Studies Are Needed to Demonstrate
Economic Profitability Growing with BBF and
Alive Soils (Fa)
Economical Valorisation of the Food Final
Products

Technological Solutions
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14.
15.
16.
17.

18.
19.

20.

21.

14.
15.
16.
17.

18.
19.
20.
21.

22.
23.
24.
25.

26.

13.
14.
15.

16.
17.
18.

19.
20.
21.
22.

23.
24.

. Increased Worldwide Demand for Organic
Products

Increasing Awareness and Interest in Organic
Production

Independence for Fertiliser

Public Awareness of Sustainability

Qualified Employment is Needed to Maintain a
Sustainable Conscience

Raising Awareness
Sensibilization/Education/Promotion to Work
with Alive Soils

Social Conscience about Use of Renewable
Resources

Society  Education  about  Environmental
Problems Related to Agricultural Activity (Rc)

Influence of Lobby Groups

Intellectual Property Rights

Lack of Local Regulation

Lack of Political Will and Regulations to Support These
Processes (Production, Distribution,
Commercialization)

Legal Framework to be Develop

Legislation to Boast the Use of BBF If

Pressure on Transparency in the Chain

Protection of European Farmers Vs non-European
Farmers

Raw Material Regulation

Recognition (Fps Public Health)

Regulation to Facilitate, Promote and Prioritize the
Use of Organic Wastes to Produce BBF (Wp)
the Primary Sector is not Going
Competitiveness

Variation in Specific Legislation for BBF

to Lose

Evolution of the Prices of Agricultural Products
High Prices of Chemical Fertilizers

Higher Prices of BBF in Comparison with Inorganic
Fertilizers

Increase of Prices of Inorganic Fertilizers

Increase of the Price of Mineral Fertiliser

New Bio-Based Fertilizers Economically Viable Are
Needed

Price of BBF: Competitive?

Production Costs (Competitors)

Qualitative Competitiveness

Reduction in Cost Price of BBF by Reducing Cost
Price of Residual Flow

Remuneration of bio-based Resources

Valorisation Process must be Economically
Sustainable
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753

1.
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4,
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754

1.
2.

4,
5.

755
1
2.
3.
4

5.
6.
7.
8.

756

Accessibility of Technologies

Availability of Effective Technology

Availability, Homogeneity, and Stability in Time
of Fbb

BBF Ease of Use

Continuity and Volumes of Inputs

Development at Big Scale of Technologies to
Reduce Costs of Production of BBF

Ease of Technology Production

Efficiency of Technologies

Enhanced BBF Processing Technology
Ensuring Consistent Quality of End Product with
Changing Input

. Final BBF Consistent with Characteristics of

Each Production Area

Lack of Innovation and Applicable Development
of Last Valorisation Processes Developed (Rc)
Local Availability of Technological Solutions

Innovation Uptake Process

Creation of New Professional Activities
Farmers' and BBF Producers Mutual Learning
and Influence

Generate the Union of the Different Actors of
the Project

Importance of the Complete Supply Chain - All
Components

Increasing Number of Producer Organizations
That Promote the Use of Bio-Based Fertilizers

Environmental System

Additional Benefits (E.G. Nutrient Input in Soil)
Assessment of Product Life Cycle Environmental
Impact

Characteristics of Soils at Local Level
Greenhouse Gases

Impact of Climate Change on Soil

Bioeconomy Patterns

Availability and Quality of Biomass

Boom of BBF Industry and Circular Economy
Competition in Residual Flows

Competition with Other Processing Options for
Residual Flows

Increased Demand bio-based Resources

Lack of Recycling Culture

Lack of Research on Waste Characterization and
Utilization

Low Availability of Sources (Different to
Sugarcane) and Raw Materials

Source: own elaboration
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20.
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13.
14.
15.
16.

Logistic

Management Methods Viable and Suitable for
Private Companies

Need for Additional Investments

New Valorisation Processes must be in Agree to
the Real Situation of the Agricultural Sector
(Fm)

Nitrogen Level

Preferable BBF Traits

Production of Final Stables and Homogeneous
BBF

Rationalization of BBF Production Processes
Reliability (Efficiency) and Easy to Use
Reorienting Production Sites Towards BBF

Risk of Contamination in the Process
Transportation Logistics

Used of Technologies not Proven

Weakly Developed Logistics for Production and
Transport

Lack of Knowledge about Waste Valorisation
Technologies

Lack of Social Association Associative Willingness to
Join These Initiatives

Low Technical Capacity of Actors Who have to Fuse
Technique and Economy

Networking with Advisory Organizations

. Occurrence of Fertilizers Producers

Improvement on Food Consumption and Yield
Obtained

Nutrient Balance in Soil and Surface Water.
Optimization of Residues Management
Reduction of Vegetal Effluents

Measures Favouring Circular Economy (Green
Deal)

Raw Materials (Residues) Are Readily Available
Role (Involvement) of Large Retail Chains as
Waste Provider

Seasonality and Variation of Volume of Vegetable
Residues Produced

Seasonality of Waste Production

Shift Towards a Circular Approach

Strength of Circular Economy

Sufficient Raw Material



