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The aim of the project 

This report showcases the results of the two-round Dynamic Argumentative Delphi survey carried 

out within the project “S&T&I FOR 2050. Science, Technology and Innovation for Ecosystem 

Performance – Accelerating Sustainability Transitions”. The overarching ambition of this project is 

the “identification and mapping of future scientific and technological developments that can radically 

improve ecosystem performance”. The main outcome is to provide “reflections towards the 2nd 

strategic plan of Horizon Europe (HE), in its broad direction to support the Sustainable Development 

Goals.” 

To this end, quantitative and qualitative methods were employed, among which this report refers to:  

• Patent and bibliometric analysis for selecting the most dynamic Science, Technology and 

Innovation (STI) domains;  

• Horizon scanning through web mining and human evaluation for identifying key STI directions 

and specific examples of technological/scientific breakthroughs within these directions; 

• Dynamic Argumentative Delphi engaging relevant experts from around the world in an 

argument-based exploration regarding the contribution of STI to the capability of ecosystems 

to flourish from now to 2050. 

Selection of most dynamic STI domains 

Using Microsoft Academic as the primary source of data, scientometric analysis was employed to 

identify the most dynamic STI areas overall. Microsoft Academic has the following features: 

• Launched in 20161, it is a free to use academic search engine, similar to Web of Science (WoS) and 

Scopus.  

• At the time it was used in this project, it contained information on around 254 million publications, 

including around 89 million peer-reviewed academic papers and around 61 million patents. 

• Pooling from a set of around 720 thousand topics, Microsoft Academic assigns multiple topics to each 

publication, by employing natural language processing and machine learning. This involves analyzing 

the title of the publication, its abstract, keywords, and, when available, the whole or part of the text, to 

assign appropriate topics.  

• The topics are arranged in a hierarchical manner, with very broad topics at the first level to very narrow 
topics at level six. 

• There are 19 topics at level 1, 292 at level 2, almost 16 000 topics at level 3, and the number of topics 

increases to over 77 000 at level 6. 

 

For the analysis performed in this project, the level 2 topics in Microsoft Academic were considered 

to be at the optimum level of granularity. Project partner Visionary Analytics extracted all relevant 

data at this level. To identify the most dynamic STI fields, Prospectiva analyzed level 2 topics on two 

criteria: growth in citations and growth in patents. This resulted in the selection of 21 domains (where 

a “domain” can mean an individual topic, e.g. Food science or a cluster of inter-related topics, e.g. 

Artificial intelligence & Pattern recognition & Machine learning & Natural Language processing & 

Computer vision). The full list of domains is presented in figure 5, as it constituted the entry point for 

the Dynamic Argumentative Delphi consultation. 

 
1 Microsoft Academic was, in the meantime, closed in late 2021.  
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The Dynamic Argumentative Delphi survey - mobilization efforts 

and participation overview  

This Dynamic Argumentative Delphi survey consisted of two rounds, carried out between December 

2021 and February 2022. The first round of the survey was launched in mid-December 2021 and 

was closed on January 9th, 2022. The pool of potential respondents was generated by identifying 

authors in the Scopus database with relevant publications. There were two criteria of relevance: 

thematic coverage – through the use of semantic filtering (keywords) to detect publications related 

to topics of interest; and the reach/popularity of these publications – judging by the number of 

citations. 

Invitations were dispatched to over 160 000 authors, out of which over 130 000 successfully received 

the invitation letter (the rest of the invitations bounced back due to inactive/obsolete email addresses 

and/or blockage from the receivers’ servers). Out of this pool of invitees, over 17 500 accessed the 

survey platform, and eventually almost 10% of them – namely, 1 637 respondents – participated 

in the first round of the survey. 

The second round of the Delphi was deployed between February the 25th and March the 13th. 

Invitations were sent to all 1 637 contributors in the first round: eventually, 826 persons accessed 

the survey and 638 participants contributed to the second round of the survey. 

The figures below show the distribution of respondents in round 2, based on their expertise and 

demographic profile. The figures reflect the subset of respondents who filled in the profile page in 

round 1. 

Figure 1. Distribution of respondents by country 
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Figure 2. Distribution of respondents by age                          Figure 3. Distribution of respondents by gender 

 

 

 

The Dynamic Argumentative Delphi in the context of the project 

The survey used the Dynamic Argumentative Delphi (DAD) method, which was developed by the 
experts at Institutul de Prospectiva and has been successfully employed in other European projects. 
The goal of DAD is to enable consensus building among a large number of participants, by 
dynamically ranking the arguments supporting contributors’ quantitative evaluations. In the case of 
the DAD survey employed in this project, the arguments consisted of potential STI directions 
contributing to the capability of planetary ecosystems to flourish from now to 2050.  
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The DAD survey was carried out in two rounds; the structure of each round is presented below, 
together with the preparation process before round one and the consolidation process between the 
two rounds, both performed by the internal team. 

 

  

Once the most dynamic STI domains were selected (see section Selection of STI domains), the 
Prospectiva team elaborated the starting content for the Delphi survey. In line with the DAD method, one 
of the survey questions asked participants to propose justifications (arguments) - STI directions that could 
contribute to ecosystems flourishing - supporting their quantitative evaluation - the overall impact of STI 
progress in each domain on planetary ecosystems by 2050. To this end, for each of the 21 STI domains, 
the Prospectiva team generated 4-8 STI directions, together with specific examples within those directions. 
This starter content helped survey contributors calibrate their own input (in terms of granularity/level of 
detail and formulation).  
Generating the starter STI directions with examples relied on Prospectiva’s repository of thousands of 
weak signals in the form of news articles showcasing, primarily, scientific breakthroughs, technological 
advances and innovations. This repository is the outcome of a continuous process combining machine 
learning and human evaluators for filtering weak signals from a monthly stream of tens of thousands of 
news articles. In addition to this existing capacity, the team has conducted dedicated research, including 
on the most cited articles from the respective domains, as per Microsoft Academic, in order to identify 
relevant STI directions and associated examples.  
The snapshot below shows a sample of this preparatory work – compiling starter STI directions (and 
specific examples) for the domain water resource management. Note: the links to the sources were not 
visible in the actual Delphi survey, as they would have burdened the user experience. 

 

Preparation phase performed by internal team before round 1 
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• In the first round, each domain was associated to 4-8 starter STI directions elaborated by the internal 
team (based on information retrieved from thematic reports, articles and web mining); 

• Respondents were invited to select up to three pre-existing directions, considering their potential to 
contribute to the capability of planetary ecosystems to flourish from now to 2050, and/or to provide a 
new one; 

• Moreover, respondents were able to enrich the selected STI directions by adding new examples of 
relevant science and technology applications within the respective STI directions; 

• The list and frequency of all STI directions was always visible to subsequent respondents. The 
directions in the list were ranked by the number of votes gathered during the survey (explicit in 
brackets).  

• In addition, participants were asked whether there are STI directions that can potentially harm, by 
2050, the capability of planetary ecosystems to flourish. The harms proposed by respondents were 
not visible to the other contributors in the first round but, after consolidation, they were visible in the 
second round of the Delphi consultation. 

• Based on the promising directions and the significant harms identified, respondents were invited to 
evaluate the impact of the STI progress in the selected domain on planetary ecosystems by 2050. 
The options for impact evaluation were: “Negligeable”, “Somewhat significant”, “Significant”, “Very 
Significant” and “I don’t know”.  

Structure of round 1 of the Delphi survey 

  

Round one gave participants two opportunities for enriching the initial content: 

a) Adding new STI directions and/or adding new examples of technological/science applications to 
selected STI directions in each domain: this enrichment led to a list of over 400 STI directions associated 
to the 21 domains (compared to over 130 STI directions that were initially generated by the internal team 
prior to the launch of round one) 
b) Proposing potential harms associated to STI directions: over 800 examples of potential harms 
associated to the STIs in all 21 domains were generated in round one (the harms were exclusively 
proposed by respondents - there was no initial set of harms proposed by the internal team prior to round 
one). 
 
Between the rounds, for each of the 21 domains, the internal team at Prospectiva consolidated the 
content iteratively, integrating the client’s feedback, as follows: 
a) STI directions were reworked so as to include, in a cohesive manner, the newly added content. This 

consolidation involved: 
- Curating the list of new examples within an STI direction to make sure the examples refer to 

technological or science applications (versus e.g. policy/market interventions); removing vague 
formulations; 

- Merging highly similar STI directions (either initial or added); 
- Making editorial revisions (i.e. improvement in formulations, editing typos). 

b) The list of potential harms was curated to ensure the content is coherent and structured: 
- Rephrasing / editorial interventions to the harms text into more readable sentences, while 

staying true to the intent of the initial propositions; 
- Merging highly similar harms; 
- Removing the very vague/opaque suggestions that did not specify a harm.   

 
 

Consolidation phase performed by internal team between round 1 and 2 
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The user experience in round 1 

The Delphi questionnaire was designed, in line with the DAD method introduced previously, to meet 

the key objectives of the consultation. It was also set up to maximize users’ ease of navigation and 

engagement through the filling-in process.  

Respondents were invited by the project team, in a letter sent via email, to participate in the Dynamic 

Argumentative Delphi survey named “Ecosystems 2050”. The email contained a personalized link to 

the questionnaire, which allowed them to enter and exit the survey at will. Upon accessing the link, 

the participant was introduced to the context and objective of the DAD survey. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The second round of the Delphi survey was developed following the same structure, namely three 
questions (see below) for each domain. The content was based on the consolidated outputs of round 1.  

• Using the consolidated set of STI directions, respondents were invited to select the three most 
important STI directions in terms of their potential to contribute to the capability of planetary 
ecosystems to flourish from now to 2050; adding new directions was no longer possible. 

• As in the previous round, the list and frequency of all STI directions was always visible to subsequent 
respondents. The directions in the list were ranked by the number of votes gathered during the round 
(explicit in brackets). 

• Using the consolidated list of potential harms, contributors were asked to assess each of the harm 

statements and indicate whether they represented significant potential harms to the capability of 

planetary ecosystems to flourish from now to 2050. 

• Based on the most promising directions and the significant harms they identified, participants were 

invited to (re)evaluate the impact of the STI progress in the selected domain on planetary ecosystems 

by 2050. The distribution of all answers from the previous round was displayed (including the 

respondent’s own evaluation), which allowed them to reflect on their initial evaluation compared to 

those of the other contributors, and, in light of the consolidated STI directions and associated harms, 

possibly change their assessment. The options for impact evaluation were the same as in round one, 

namely: “Negligible”, “Somewhat significant”, “Significant”, “Very Significant” and “I don’t know”.  

Structure of round 2 of the Delphi survey 
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Figure 4. Delphi Round 1 - starting page  

 

Next, the participant was asked to choose, based on her or his expertise and interests, one among 

21 domains. They were able to return, at any point after completing the first field, to select up to two 

additional domains. 

Figure 5. Delphi Round 1 - selecting the domain(s) of interest  
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On accessing the domain of choice, the contributors were invited to address three questions: 

First, respondents were asked to select up to three pre-existing directions (generated by the internal 
team prior to round one), considering their potential to contribute to the capability of planetary 
ecosystems to flourish from now to 2050, and/or to provide a new one.  

Moreover, respondents were able to enrich the content by adding new examples of relevant science 
and technology applications within the STI directions they selected – a pen icon was visible next to 
the STI text and upon clicking on the icon, a textbox for inserting their example(s) appeared. 

As per the DAD method described in the previous section, the list and frequency of all STI directions 
was always visible to subsequent respondents. The directions in the list were ranked by the number 
of votes gathered during the survey (explicit in brackets).  

Figure 6. Delphi round 1 – identifying the most important STI directions 

 

Secondly, participants were asked whether there are STI directions that can potentially harm, by 
2050, the capability of planetary ecosystems to flourish. Upon clicking the option “yes, namely…”, a 
text box appeared that allowed the contributor to propose and explain the harm. 

Figure 7. Delphi round 1 – proposing a potential harm 
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Finally, based on the promising directions and the significant harms identified, respondents were 
invited to evaluate the impact of the STI progress in the selected domain on planetary ecosystems 
by 2050, selecting one of the five answer options. 

Figure 8. Delphi round 1 – assessing the impact of the STI progress 

 

After finalizing addressing the domain, the participant was able to select another domain, in which 
case this three-step/question process was repeated.  

The user experience in round 2 

Respondents in round one were invited via email to contribute to the second round of the Delphi 

survey. On accessing their personalized link, the respondents were taken to the starting page, where 

the context and the structure of the second round was explained.   

Figure 9. Delphi round 2 - starting page 

 

Upon accessing the dashboard with the 21 domains, respondents were able to revisit the domain(s) 

they contributed to in the first round of the Delphi consultation, whereas the other domains were not 
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accessible. Revisiting their domain(s) of choice allowed them to explore the content enriched in the 

previous round and to reconsider, if needed, (some of) their initial selections and assessments. 

In the first question, using the consolidated set of STI directions, respondents were invited to select 
the three most important STI directions in terms of their potential to contribute to the capability of 
planetary ecosystems to flourish from now to 2050. As in the previous round, the list and frequency 
of all STI directions was always visible to subsequent respondents. The directions in the list were 
ranked by the number of votes gathered during the round (explicit in brackets). In this second (and 
last) round, adding new directions was no longer possible. 

Figure 10. Delphi round 2 - identifying the most important STI directions (sample) 

 

In the next question of the survey, using the consolidated list of potential harms generated in round 

one, contributors were asked to assess each of the harm statements and indicate whether they 

represented significant potential harms to the capability of planetary ecosystems to flourish from now 

to 2050. Contributors could choose between “yes”, “no” and “it depends on…” – the latter suggesting 

the harm is dependent on other factors that render the causal relations more complex. 
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Figure 11. Delphi round 2 – identifying significant potential harms 

 

Finally, based on the most promising directions and the significant harms they identified, participants 

were invited to (re)evaluate the impact of the STI progress in the selected domain on planetary 

ecosystems by 2050. The distribution of all answers from the previous round was displayed 

(including the respondent’s own evaluation). This allowed them to reflect on their initial evaluation 

compared to those of the other contributors, and, in light of the consolidated STI directions and 

associated harms, possibly change their assessment of the impact.  

Figure 12. Delphi round 2 – (re) assessing the impact of the STI progress on planetary ecosystems by 2050 
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Overview of the domains’ evaluation in the Delphi survey | Round 2 

Detailed Delphi results from round 2 for each domain can be accessed by clicking on the domain of 

interest in the table below. 

Table 1. List of all domains assessed in the Delphi survey, ordered by the number of respondents. 

Domains Number of 
respondents  

Average 
score 

 

Standard 
deviation 

 
Ecology & Environmental health 174 3.36 0.76 

Biotechnology & Biochemical engineering & Chemical 
engineering & Organic chemistry 

100 3.29 0.86 

Environmental planning & Environmental engineering 77 3.32 0.72 

Agriculture science & Agriculture engineering 68 3.56 0.72 

Data science & Statistics 61 3.41 0.69 

Artificial intelligence & Pattern recognition & Machine 
learning & Natural Language Processing & Computer 
vision 

61 3.32 0.83 

Water resource management 56 3.38 0.73 

Food science 52 3.42 0.69 

Composite material & Nanotechnology & Metallurgy 48 3.51 0.74 

Waste management 47 3.53 0.68 

Socioeconomics & Social psychology & Law 45 3.45 0.73 

Natural resource economics & Physical geography & 
Regional science 

45 2.93 0.74 

Computational biology & Bioinformatics 37 3.47 0.5 

Mechanical engineering & Process engineering & 
Manufacturing engineering & Risk analysis (engineering) 

33 3.32 0.53 

Computer engineering & Human-computer interaction 31 3.34 0.88 

Architectural engineering & Construction engineering & 
Civil engineering & Geotechnical engineering & 
Structural engineering 

25 3.64 0.69 

World Wide Web 16 3.19 1.01 

Mining engineering & Petrology & Geochemistry 16 3.12 0.93 
Transport engineering 15 3.4 0.61 
Theoretical physics & Engineering physics  14 3.64 0.61 
Marine engineering 13 3.25 0.6 

 

Table 2. List of all domains assessed in the Delphi survey, ordered by average impact score. 

Domains Number of 
respondents  

Average 
score 

 

Standard 
deviation 

 

Architectural engineering & Construction engineering & 
Civil engineering & Geotechnical engineering & 
Structural engineering 

25 3.64 0.69 

Theoretical physics & Engineering physics  14 3.64 0.61 
Agriculture science & Agriculture engineering 68 3.56 0.72 
Waste management 47 3.53 0.68 
Composite material & Nanotechnology & Metallurgy 48 3.51 0.74 
Computational biology & Bioinformatics 37 3.47 0.5 
Socioeconomics & Social psychology & Law 45 3.45 0.73 
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Food science 52 3.42 0.69 
Data science & Statistics 61 3.41 0.69 
Transport engineering 15 3.4 0.61 
Water resource management 56 3.38 0.73 
Ecology & Environmental health 174 3.36 0.76 
Computer engineering & Human-computer interaction 31 3.34 0.88 
Environmental planning & Environmental engineering 77 3.32 0.72 
Artificial intelligence & Pattern recognition & Machine 
learning & Natural Language Processing & Computer 
vision 

61 3.32 0.83 

Mechanical engineering & Process engineering & 
Manufacturing engineering & Risk analysis (engineering) 

33 3.32 0.53 

Biotechnology & Biochemical engineering & Chemical 
engineering & Organic chemistry 

100 3.29 0.86 

Marine engineering 13 3.25 0.6 
World Wide Web 16 3.19 1.01 
Mining engineering & Petrology & Geochemistry 16 3.12 0.93 
Natural resource economics & Physical geography & 
Regional science 

45 2.93 0.74 
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Ecology & Environmental health 

 
Number of respondents in Round 2: 174 
 
1. Participants in the survey selected the 3 most important STI directions in Ecology & Environmental 
health, in terms of their potential to contribute to the capability of planetary ecosystems to flourish 
from now to 2050. 
 
The table below illustrates the ranked list of STI directions, based on the number of votes gained. 
 

STI directions Number of votes 

Understanding impact of human activity on ecosystems: e.g. Impact on 
migration patterns (birds, insects, mammals); Insect declines; Impact on 
marine and freshwater biodiversity; Vegetation fires; Impacts of linear 
infrastructures on biodiversity; Habitat destruction or fragmentation; Effects 
of microplastics; Microplastics contamination within food web; Microplastic 
trophic level transference; Nanoplastic contamination in cellular 
environment; Trace metals biomagnification; Impacts of agricultural 
contaminants; Agriculture and biodiversity loss; Environmental impacts of 
food supply; Impact of land use change and pollution, Impacts of healthcare 
technology on environment and society; Measure the impact of antimicrobial 
resistance in human health; Bacterial antibiotic resistance; Adverse effects 
of Endocrine Disrupting Chemicals (e.g. fertility problems of animal 
species); Impacts of deep-sea mining; Study and analysis of the 
soundscape as an indicator of the state of health of terrestrial and aquatic 
environments 

128 

Understanding the environmental impact of climate change: e.g. 
Climate change impacts to environmental health - air (global warming), land 
(flooding, landslides, frequent forest fires etc.) and water (pollution, scarcity, 
acidification, ocean oxygenation, coral reefs, impacts of sea level rise on 
coastal ecosystems etc.); Causalities between climate change and species 
evolution; Impacts on biodiversity, microbial communities; Animal habitat 
movement due to temperature change; Increase in frequency and intensity 
of Harmful Algal Blooms (HAB) 

90 

Interventions to mitigate human impacts: e.g. Ecological corridors; 
Wildlife crossing structures; Effective, low-cost fishways; Assisted and 
natural environmental restoration (e.g. river restoration, rewilding, land 
restoration based on native reference ecosystems, carbon capture - plant, 
soil); Assessing the potential of (semi) automated technologies to identify, 
monitor and eradicate invasive alien species in terrestrial, limnic and marine 
ecosystems; Facilities to limit thermal pollution below reservoirs, reducing 
pathogen spillover; Sustainable agricultural practices 

78 

Achieving human-nature coexistence: e.g. Solving biodiversity conflicts; 
Mitigating human wildlife conflict, e.g. over livestock predation; Using the 
One Health / Planetary Health (data on human and animal health); 
Producing goods and services in shared landscapes; Reviving forest 
resource based livelihood of forest-fringe dwellers; Governance of 
ecosystems and natural resources; Understanding psychological drivers of 
environmental harm; Peacefully challenging the idea of endless growth; 
Explore shifts from human-nature coexistence to human-nature relations; 
from goods and services to gifts and gratitude 

58 

Developing collections, databases and maps of biodiversity: e.g. The 
Extended Specimen Network; Species delimitation using genetics to reveal 

25 
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cryptic species; Ex-situ collections of plants; Bridging the gap in soil 
biodiversity data; Unveil deep-sea biodiversity; Global freshwater data; 
Biodiversity data integration; Functional trait data; Broad phenological 
databases at global scale; Enable utilization to historical records available 
via Natural History Collections; Microbial biodiversity; Modeling how 
pathogenic microorganisms move around the world as an effect of climate 
change; Innovative Rapid Assessment of Biodiversity Strategies 

Preserving genetic and functional diversity: e.g. Preventing species 
extinctions; Conservation of endangered species; Conservation and 
development (Biosphere reserve model); Preventing loss of ecological 
functions; Understanding the effect of evolvability (phenotypic plasticity) 
constraints; Predicting biome turnover from multi-taxa genomic data; 
Genomics/ Genome Banks of Threatened Species; Population Genomics 
leading to long periods of survival; Preventing biodiversity loss in mega 
diversity regions (e.g. coral reef in the world coral triangle and Wallace Line) 

17 

Combined socioeconomic and ecological models: e.g. Protected areas 
with minimal economic losses; Increasing socio-ecological resilience: 
Tipping points, resistance, recovery rates; anticipation, adaptation and 
mitigation capacities; high-risk social and environmental changes 

14 

Understanding the adaptation potential of species: e.g. Landscape and 
population genomics; Transplantation and common garden 
experimentation; Microcosm, mesocosm, macrocosm experiments; 
Biological mechanisms of thermotolerance in aquatic organisms; Bridging 
micro and macroevolutionary approaches in genomics; Modeling genetic 
diversity at community-scale; Utility of genomics to improve species 
conservation in changing landscapes; Adaptation of microorganisms to 
changing environment 

12 

Protection of soils and soil biota: e.g. Retention of soil organic matter; 
Promoting of beneficial plant-microbe interactions; Protection of agricultural 
soils; Sustainable soil management; Soil carbon sequestration; Biofertilizers 
and biological nitrification inhibitors 

11 

Environmental modelling: e.g. Mixed effects modelling and multi-model 
inference in ecology; Distribution models in biodiversity assessments; 
Modelling landslide susceptibility; Connectivity inference through population 
genetics; Connectivity inference through biophysical modelling, Mapping 
tropical and open ocean biodiversity 

9 

Reducing transport: e.g. Remote-support technologies such as AR; 
Advanced global design, local production; Working from home or local 
shared spaces; Replacing short car travel with low impact means (walking, 
biking) 

9 

Mitigating use of antibiotics in agriculture and aquaculture: e.g. 
Understanding impacts on human and animal health; Objectively measuring 
on-farm antibiotic usage; Sustainable farming with reduced antibiotics; 
Survey on compound specific usage in aquaculture; Study alternative 
aquatic health management strategies; Enhance health and safety among 
feed & farm workers 

9 

Human health effects of air pollution: e.g. Effects of increase in biological 
pollution such as pollen; Increased wildfire smoke; Air pollutants 
inducing/enhancing allergic responses, PM2.5 causing Increases in 
cardiovascular disease, dementia, risk of autisms; Effect of polycyclic 
aromatic hydrocarbons 

8 

Managing the global population to mitigate climate change: e.g. 
Establish a population size objective; Adjust immigration levels consonant 

8 
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with that; Monitor urban sprawl trends and propose limits; Provide access to 
family planning advice and services 

Understanding the impact of urbanization: e.g. How cities affect 
ecosystem functions; The impact of urbanization on species evolution; Land 
use and land cover change; Cities resource-consumption spatial footprint 

7 

Microbiomes in host and ecosystem health: e.g. Plant-microbiome 
interactions and soil fertility; Microbiomes for disease control - 
agri/aquaculture; Symbiotic microbiomes for new probiotics and drugs; 
Host-associated microbiomes and nutrient cycling; Microorganism-mediated 
element cycling; Sustain exposure to essential microbes whilst protecting 
against exposure to pathogens 

5 

Reduce the impacts of invasive alien species: e.g. Pet trade regulation; 
Enhance prevention strategies; New technologies for alien species 
eradications; Educate on the value of native biodiversity 

5 

Biocultural diversity in ecosystems stewardship: e.g. Collaborative 
research with indigenous researchers; Incorporate local knowledge about 
natural systems; Capacity building for local researchers 

4 

Alternatives to vegetation clearing: e.g. Discovering alternatives to palm 
oil; Multiple use of farmland: wind farms, plantations; Promoting non-beef 
diets; Promoting ecotourism 

3 

Genetic modification of crops and wild organisms: e.g. Gene drives to 
eradicate major pests; Crops engineered to use less water; Introducing 
genotypes to survive high temperatures; Identification of genomes of wild 
organisms 

2 

Developing commons: e.g. Collective actions for water management 2 

Novel strategies fuel production & consumption: e.g. Innovations for 
production of unconventional fuel; Measures for efficient energy 
consumption; Measures to reduce toxic effects in fuel cycle 

2 

Diagnosing terrestrial ecosystems health: e.g. Ecosystem's carbon 
uptake; Carbon-use efficiency; Water-use efficiency 

1 

Understanding the social imaginary of the environment: e.g. Imaginary 
politics; Permaculture as imaginaries of the anthropocene; Urban nature 
and the ecological imaginary 

1 

Understanding role of Ethics & Theology: e.g. Religious influences to 
protect the environment; Traditional ecological knowledge (TEK) 

1 

Understand old contamination impact on environment: e.g. 
Environmental impact of sea dumped munitions; Risk assessment of 
wrecks; Impact of mine spoils; Impact of contaminated sediments 

1 

Climate intervention ecological impacts: e.g. Stratospheric albedo 
modification; Carbon capture/reduction 

0 

Neutral refrigeration: e.g. Use of natural substances; Maximize energy 
performance of refrigeration; Control, regulation, and supervision 

0 
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2. Participants in the survey assessed each of the statements and indicated whether they 
represented significant potential harms to the capability of planetary ecosystems to flourish from now 
to 2050. 
 
The figures below illustrate the distribution of answers for each potential harm. 
 

 

Population control policies and technologies are harmful if applied 
unethically. 

 
Exclusive focus on carbon sequestration, without considering ecological 
impacts, result in activities that harm natural ecosystems, eroding 
biodiversity and ecosystem services (e.g. afforestation).  

Deep-sea mining causes significant harm to marine ecosystems. 
 

Geoengineering can trigger wider ecological cascades and cause damage 
to ecosystems/biodiversity e.g. if harmful aerosols or afforestation at wrong 
sites are applied.  
Expectations that technological innovations will compensate (negative) 
impacts on the planetary ecosystems might constitute a harm in itself; 
some of the technological solutions to combat climate change are energy 
intensive and negatively impact the environment.  

Genetic modification of crops, trees, wild organisms raises ethical 
considerations, it can change ecological functions and affect biodiversity in 
a way that we cannot predict.  

Some nature-based solutions (e.g. planting trees) are not suitable in all 
areas, e.g. where water is scarce, potentially harming that ecosystem. 

 
If the "understanding"/studies invoked in some STI directions means 
further delay in tacking actions, waiting for more and more data, then they 
are harmful as we need to take actions immediately.   
Interest in biofuels will lead to decline in staple foods in the low income 
nations and will also affect tropical forests biodiversity and reduce their role 
as carbon sinks.  
If we only implement policies that further limit human interaction with nature 
(e.g. limits to urban sprawl, policies on population), harmful behaviours and 
attitudes to nature will not change.  
Introduction of some genetically modified crops results in higher inputs, 
both fertilisers and pesticides, than non-GM crops. This can have 
environmental consequences (e.g. water pollution).  

Solutions around C2O removal are a potential distraction from emissions 
reduction efforts. 

 

Genetically modified tree compositions put general biodiversity (across 
taxa) at risk. 

 

Limiting urban sprawl aimed at reducing environmental harm will primarily 
impact poorer people. 

 

A big part of the basis of applied forestry research seems to be maximizing 
the amount of clearcuts. 

 

Renewable energy projects imply clearing of natural vegetation, new crops 
for marginal lands, draining wetlands. 

 

Large scale restoration programs (e.g. tree planting) can lead to 
degradation. 

 

Natural refrigerants might affect food safety and availability, as opposed to 
current refrigeration systems. 

 
The introduction of drones for monitoring operations will increasingly 
influence the soundscape, altering the metabolism of living organisms (e.g. 
the zooplankton) at molecular level.  
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3. Participants in the survey were asked to evaluate how impactful they consider the STI progress 
in Ecology & Environmental health to be on planetary ecosystems by 2050, based on the most 
promising directions and the significant harms they had previously identified. 
 
The figure below illustrates the distribution of answers in Round 2 (orange) and in Round 1 (blue). 
*The figure reflects the answers of the subset of respondents who participated in both rounds. 
** The evaluations were translated into a scale from 1(negligible) to 4 (very significant) 
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Biotechnology & Biochemical engineering & Chemical engineering & Organic 

chemistry 
 
Number of respondents in Round 2: 100 
 
1. Participants in the survey selected the 3 most important STI directions in Biotechnology & 
Biochemical engineering & Chemical engineering & Organic chemistry, in terms of their potential to 
contribute to the capability of planetary ecosystems to flourish from now to 2050. 
 
The table below illustrates the ranked list of STI directions, based on the number of votes gained. 
 

STI directions Number of votes 

Bioenergy and biofuel: e.g. Conversion of biomass into heat and electricity; 
Turning agricultural waste into biofuel; Catalytic conversion of biomass to biofuel; 
Triglyceride biorefinery; Lignocellulosic biorefinery; Cellulose and hemicellulose 
biorefinery; Production of biobased chemical or produce high value-added as 
levulinic acid, glicolic acid; Paper waste sludge and yeast based biodiesel 
production; Algae based biodiesel production 

55 

Personalised / precision medicine: e.g. Precision public health; Assessing cost-
effectiveness of personalized medicine; Exploring drug-exposome interactions and 
the impact of the exposome on biological systems; Understanding the links 
between precision medicine and lifestyle and built environment-related factors; 
Study of shared human and animal molecular mechanisms of disease 
pathogenesis; Ethics of personalized medicine, including of health disparities; 
Regulating and communicating the invasiveness of personalized medicine to 
promote trust and mitigate patient resistance; Assessing the prevention power of 
the personalised medicine; Study the genetic basis of diseases and disorders; 
Artificial muscles; Personalized devices development 

38 

New renewable and recycled raw materials: e.g. Lignocellulose for biofuels, bio-
based products and advanced carbon materials for environment protection; 
Microalgae for biofuels and medicinal products; Renewable catalysts biofuel 
production; Recyclable biobased textiles; Net zero polymers and plastics; 
Electronics based on lignocellulosic materials; Substitution of glass fiber by 
cellulosic options; Production of cellulase and hemicellulase enzyme 

37 

Bioremediation: e.g. Microorganisms to destroy or immobilize waste materials 
and environmental pollutants; New algae-based bioremediation method to purify 
urban wastewater for reuse; Heavy metals and radionuclides biotreatment; 
Phytotechnologies, using higher plants; Leveraging the potential of microbiomes 
for organic-waste circularization into food/feed or energy sources 

29 

Biofertilizers: e.g. Symbiotic nitrogen-fixing bacteria; Phosphorus-solubilizing 
biofertilizers; Free-living nitrogen-fixing cyanobacteria; Potassium-solubilizing 
microbes; Nitrogen-supplying mycorrhizae; Drought resistant microorganisms; 
Leveraging the role of biodiversity to recover the functional potential of soil-plant 
systems; Biological nitrification inhibitors 

19 

CO2 capture and sequestration: e.g. Geological storage; Algae/bacterial 
transformation; New applications of biogenic carbonates 

17 

Biomolecules: e.g. Biomolecules from agricultural plant biomass to control 
bacterial diseases; Biomolecules to combat antibiotic-resistant pathogens; 
Bioactive phenolic compounds from agri-food wastes; Green extraction methods 
for polyphenols; Bioproducts from fish by-products; Phyto extracts for fish health 
management, biopesticides; Searching for new biomolecules anchored in isolation 
of new microbial taxa 

15 

Artificial photosynthesis: e.g. Artificial water-splitting leaves; ‘Photosheet’ 
technology to convert sunlight, CO2 and water into fuel (oxygen and formic acid); 

9 



24 
 

Solar-powered catalyst to recycle smokestack carbon dioxide into clean-burning 
fuel; Photosynthetic mimetic systems for direct production of hydrogen or 
electricity; Solar fertilizer 

Bioactive biopolymers for tissue engineering: e.g. Bioinspired scaffolds as 
ECM mimetics; Bio-based drug delivery system; 3D cell cultures for toxicity or 
mutagenic testing; Smart cell scaffolds; Chitosan based composites for bone 
tissue engineering; Bio based herbal scaffold for curing skin disease 

9 

Product-recycling-degradation integration: e.g. Recyclability by plastic type; 
Low tox/accumulation of PFAS; Low tox/accumulation of plasticiser; Low 
tox/accumulation of flame retardant chemicals 

7 

Bioplastics: e.g. ‘All-plant’ drink bottles; Conversion of waste to bioplastics; 
Biocomposites for food packaging; Nanocellulose reinforced thermoplastic; 
Recycled thermoplastics; Clarify the recycling concepts  

6 

Techniques to Replace/Reduce Animal Experiments: e.g. Stem cell-derived 
organoids to study development; Patient-derived 3D organoids for disease 
modeling; 3D in vitro models to refine animal experiments; Organ-on-chip 
technology; Establishment of cell lines 

6 

Pharmaceutical manufacturing: e.g. Continuous manufacturing of 
pharmaceuticals; Bridging lab to industrial scale for biological products 

5 

Nutraceutical: e.g. Functional food; Bioactive compounds; Chemoprevention; 
Immune system; Nutraceutical with enhanced activity; Safe use of nutraceuticals 

5 

Microbiome based medicine: e.g. Leveraging host-microbes symbiosis 
understanding; Promoting ecosystems richness & diversity; Developing targeted 
microbial bioactives; Developing microbial ecosystem transfer 

4 

Synthetic biology: e.g. Bacteria used to clean diesel-polluted soil; Synthetic 
microbes that degrade persistent chemicals; Synthetic alternatives to products 
currently extracted from plants and animals; Bioconversion of methane and syngas 
to value-added products 

4 

Photovoltaics: e.g. Polymeric materials for photovoltaics 4 

Bioprospection of unexplored environments: e.g. Exploring new microbes from 
deep-sea; Exploring new microbes from extreme environments; New methods for 
capturing new microbial taxa 

4 

New biotechnology-based breeding techniques: e.g. CRISPR-Cas engineering 
of plants; Metabolomics; Integrating metabolomics with genomics to improve trait 
prediction 

3 

Embracing microbiomes in aquaculture: e.g. Fostering the use of probiotics in 
aquaculture; Microbiome manipulation for disease prevention; Use of prebiotics, 
postbiotics and phage therapy; New legislation enabling microbial experimentation; 
Microbiomes for water quality improvement; Microbiome for disease prevention 

2 

Enzymatic detergents: e.g. Sustainable detergents; Enzymatic detergents to 
clean medical equipment thoroughly and efficiently 

1 

Embracing metabolomics in aquaculture: e.g. Unravelling nutrition and health 
management issues; Understanding ecotoxicology and thermoltolerance; Post-
harvest quality and product authentication; Optimising aquaculture husbandry 
practices; Application of metabolomics to improve water quality aquaculture ponds; 
Metabolomics as a food source in aquaculture 

1 

Biogeochemical activities: e.g. Biogeochemical cycles; Heavy metal-microbe 
interaction; Carbon and nitrogen cycles; Symbiotic associations; Microbe-mineral 
interactions 

1 

Molecular framing (not just pharming): e.g. Antibodies produced in GMPlants; 
Allochtonous proteins produced in GMPlants; Plant made pharmaceuticals 

0 
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2. Participants in the survey assessed each of the statements and indicated whether they 
represented significant potential harms to the capability of planetary ecosystems to flourish from now 
to 2050. 
 
The figures below illustrate the distribution of answers for each potential harm. 
 

 
Invasive species - If living modified organisms are released into the wild, 
they can become invasive species and replace or compete with native 
species.  

Ignoring the symbiotic nature of life forms (associating microbiota and 
host components) leads to long term functional depletion.  

Unethical use of gene therapy. 
 

Synthetic biology might lead to unexpected and uncontrollable change of 
the nature, unbalancing ecosystems.  
Higher use of bioenergy and biofuel can decrease biodiversity, pollute 
environment and compete with food and ecosystem services.  
While evidence points to safety, biology (being mutable and able to 
replicate) poses risks as a tool that are not fully understood. Traceability 
and lack of contamination cannot be guaranteed.  

Creation of new biomolecules (e.g. for combating pollutants) can have 
unintended highly negative consequences and side-effects.  
Production of biomass for biotechnologies, bio-based materials and 
energy can induce damages on ecosystems.  
Waste to energy solutions are usually a source of fly ash, one of the chief 
anthropogenic pollutant.  
Delaying aging process to extend healthy lifespan will conflict with the 
challenges of already growing population.  

 
3. Participants in the survey were asked to evaluate how impactful they consider the STI progress 
in Biotechnology & Biochemical engineering & Chemical engineering & Organic chemistry to be on 
planetary ecosystems by 2050, based on the most promising directions and the significant harms 
they had previously identified. 
 
The figure below illustrates the distribution of answers in Round 2 (orange) and in Round 1 (blue). 
*The figure reflects the answers of the subset of respondents who participated in both rounds. 
** The evaluations were translated into a scale from 1(negligible) to 4 (very significant) 
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Environmental planning & Environmental engineering 
 
Number of respondents in Round 2: 77 
 
1. Participants in the survey selected the 3 most important STI directions in Environmental planning 
& Environmental engineering, in terms of their potential to contribute to the capability of planetary 
ecosystems to flourish from now to 2050. 
 
The table below illustrates the ranked list of STI directions, based on the number of votes gained. 
 

STI directions Number of votes 

Circular economy: e.g. Bioconversion of biowaste; Use of agro waste as pore 
forming agent in ceramic and building materials; Use of agro waste ash (rice 
husk ash, sugar cane ash) as source of silica; Cascading use of food; Energy 
recovery from wastewater treatment; Mass recovery from wastewater; Closing 
the loop of heavy metals use; Circular Eco-Green Buildings; Valorization of 
glass and metals from WEEE; Valorization of glass cullet in building materials; 
Widespread recycling of petroleum-based plastics; Plastics that are truly 
biodegradable in meaningful timescales 

52 

Global nature conservation and restoration areas: e.g. Planning for nature 
reserves on a planetary scale; Coordinated strategy for the restoration of 
degraded ecosystem; Use of the soundscape as an indicator of terrestrial and 
marine environmental health; Improve local and regional relevance of global 
conservation schemes (further integration across scales) 

44 

Carbon capture and storage: e.g. Conservation, restoration and proper 
management of existing natural carbon sink habitats (grasslands, forests); 
Electrochemically mediated capture; Biochar; Artificial photosynthesis; 
Optimise agroecology to minimise net greenhouse gas emissions, including 
soil C capture 

30 

Water decontamination technologies: e.g. Biological membrane reactors; 
Advanced oxidation methods; Shock electrodialysis; Solar/wind powered water 
filtration; Ultraviolet water treatment such as UV-C LED technology; filtering 
products - e.g. graphene filters; Nanopowder for removing toxic metal ions; 
Augment functions of "semi-natural" solutions, e.g. constructed wetlands with 
biodiversity gains; Facilities to limit thermal pollution below reservoirs 

30 

Urban ecology: e.g. Brownfield regeneration; Lawn tracks for tramway; Urban 
Industrial Symbiosis; Green Infrastructure Solutions; Solar urban planning and 
design; Green urban spaces; Use of real-time monitoring of pollutants 
(including noise) to manage urban traffic; Noise maps in green areas; Pollutant 
monitoring systems in green areas within or bordering urbanized areas; 
Ecosystem services and biodiversity concerns integrated into urban planning 
and management; Urban degrowth strategies; Urban commons 

27 

Soil conservation: e.g. Agroforestry, cover cropping; Low-
intensity/regenerative agriculture; Increasing lands under conservation 
agriculture; Reduce land use for bioenergy production; Reduce land 
urbanization; Decreasing soil erosion; Biochar; Reflood and restore organic 
(peat) soils to minimise carbon losses 

18 

Integrated land-water-marine planning /restoration: e.g. Ridges to reefs 
coastal planning; Green-gray approaches to shorelines; Nature-based 
solutions to disasters 

13 
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Air depollution: e.g. Smog vacuum cleaners; Harvesting pollutants from the 
air and turning them into materials - e.g. black carbon into inks/industrial 
materials 

9 

Hydrogen Technology: e.g. Sustainable Production; Use as Fuel and 
Feedstock; Liquefaction; Alternative Carriers 

7 

Ocean Carbon Dioxide Removal (CDR) pathways: e.g. Growing vast 
quantities of marine plants; Grow mangrove forest; Removing CO2 directly out 
of the sea; Burying CO2 beneath the seafloor 

1 

Geoengineering: e.g. Iceberg melting avoidance; Atmosphere spraying; 
Stratospheric atmosphere intervention; Carbon capture 

1 

 
2. Participants in the survey assessed each of the statements and indicated whether they 
represented significant potential harms to the capability of planetary ecosystems to flourish from now 
to 2050. 
 
The figures below illustrate the distribution of answers for each potential harm. 
 

 

Environmental planning depends on laws and legislature, if these become 
too complex (excessive bureaucracy) action is slowed down or halted. 

 

Some water decontamination technologies have high energy demand 
(e.g. membranes, reverse osmosis, electrodialys etc.) 

 
Hi-tech based carbon capture technologies are energy and resource 
intensive, especially when developed based on the economic imperatives 
of infinite growth.  
Large scale geoengineering interventions are not understood and under 
control with negative - even catastrophic - impact on planetary 
ecosystems.  
If circular economy is greenwashed, i.e., if increased circularity is 
considered alone, rebound effects and undesired higher environmental 
impacts might lead to increased consumption and an ill-designed 
environmental system.  

Focus on known unknowns rather than embracing new ideas to discover 
important unknown unknowns from undervalued perspectives (global 
South, indigenous communities etc.) keeps us in a false sense of 
security.  

Over-emphasis on fairness and just transition slows down the necessary 
decisions on priorities like climate change. 

 

Solar panels and wind turbines entail land uptake, which can lead to land-
use conflicts and/or inflict social, environmental, economic harms. 

 
CCS, CDR technologies are gaining attention and funds despite their 
possible negative environmental outcomes, and are derailing efforts from 
reduction of energy and material consumption.  
Land-use planning can lead to over-control and loss of ecosystems that 
take a long time to form or are undervalued by local authorities (e.g. 
important early-succession habitats).  
Financing hydrogen research/ technologies is a waste of money (as there 
is no thermodynamic justification in producing it) and a way to encourage 
the use of hydrocarbons instead of renewable energy sources.  
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3. Participants in the survey were asked to evaluate how impactful they consider the STI progress 
in Environmental planning & Environmental engineering to be on planetary ecosystems by 2050, 
based on the most promising directions and the significant harms they had previously identified. 
 
The figure below illustrates the distribution of answers in Round 2 (orange) and in Round 1 (blue). 
*The figure reflects the answers of the subset of respondents who participated in both rounds. 
** The evaluations were translated into a scale from 1(negligible) to 4 (very significant) 
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Agriculture science & Agriculture engineering 
 
Number of respondents in Round 2: 68 
 
1. Participants in the survey selected the 3 most important STI directions in Agriculture science & 
Agriculture engineering, in terms of their potential to contribute to the capability of planetary 
ecosystems to flourish from now to 2050. 
 
The table below illustrates the ranked list of STI directions, based on the number of votes gained. 
 

STI directions Number of votes 

Sustainable farming: e.g. Agroecology, Pastoralism, Permaculture; 
Appropriate tillage regimes; Intercropping; Optimize crops for mixed cropping; 
Strip cropping; Agricultural production systems to sustain ecological 
restoration (e.g native seed farming); Organic farming; Agro forestry; 
Sustainable fishing; Sustainable aquaculture with filter feeding organisms; 
Multifactor sustainability assessments 

41 

Increase water use efficiency: e.g. Conservation agriculture in irrigated 
areas; Precision irrigation; Non-soil-disturbing weed control systems 

23 

Reducing nitrogen and phosphorus leakage: e.g. Planting “cover crops” 
that hold nutrients in soils after harvests; Use of legumes in rotations to 
diminish N fertilizer applications; Instituting inter-cropping of nitrogen-fixing 
legumes; Tightening up manure storage; Introducing agroforestry buffer 
zones; Improving yield predictions and estimations of nutrient availability to 
adjust the fertilization rates; Fertilize on plant demand assessed by sensor/ 
model/ RS advancements; Development P use efficient plants; Using bivalve 
mollusk farms to uptake nutrients from the sea; Improve nutrient 
management in aquaculture systems 

14 

New pest control methods: e.g. Push-pull strategies for pest control; Phage 
bio-control of bacterial pathogens; Nanobiotechnology for pest control; 
Identify natural resistance in crops; Genomic analyses of crops and pests; 
Plants with durable resistance to biotic stress by gene editing; Targeted 
molecular interventions such as dsRNA; RNAi genetic sprays; Biorational 
products; Insect growth regulators; Nontoxic heat treatments 

14 

Fertilizers: e.g. Biofertilizers, organic fertilizers, composting; Better 
integration of waste streams in fertilization schedules; Exploiting biomass and 
residues for production of amendments to improve fertility, e.g. biochar; 
Microbial applications, biostimulants; Biological nitrification inhibitors; 
Nanofertilizers; Nano chelated iron fertilizers; Improving existing 
electrocatalysis to produce urea; Controlled release fertilizers  

14 

Sustainable intensification of agriculture: e.g. STI to reduce land 
requirements; Fine tuning soil traffic; Fine tuning harvest; Targeted use of 
agrochemicals; Reduced water use through precision irrigation 

12 

Reduced food waste: e.g. Reuse of food waste for other scopes (e.g. feed) 11 

Adoption of healthy and sustainable diets: e.g. Primarily (but not fully) 
plant-based diets; Production of meat plant-based meat substitutes; Increase 
awareness of the impact of meat consumption-e.g. food labels including 
health and environmental impacts; Algal based proteins 

10 

Integrate production, nature protection and carbon sinks: e.g. Trade-off 
assessment food vs carbon sink; Manage role for food, nature and carbon 
sink in one; Thorough assessment of different grazing-land types as carbon 
sinks; Carbon farming 

8 
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Genetically modified crops: e.g. Engineered crops that can thrive on less 
water and yield more food; More efficient photosynthesis; Greater abiotic 
stress tolerance; Enhanced flowering and fruit set; Easier to process into 
biobased products; Generation of allelic variation by targeting promoter 
regions of regulatory genes 

7 

Agricultural sensors: e.g. Plant sensors - sensors for phenotyping, light 
sensors to detect plant parasites, infrared sensors; Soil sensors - 
electromagnetic, mechanical, electrochemical, dialectric, airflow; Remote 
sensing; Handheld sensors; Sensors attached to bees 

6 

Invertebrates as food and feed: e.g. Cultivating insects for fish and animal 
feed; Studying effects of black soldier fly larvae on fish health and growth 
performance; Cultivating insects for human food; Farming bivalve mollusks 

6 

Agro-ecological analysis: e.g. Optimise crop geographical distribution; 
Optimise G*M*E; Developing of methodological approaches to measure and 
quantify the provision of ecosystem services in natural and agricultural 
systems 

5 

Greenhouse gases: e.g. Crop management and carbon footprint; Nitrogen 
fertilization and GHG emission; Plant management; Land use management 
and soil conservation based on satellite data; Carbon sequestration based on 
data mining, satellite data and GIS; Reduction of enteric methane emissions 
by ruminants; System gas and energy balance modelling 

4 

Improvement of soil by microorganisms: e.g. Extremophiles for 
agriculture; Microbial prospection; Calibration of soil parameters favouring 
desirable microbiomes; Extended use of mycorrhizae; Recycling biomass; 
Extended use of plant growth promoting bacteria; Methane capture and 
bioconversion 

4 

Soil pollution by emerging contaminants: e.g. Microplastics and 
nanoplastics; Antibiotics; Antibiotic resistance genes; Pharmaceuticals; 
Persistent organic chemicals 

4 

Design of clean-energy, low-impact machinery: e.g. Small vehicles for 
support in agricultural tasks; Machines for weeding, trimming, chopping 

4 

Building soil resilience: e.g. Biowaste into biochar for soil enhancement; 
Microbial health through soil biodiversity; Soil resistance to pathogenic 
disease; Monitor soil multifunctionality loss 

3 

Implementing land-sharing strategies: e.g. Wildlife friendly farming; Weeds 
in field sides, fallow fields; Semi-natural areas; Crop Wild Relatives  

2 

Abiotic stress tolerance in crop plants: e.g. Drought; Salinity; Metal stress; 
Extreme temperatures; Nanomaterials to improve plant stress tolerance 

2 

Systematic conservation and use of crop diversity: e.g. Screening and 
use of crop diversity in gene banks; Diversifying agricultural products to build 
resilience; Collecting and conserving crop diversity for future use; Use of crop 
diversity for more nutritious food; On farm management of agrobiodiversity; 
Participatory and Evolutionary Plant Breeding 

2 

Aquaculture Nutrition: e.g. Nutrients requirement of cultured fish species; 
Species specific based feed formulation; Hematological and serum 
biochemical Profile; Sourcing alternative low cost feed ingredients to fishmeal 
(FM) and fish oil (FO); Fish health management 

2 

Biosaline agriculture: e.g. Use of halophytes, especially multipurpose plants 2 

Agricultural robots: e.g. Harvesting robots; Crop-inspecting robots; 
Weeding robots; Spraying drones; Smart floating bed for plant production in 

1 
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flooded area during monsoon seasons; Developing robotic agricultural 
system in saline water  

Livestock Monitoring and Controlling: e.g. Animal health monitoring; 
Monitoring heartbeat, temperature, rumination; Reproductive cycle, calving 
prediction; Estrus and milk prediction 

1 

Contained environmental farming: e.g. Vertical farming of plants; 
Aquaponics; Cultured meat; Insect farming; Single cell protein 

1 

Food demand projections: e.g. FAO studies on food demand by 2030 0 

 
2. Participants in the survey assessed each of the statements and indicated whether they 
represented significant potential harms to the capability of planetary ecosystems to flourish from now 
to 2050. 
 
The figures below illustrate the distribution of answers for each potential harm. 
 

 

Overfertilization will continue the pattern of overproduction, which is 
already leading to ecosystem degradation. 

 

Synthetic pesticides still have poisoning effects and will crowd out better 
alternative solutions. 

 
Some STI directions take as their undisputed prerogative the increase in 
productivity (by increasing land use, energy use), therefore conflicting 
with the overall functioning of ecosystems.  
Introduction - and even more so - establishment of genetically modified 
crops may have negative impacts regarding biodiversity, human health, 
incentivizing higher inputs such as fertilisers and pesticides, 
contamination of wild and cultivated non-GM varieties, increasing 
monocultures, diverting attention from original/typical cultivars and their 
adaptation capacity to climate change, adding costly control loops. 

 

Further technicisation of agriculture (robots, drones etc.) increases 
demand for resources (e.g. energy, rare earth elements). 

 

Bioenergy agriculture pushes away food agriculture. 
 

Continued farming of organic (peat) soils produces greenhouse gases 
(mainly carbon dioxide) and causes subsidence. 

 
Investments in high-tech machinery (e.g. agricultural robots) can be 
expected to be used to maximize crop yield, not minimize environmental 
externalities.  

The spread of indoor farming leads to sealing up surfaces, replacing 
ecosystem services with infrastructure. 

 

Overemphasis on rewilding might take good agricultural land out of 
production. 

 
Studies on food demand indicate in a deterministic way the increase in 
animal protein consumption and suggest the need of more arable land, 
thus justifying deforestation in areas such as the Amazon.  
Expansion of organic farming might negatively affect ecosystems e.g. 
through excessive extending cultivated areas, inputs of manure, overuse 
of copper salts.  
Increasing the water use efficiency (WUE) of crop plants will effectively 
increase productivity, but only in a few climate contexts, while leading to 
lower productivity in many cases and not reducing total water 
consumption. 

 

Biochar might contain contaminants such as polycyclic aromatic 
hydrocarbon (PAH) compounds, which might create environmental and 
food safety threats when biochar is used as a soil amendment.  
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Biological control of pests is inefficient and runs the risk of introducing 
harmful organisms. 

 
 
 
3. Participants in the survey were asked to evaluate how impactful they consider the STI progress 
in Agriculture science & Agriculture engineering to be on planetary ecosystems by 2050, based on 
the most promising directions and the significant harms they had previously identified. 
 
The figure below illustrates the distribution of answers in Round 2 (orange) and in Round 1 (blue). 
*The figure reflects the answers of the subset of respondents who participated in both rounds. 
** The evaluations were translated into a scale from 1(negligible) to 4 (very significant) 
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Data science & Statistics 
 
Number of respondents in Round 2: 61 
 
1. Participants in the survey selected the 3 most important STI directions in Data science & Statistics, 
in terms of their potential to contribute to the capability of planetary ecosystems to flourish from now 
to 2050. 
 
The table below illustrates the ranked list of STI directions, based on the number of votes gained. 
 

STI directions Number of votes 

Scientific disciplines and fields reconfigured as ‘big-data sciences’: e.g. 
Ecology and ecoinformatics; Geography; Environmental sociology; Agritech; 
Disaster management; AI-based decision-making; Healthcare - epidemiology, 
pandemic management, database searches for disease markers, Big Data-
based discovery of new targets in tumors; Genomics; Bioinformatics - such as 
through community-wide metabar coding; Biodiversity management; 
Forecasting  

49 

Environmental modeling and simulations: e.g. Earth systems models; 
Climate fluctuation analysis; Models of soil microbial processes; Forest growth 
simulations; Models of hurricane wind disturbance; Geospatial data analysis; 
Deep-time, mechanistic eco-evolutionary simulations; Community-scale 
spatially explicit genetic simulations; Global emissions monitoring; Intelligent 
earth observation; Environmental modeling of climate change processes; 
Empirical data-driven modeling of species distributions and associated 
ecosystem services provision; Spatially explicit environmental change 
predictions in terms of species turnover, biodiversity change, and associated 
ecosystem services change 

34 

Web-applications and tools for decision making: e.g. To access economic 
and environmental data; To create scenarios for decision making; For public 
monitoring; To access ecological data; Online predictions on species turnover, 
biodiversity change, and associated ecosystem services 

27 

Healthcare technology assessment: e.g. Improving the value of health 
technology; Improving the equity and efficiency of healthcare; Information 
fusion in healthcare technology assessment 

23 

Healthcare: e.g., Precision medicine - biological data management and 
analysis, modeling of biomolecular networks, genome annotation; Efficient 
drug design and development; Brain-computer interaction - for severe motor 
impairment after stroke  

19 

Citizen science for sustainability: e.g. Environmental monitoring through 
citizen science; Citizen science in support of sustainability transitions; Socio-
technical coevolution through crowd science; Understanding incentives for 
participation in citizen science; Regional Observation Framework utilizing 
Citizen Science to document biodiversity dynamics 

12 

Urban analytics and city governance models: e.g. Spatial analysis; Urban 
sensing; Urban land-cover modeling; Material flow analysis; Circulation 
analysis; Agent-based demographic modeling; Planning smart public transport; 
Information fusion in urban analytics; Modelling and analysis of integrated 
urban energy systems 

9 

Outreach and documentation: e.g. Present local changes where people live; 
Explain connection global-to-local-consequences; Make local data and 
information openly available; Catalogue of historic events and case studies 

4 
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2. Participants in the survey assessed each statement and indicated whether they represented 
significant potential harms to the capability of planetary ecosystems to flourish from now to 2050. 
 
The figures below illustrate the distribution of answers for each potential harm. 

 

In Big Data, there are many ways to make mistakes: poor data, bad 
models, confounding, inappropriate generalizations, inbuilt biases. 

 

Big Data may be used by corporations for targeted marketing that is 
harmful to clients. 

 

Gaps in data collection, especially resulting from ignoring different or little 
known regions, render models inapplicable and potentially harmful. 

 

Data can be misused to justify inadequate decision-making and to support 
the wrong ideas. 

 
Data science & statistics can potentially influence human behavior, control 
human mobility, drive social/political decision making, deteriorate social 
capital.  
Big data collection may raise ethical issues pertaining to the infringement 
of individual autonomy, use of personal data without permission and 
manipulation.  

Computationally-intensive modelling and large data storage generate 
substantial power consumption. 

 

Data science raises issues of public security. 

 

Intentional or accidental creation of an autonomous AI weapon. 

 

Data-supported exploitation of natural resources may lead to the collapse 
of the relevant resources. 

 
 
3. Participants in the survey were asked to evaluate how impactful they consider the STI progress 
in Data science & Statistics to be on planetary ecosystems by 2050, based on the most promising 
directions and the significant harms they had previously identified. 
 
The figure below illustrates the distribution of answers in Round 2 (orange) and in Round 1 (blue). 
*The figure reflects the answers of the subset of respondents who participated in both rounds. 
** The evaluations were translated into a scale from 1(negligible) to 4 (very significant) 
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Artificial intelligence & Pattern recognition & Machine learning & Natural 

Language Processing & Computer vision 
 
Number of respondents in Round 2: 61 
 
1. Participants in the survey selected the 3 most important STI directions in Artificial intelligence & 
Pattern recognition & Machine learning & Natural Language Processing & Computer vision, in terms 
of their potential to contribute to the capability of planetary ecosystems to flourish from now to 2050. 
 
The table below illustrates the ranked list of STI directions, based on the number of votes gained. 
 

STI directions Number of votes 

AI for healthcare: e.g. AI to enable personalised preventive healthcare - 
modelling preventable health risks and preventive measures; AI for drug 
search; DL-based signal processing models for neurological disease 
prediction; Low-resource contexts for decision-making in global health 

40 

AI for control of technical dynamical systems: e.g. Control of energy and 
power systems; Control in automated transport; AI for energy saving in 
offices/private homes; Industrial knowledge graphs; AI for predictive 
maintenance; AI for shipping - data-driven maintenance, route optimisation, 
power and propulsion optimisation, operation planning; AI for delivery process 
decision making; NLP to analyze service report and feedback 

33 

AI for renewable energy: e.g. AI algorithms to ensure optimal use of power 
grids; Machine learning for solar power forecasting; AI to optimize windmill 
safety and energy generation; AI and machine learning to boost the 
productivity of next-generation geothermal plants; Multi-sensor platform for in-
stream tidal energy monitoring; AI algorithms to maximize renewable energy 
utilization under power fluctuations; AI algorithms to control stochastic power 
systems with safety guarantee 

29 

AI in agriculture: e.g. Machine learning to predict optimal times to plant, 
irrigate, and harvest crops; AI-backed technology for smart water consumption 
in agriculture; AI & behavioral analytics to provide rapid and reliable insights on 
animal health; AI for disease monitoring and stress prediction in crops; AI for 
air quality monitoring 

16 

AI for cybersecurity: e.g. Improve cyber defenses; Threat hunting and 
analysis 

11 

AI for remote sensing analysis: e.g. Automatic identification of deforestation; 
Monitoring changes in land use; Early identification of pollution (oil spills etc.); 
AI to monitor and protect critically endangered species; AI-enabled Footprint 
Identification Technology (FIT); Annotation for Animal Counting, Detection & 
Recognition; AI assistance for rangers against poachers 

9 

AI for decision making and information: e.g. Literature surveys / reviews; 
Attitude analysis; Analysis of industrial reports; ETM to plan cultural change 
intervention; NLP for social profiling; Social media analysis 

7 

AI for pollution control: e.g. AI to improve air quality forecasting; AI-powered 
autonomous floating garbage truck; Pattern-matching algorithms to detect 
untreated sewage spills; Computer vision system to classify incoming scrap 
and flag impure (unrecyclable) or anomalous items for removal; AI to track 
emissions from coal plants using satellite imagery; AI-powered robots to 
monitor ocean pollution, temperature, pH; AI for wastewater treatment 

6 
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AI for education: e.g. Intelligent tutors & student support; Automated 
assessment & feedback; AI for academic integrity; AI to match students and 
instructors 

6 

Designs to Ensure Human control over machines: e.g. Resilient Human 
control design concept; Damage barriers; Performance-based designs; Elastic 
redistributable confinement concept; Explainable AI; Regulation of AI 
objectives to align with societal/democractic decision-making 

6 

Developing digital twins of planet Earth: e.g. Full 4 D visualization of 
agricultural management; Accurate forest morphologies and their development; 
Digital twins of permafrost regions; Digital twins of urban subsurface 
interactions 

5 

AI and recycling: e.g. Robotic recycle sorting; Autonomous system using 
robots, computer vision and artificial intelligence to detect and separate landfill 
from recyclables; Waste recognition software to monitor, audit, and sort waste 
at scale; AI to recycle heat within buildings and maximize efficiency of heating 
and cooling; Near-infrared sensors for sorting applications 

3 

AI in Food Science: e.g. Machine learning for shelf life modelling of food; AI to 
optimize heat treatments; AI for precision cooking; AI and innovative food 
sensory perception 

3 

AI in Automated Vehicles: e.g. Self Driving Cars; Self Driving Trucks; Self 
Driving Trains; DL models for assistive Safe Driving 

3 

 
 
2. Participants in the survey assessed each of the statements and indicated whether they 
represented significant potential harms to the capability of planetary ecosystems to flourish from now 
to 2050. 
 
The figures below illustrate the distribution of answers for each potential harm. 

 
Access to data tends to be controlled by large industrial players and used 
to advance their goals, for example by increasing consumption or 
manipulation in politics.  

Deep-fake content enabled by AI is dangerous. 
 

Applied to pursuits such as smart warfare or security, AI may be 
destructive and dangerous.  
AI-based decision systems are only as good as the input data. They 
cannot by themselves set the right goals and may be used as post-hoc 
justification for decisions contrary to real priorities.  

AI may be used to oppress minorities.(e.g. through social scoring) 
 

Computerized communications leads to desensitization and the loss of 
individuality, of emotional skills, of connection to the environment.  
Computationally intensive AI, and Big Data storage and analyses 
increase energy consumption.  
Sometimes human operators find it difficult to override decisions by AI 
systems.  
AI systems can make mistakes. Repeated instances of AI decision failure 
may lead to loss of trust in artificial intelligence.  
Right now as well as in the foreseeable future, AI is too immature to serve 
as the main basis for decision-making in various subfields of medicine.  
Persisting inequities will hamper the appropriate application of AI and 
thus broaden the range of inequities.  
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In agriculture, AI may be deployed in illegal ways, for example by 
poachers or in order to spread unauthorized insecticides.  

AI increases the danger of cyberattacks. 
 

Keeping the focus on managing pollution may in the end hamper the real 
goal of reducing it.  
AI in agriculture may increase the intensiveness of farming, for example 
through deforestation and overharvesting, thus ultimately threatening 
sustainability.  

 
 
3. Participants in the survey were asked to evaluate how impactful they consider the STI progress 
in Artificial intelligence & Pattern recognition & Machine learning & Natural Language Processing & 
Computer vision to be on planetary ecosystems by 2050, based on the most promising directions 
and the significant harms they had previously identified. 
 
The figure below illustrates the distribution of answers in Round 2 (orange) and in Round 1 (blue). 
*The figure reflects the answers of the subset of respondents who participated in both rounds. 
** The evaluations were translated into a scale from 1(negligible) to 4 (very significant) 
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Water resource management 
 
Number of respondents in Round 2: 56 
 
1. Participants in the survey selected the 3 most important STI directions in Water resource 
management, in terms of their potential to contribute to the capability of planetary ecosystems to 
flourish from now to 2050. 
 
The table below illustrates the ranked list of STI directions, based on the number of votes gained. 
 

STI directions Number of votes 

Monitoring, modelling and forecasting: e.g. Satellite imagery; In-situ 
sensors; Predictive analytics; Monitoring groundwater quality under climate 
change; Water footprint assessment; Hydrological models to guide policy; 
Flood models and urban planning 

27 

Ecohydrological approach: e.g. Linking biodiversity with hydrology; 
Ecosystem engineering; constructed wetlands for nature & water treatment; 
Water - energy - land nexus 

24 

Water decontamination: e.g. Biological membrane reactors; Advanced 
oxidation methods (e.g. photoelectrocatalysis); Shock electrodialysis; 
Solar/wind powered water filtration; Ultraviolet water treatment - UV-C LED 
technology; Graphene filters, Nanopowder for removing toxic metal ions; Water 
purification through metal-organic frameworks and sunlight; Microrobots to 
clean up radioactive waste; Magnets to clean up offshore oil spills; Non-woven 
membranes to remove oil micro/nano droplets; Removal of antibiotics and 
hazardous organic compounds from water resources; Microorganism for 
removing toxic metal ions; Research on self purification capacity of streams 
including their hyporheic zones 

21 

Reuse of wastewater: e.g. Agriculture irrigation; Cleaning roads; Reusing 
water vapor from industry; Wastewater for landscape watering 

21 

Green infrastructure for catchment resilience: e.g. Restoring riparian 
ecosystems; Building resilience to extreme events; Restoring riverine 
connectivity; Ameliorating thermal pollution from storages; Revitalize hyporheic 
zones 

17 

Innovative and adaptive water governance: e.g. Approaches that can 
address complex interlinkages; Coordinate across governance scales, users 
etc.; Comprehensive water risks management (not only flood, but also 
droughts etc.) at EU level 

16 

Water saving: e.g. Water saving toilets, faucets, sprinkler bodies; Smart 
metering systems; Smart water leak detectors 

7 

Irrigation: e.g. Precision irrigation with sensors that report moisture levels in 
soil/ plants; Satellite imagery with machine learning to monitor and measure 
from space different regions of land; Root zone irrigation through subsurface 
drip fertigation; Deficit irrigation; Extending the use of conservation agriculture 
in irrigated lands; Smart irrigation scheduling for optimal crop production and 
minimal environmental damages 

6 

Groundwater resilience evaluation: e.g. Evaluate storage resilience to 
climate changes; GW natural renewal rate for management improvement; 
Enhance managed aquifer recharge; Build future scenario on groundwater 
availability 

6 

Water desalination: e.g. Artificial mangroves; Wave-powered desalination; 
Nanoscale control of desalination membranes; Renewable desalination 

4 
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technology; Nuclear desalination, Capacitive deionization; Zero Discharge 
Desalination 

Water harvesting: e.g. Rainwater harvesting; Fog collectors; Iceberg 
harvesting; Atmospheric water generators; Traditional solutions for 
groundwater harvesting (e.g. dug wells)  

2 

Virtual water saving: e.g. STI for decreasing pesticide use; Decreasing 
animal-based food consumption; Decreasing irrigated cotton consumption; 
Departing from monoculture agriculture 

2 

Water storage: e.g. Underground storage facilities; Soil storage capacity; 
Water storage tanks that prevent algae formation 

2 

Water distribution systems: e.g. Real-time automated delivery systems; 
Water analytics to minimize water losses; Use of indigenous technology / water 
management systems 

0 

DAM (Hydraulic Structure) Safety Inspection: e.g. Repairing and 
Rehabilitation of Dams; Project safety and security; Dam Safety risk analysis 

0 

 
2. Participants in the survey assessed each of the statements and indicated whether they 
represented significant potential harms to the capability of planetary ecosystems to flourish from now 
to 2050. 
 
The figures below illustrate the distribution of answers for each potential harm. 

 

Increasing technologies for groundwater use (e.g. solar irrigation) can 
accelerate groundwater depletion, taking water out of even tree root zones. 

 

Private sector/big corporations in charge of water resources management 
can cause unjust distribution. 

 

Iceberg harvesting has high environmental costs, including CO2 
emissions. 

 
Environmental hazards of desalination concentrates - The generated 
concentrated water contains compounds that can be discharged into the 
ocean and pose a potentially serious risk to the marine ecosystem.  
Expanding irrigation technologies in water scarce places can lead to 
increased water demand that reduces river flows and the capability of river 
ecosystems to flourish.  

Some water decontamination technologies (such as membranes, reverse 
osmosis, electrodialysis etc.) have high energy demand. 

 

Water (re)distribution and optimization can require a lot of 
infrastructure/engineering investment. 

 
Desalination plants turn seawater into drinking water, but also pump 
hypersaline water back into the environment, cratering oxygen levels and 
spiking salt content.  
Excessive emphasis on participative decisions in water resource 
management will produce short term decisions that fail to address long 
term challenges.  
Water decontamination will not solve the problems, often it will only hide 
the problems e.g. incomplete mineralisation resulting in many new 
pollutants of often unknown properties and toxicity (nanoparticles).  

Precision irrigation will reduce groundwater recharge and possibly surface 
water flows. 

 

Reusing wastewater with only minor contaminants will rapidly develop into 
high concentrations in specific environments. 
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3. Participants in the survey were asked to evaluate how impactful they consider the STI progress 
in Water resource management to be on planetary ecosystems by 2050, based on the most 
promising directions and the significant harms they had previously identified. 
 
The figure below illustrates the distribution of answers in Round 2 (orange) and in Round 1 (blue). 
*The figure reflects the answers of the subset of respondents who participated in both rounds. 
** The evaluations were translated into a scale from 1(negligible) to 4 (very significant) 
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Food science 
 
Number of respondents in Round 2: 52 
 
1. Participants in the survey selected the 3 most important STI directions in Food science, in terms 
of their potential to contribute to the capability of planetary ecosystems to flourish from now to 2050. 
 
The table below illustrates the ranked list of STI directions, based on the number of votes gained. 
 

STI directions Number of votes 

Sustainable, circular food production: e.g. Traditional food systems; 
Planning food system; Urban food production; Restoration of 
degraded/abandoned land for food; Comparisons and optimisation of organic, 
climate-smart, regenerative practices; Food waste prevention; Short food 
supply chains; Bioactive compounds from residues; Life-cycle analysis; 
Remnant-based insect feed; More crop diversity in genebanks for nutrition; 
More crop species in food systems; Re-design of unsustainable food subsidies 

41 

Promoting healthy diets: e.g. Reducing consumption of ultra-processed and 
HFSS (high-fat, -salt, -sugar) foods; Increasing consumption of fruit and 
vegetables; Increasing consumption of legumes; Leveraging the nurturing of 
host-microbe symbiosis for preventive health; Fermented foods - lactic 
fermented vegetables, fruits proteins, fermented meats, fermented beverages; 
Design 'symbiosis-friendly' dietary recommendations; Communicate 
importance of man-microbes symbiosis; Promote innovation on food-host-
microbes & health 

36 

Food safety: e.g. Contaminant-free food; Nutrient-contaminant balance; 
Removal of agrotoxic substances; Testing food for impact on microbiomes and 
symbiosis 

24 

Lab grown food: e.g. Cultured meat; Cell-based seafood; Cell-factories for 
milk production 

10 

Plant-based alternative food: e.g. Algae-based food; Neutral tasting fava 
protein; Oat milk; Dairy-free cheese; Food based on underutilized indigenous 
plants 

9 

Innovations in food packaging: e.g. Edible food packaging - seaweed-based, 
water-and-potato, agar-based films, cellulose-based films, nano-composite 
films; Smart labelling - freshness indicators, touch labels for expiration date, 
ingredient and authenticity traceability, indicators of handling history (time & 
temperature); Wood packaging 

7 

Understanding the behavior of food consumers: e.g. Drivers for food 
choice; Effects of consumption practices on human health; Impact of 
consumption practices on the environment; Consumer acceptance of food 
innovation 

5 

Insect protein: e.g. Understanding the benefits of insect proteins; Sustainable 
production of insect proteins; Insect protein as feed 

4 

Advance food delivery systems: e.g. Lipid-based delivery; Nanoemulsion; 
Liposomes; Probiotics-based delivery 

4 

Innovations in food processing and preservation: e.g. Cold sterilization or 
pasteurization; Non-thermal concentration process; Ultraviolet treatment for 
bacteria removal; Carbon dioxide as refrigerant and heat pump; Electric field 
(PEF) technology as an alternative to thermal processing 

3 
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3D printed textured food: e.g. 3D-printed plant-based 'muscle-cut' beef steak; 
3D printing processes for whole-cut cell-based meats; Portable 3D printers for 
restaurants 

2 

Human-Food-Computer-Interaction: e.g. Digital Food Twins; Augmented 
sensory perceptions; Multi-sensory experiences; Food Design and on-demand 
production; Decision support with chemometrics; Mechanistic modelling 

2 

 
 
2. Participants in the survey assessed each of the statements and indicated whether they 
represented significant potential harms to the capability of planetary ecosystems to flourish from now 
to 2050. 
 
The figures below illustrate the distribution of answers for each potential harm. 

 
Development and use of pesticides, and agrotoxics more generally, 
generates further ecosystem imbalances and compromises sustainable 
production.  
Various monocultures (e.g., soybean) are being advertised as solutions but 
they lead to loss of habitat, diversity reduction and other threats to 
ecosystems.  

Food waste in catering and in food production, such as the waste of 
drinking water in various production processes. 

 

Ultra-processing food with a multiplication of ingredients is a threat to 
sustainability and health. 

 
If the benefits of lab-grown food with respect to sustainability and health 
are not proven, the effect of these technologies may ultimately turn out to 
be the opposite of what was intended.  

Improvements in fishing technologies increase the extractive power of 
illegal, unreported and unregulated (IUU) fisheries. 

 

Further industrialisation of agriculture increases problems with greenhouse 
gas emissions. 

 

New food production chains will be hijacked by large corporations, 
ultimately defeating the original purpose of these innovations. 

 

Lab-grown food will lead to the abandonment of sustainable agricultural 
practices and threatens biodiversity. 

 

GMOs are a threat to environmental and human health. 

 

With new alternate food sources and technologies comes an increased risk 
of allergies. 

 
Patients who take preparation containing lactobacilli and bifidobacteria 
when treated with antibiotics could develop antibiotic-resistant gut 
microbiota.  

3D printed food is unsafe for human health. 
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3. Participants in the survey were asked to evaluate how impactful they consider the STI progress 
in Food science to be on planetary ecosystems by 2050, based on the most promising directions 
and the significant harms they had previously identified. 
 
The figure below illustrates the distribution of answers in Round 2 (orange) and in Round 1 (blue). 
*The figure reflects the answers of the subset of respondents who participated in both rounds. 
** The evaluations were translated into a scale from 1(negligible) to 4 (very significant) 
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Composite material & Nanotechnology & Metallurgy 
 
Number of respondents in Round 2: 48 
 
1. Participants in the survey selected the 3 most important STI directions in Composite material & 
Nanotechnology & Metallurgy, in terms of their potential to contribute to the capability of planetary 
ecosystems to flourish from now to 2050. 
 
The table below illustrates the ranked list of STI directions, based on the number of votes gained. 
 

STI directions Number of votes 

Renewable energy storage: e.g. Nanoantennas that use mid-infrared rays to 
collect energy even after dark; Powerful batteries to store the energy created 
by solar panels or wind farms; Power bricks turned into supercapacitors; 
Advanced materials (electrode, electrolyte, collector and separator) for 
supercapacitors and batteries; Advanced materials for flexible supercapacitors, 
thermoelectric and magneto caloric materials; Phase change materials, 
production of high energy containing molecules such as H2, CH3OH, CH4 and 
NH3; Nanoresonators that enable modification of chemical potential landscape 
by strong coupling; Carbon-based nanocomposites for fuel cell applications 

29 

Nanocomposites: e.g. Antimicrobial polymeric bio-nanocomposites for food 
packaging, drug delivery; tissue engineering; Light weight and eco-friendly bio-
nanocomposites to replace non-biodegradable petroleum-based plastics; 
Engineered nanocomposites for need-based delivery of agrochemicals; 
Nanocomposites to eliminate bacteria, viruses, and inorganic and organic 
pollutants from wastewater; Nanocarbon based composites for agriculture, 
energy storage devices, photocatalysis, water purification; Heavy 
nanocomposites for gamma shielding; Nanoparticles for dentistry; 
Nanocomposites as heterogeneous catalysts  

27 

Nanomedicines: e.g. Nanoemulsion drug delivery systems; Targeted nano 
drug delivery system; Covalent bonded drug molecule with cellulose molecule 
for slow drug release; Direct capsule and intravenous drug effect on cancerous 
site of human body 

14 

Water splitting: e.g. Nanoporous super multi-element catalyst; Nanomaterials 
with light-absorbing molecule that power hydrogen production from water and 
sunlight; Direct solar water-splitting technologies; Biogenic minerals as 
biomaterials for water splitting catalysts; Iron based bimetallic electrocatalysts; 
Single-atom catalysts for water splitting; Precious metal free electrocatalysts 
for water electrolysis 

11 

Renewable energy generation: e.g. Nano-based precision farming to 
optimize crop used to produce biofuel; Nano-coatings to prevent the corrosion 
in tidal energy equipment; Nanocomposites to make drilling machines in 
geothermal energy more fatigue-resistance 

11 

Graphene: e.g. Coating on pavements or buildings to eliminate many forms of 
air pollution; Lighter and stronger components for planes, cars, wind turbines; 
Walls and floors heated without cables or water from a tank or boiler; Road 
pavements with increased resistance to rutting and cracking; Graphene-based 
photocatalyst that reduces air pollution; Graphene membranes that artificially 
mimic photosynthesis; Graphene ink for perovskite solar cells; Graphene-
based sorbents for removing PFAS contaminants from water; Graphene based 
batteries with ultra-fast charging 

6 

Solar cells: e.g. Transparent solar cells; Organic solar cells; Biogenic solar 
cells; Ultrathin, flexible solar cells; Bifacial silicon solar cells; Perovskite solar 

5 
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cells; Solar roadways; Solar shingles; Agrivoltaics; Floating photovoltaics; 
Building-integrated photovoltaics; Solar cell fabrics 

Sensors based on nanotechnology: e.g. Agricultural sensors; Environment 
monitoring sensors; Wearable sensors; Carbon nanotube-based fluorescent 
nanosensors; Quantum dot-based fluorescent nanosensors; DNA-based 
fluorescent nanosensors; Plasmon coupling-based nanosensors; Magnetic 
Resonance Imaging-based nanosensors; Photoacoustic-based nanosensors 

5 

Carbon capture and pollution control: e.g. Nanoporous materials called 
metal-organic frameworks (MOFs) to capture carbon dioxide from air or smoke 
stacks; Improved conversion of carbon dioxide to useful chemicals with 
nanostructured catalysts; Gold nanoparticles for removing volatile organic 
compounds at ambient temperatures; Nanocatalysts to generate power from 
polluted air 

4 

Reinforced plastics: e.g. Recycled carbon fiber reinforced plastics; Eco-
friendly, flame-retardant carbon plastic ideal for recycling; Recycling fibreglass 
into sporting goods, electronics and automotive applications; Autonomous 
"Fiberbots" that can build large fiberglass structures, such as bridges and 
temporary shelters with minimal human input; Recyclable green thermoplastics 
for nano composites; Thermoplastic materials for 3D printing; Thermoplastics 
for optoelectronics and microelectronics; Neutron shielding reinforced 
composites; Single polymer composites; Composites designed for recycling 

4 

Agricultural nanotechnology: e.g. Nano-pesticide delivery; Slow and 
controlled release of nanoparticles containing biofertilizers or nano biosensors 
for rapid detection of phytopathogen and other biotic and abiotic stresses 

4 

Wood composites: e.g. Transparent wood composite as an eco-friendly 
building material; Biocomposites made of wood fibres and biopolymers that 
can be reused or recycled; Wood fibers and spider silk composite as 
replacement for plastic; Wood plastic composites manufactured with recycled 
material and including construction and demolition waste; Cellulose 
nanocrystal materials for wood composite preparations; Xylan based 
anticancerous drug molecules for slow release; Composites made with 
biopolymers and natural fiber 

4 

Sustainable concrete: e.g. Bacteria-based self-healing concrete; Ultra high 
performance fibre reinforced concrete to cut CO2 emissions; Concrete 
reinforced with recycled plastic for reduced CO2 emissions, water usage and 
fossil fuels; Carbon fiber concrete as a eco friendly building material; ‘Earth 
friendly’ concrete made from industrial waste; Environmentally friendly flowable 
binders for concrete 

3 

Nitrogen reduction to ammonia: e.g. Electrochemical reduction of N2 to 
ammonia; Reduction of CO2 and N2 to Urea 

3 

Aluminium: e.g. Carbon-free aluminium smelting process; Scandium-
aluminium alloy for shipbuilding; Metallic self-reinforced fuselage panels 
manufactured by 3D printing; All-aluminium aircraft engine; High-strength, 
lightweight aluminum alloys; Aluminium-air batteries; Re-usable bottles made 
from recycled and recyclable aluminium; Eco-friendly aluminium windows and 
doors 

2 

Green steel: e.g. Hydrogen steel plants; Molten oxide electrolysis that 
separates the oxygen from the iron ore using electricity and creating O2 as the 
byproduct instead of CO2; Steel decarbonisation technologies 

2 

Waste-derived nanoparticles (NPs): e.g. NPs from recycled tires; Green 
synthesis of carbon nanocomposites from bio-sludges and industrial wastes; 
Carbon nanotubes from waste plastics; Nanocomposites from electronic waste; 

1 
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Chiral structural colours from natural forest leftover residues (cellulose nano 
rods); Biodegradable composites with waste share 

Gold nanoparticles: e.g. Black (nano)gold to catalyze the conversion of CO2 
to methane; Gold nanoparticles to improve solar energy storage 

0 

Topological insulators: e.g. 3D topological photonic insulators; Photonic 
amorphous topological insulator; Topological vertical cavity laser arrays; 
Magnetic topological insulators; Higher-order topological insulators; 
Topological semimetals 

0 

Liquid metal: e.g. Liquid metal catalysts to turn carbon dioxide back into solid 
coal; Liquid metals in thermocline energy storage; Liquid metal lattice; 
Programmable liquid metal; Lightweight liquid metal; Liquid metal materials & 
AI to recreate sense of touch in prosthetic limbs; Liquid-metal techniques for 
creating flexible, low-energy electronics 

0 

Directional photon sources: e.g. Nanoantenna-directed bright quantum 
emitters; Metasurface-controlled emission 

0 

 
 
2. Participants in the survey assessed each of the statements and indicated whether they 
represented significant potential harms to the capability of planetary ecosystems to flourish from now 
to 2050. 
 
The figures below illustrate the distribution of answers for each potential harm. 

 
Agricultural nanotechnology runs the risk of introducing nanoparticles in 
the agri-environment before full assessment of end-of-life effects, leading 
to unexpected and uncontrollable response from nature.  
The nano-materials that cannot be metabolised are accumulating in the 
body, generating long term toxicity (e.g. negligence in handling nano-
powders may lead to cancer, as a result of inhalation and/or contact with 
human skin).  

Waste derived nano-particles involves recycling part of the content and 
renders the remaining material useless, as opposed to using the initial 
material as such (e.g. the case of used tyres).  
In the case of multifunctional composite materials, the recycling process is 
extremely complex and thus severely hinders the circular materials 
economy.  

There are chemical wastes being generated during biomass refinery that 
are usually unaccounted as potential toxic wastes. 

 

In some cases bioplastics may conflict with ecosystem flourishing due to 
non sustainable land use. 
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3. Participants in the survey were asked to evaluate how impactful they consider the STI progress 
in Composite material & Nanotechnology & Metallurgy to be on planetary ecosystems by 2050, 
based on the most promising directions and the significant harms they had previously identified. 
 
The figure below illustrates the distribution of answers in Round 2 (orange) and in Round 1 (blue). 
*The figure reflects the answers of the subset of respondents who participated in both rounds. 
** The evaluations were translated into a scale from 1(negligible) to 4 (very significant) 
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Waste management 
 
Number of respondents in Round 2: 47 
 
1. Participants in the survey selected the 3 most important STI directions in Waste management, in 
terms of their potential to contribute to the capability of planetary ecosystems to flourish from now to 
2050. 
 
The table below illustrates the ranked list of STI directions, based on the number of votes gained. 
 

STI directions Number of votes 

Integrated waste management systems: e.g. Waste minimisation, Recycling, 
Recovery, Landfilling of refuse 

40 

Recycling plastics into new products: e.g. Plastic roads; Bricks made of 
recycled plastic; Clothes made from recycled plastic; Synthetic timber made 
from plastic waste; Nanomaterials for energy storage made from upcycled 
plastic waste; Chemicals from plastic waste; Non-woven thermal insulation 
materials made by textiles waste; Thermoset plastic/rubber waste as filler in 
road pavement 

25 

Reducing food waste and spoilage: e.g. Antimicrobial packaging; Food 
freshness sensors; Dynamic shelf life (DSL) labelling; Food-waste-prevention 
systems; Layers of plant-derived protection to the surface of fresh produce to 
slow water loss and oxidation 

17 

Political & social dimension of circular economy: e.g. Informal waste sector 
as a solution to the recycling problem in developing countries; Changing the 
trade in plastic waste as an opportunity to make plastic production and 
consumption more circular; Study of negative effects of mismanagement of 
waste; Zero waste technologies 

16 

Plastic waste to energy: e.g. Converting waste plastics to jet fuel; Waste 
biomass to bioenergy; Waste as raw materials for biorefineries 

9 

Agriculture waste management: e.g. Dry Agri waste storage for animals; 
Palletization of agro-waste (e.g. plant residues) for energy extraction; Green 
manure; Conversion of agro-waste to bio-fertilizers 

8 

Conversion of food waste: e.g. Converting household waste into biomethane; 
Recycling used coffee grounds into advanced biofuels; Biodegradable 
disposable plates made from food waste such as groundnut shells and carrot 
peels; Recycling waste fruits, vegetables, and bakery scrap to produce animal 
feed; Fertilizers from food waste; Biodiesel from waste edible oils, animal fats 
and energy crops; Edible packaging from fruit processing waste 

6 

Recycling electric car batteries: e.g. Diagnosis, making safe and discharging 
the battery; Dismantling each element; Shredding; Hydrometallurgy 

3 

Nature based solutions for plastic recycling: e.g. “Infinitely recyclable” 
plastics; Algae based plastics; Plastic eating mushrooms; Plastic eating 
plants/animals; Natural (compost) technologies of waste management 

3 

Regenerative by design: e.g. Considering the regenerative principles; Fight 
against planned obsolescence; Ethical design to minimize polymer content 

3 

Smart waste management: e.g. Smart waste bins; Waste level sensors; AI-
powered recycling robots; Pneumatic waste pipes; Solar-powered trash 
compactors; E-waste kiosks; Recycling apps 

2 
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Biomedical waste: e.g. Technologies for the treatment of infectious and sharp 
waste from health care facilities; Tech capable of recycling, up-cycling plastic 
waste such as masks, personal protectives 

2 

Reducing waste by 3D Printing: e.g. 3D printed houses; 3D printed food; 3D 
printed clothes, footwear and accessories 

1 

 
 
2. Participants in the survey assessed each of the statements and indicated whether they 
represented significant potential harms to the capability of planetary ecosystems to flourish from now 
to 2050. 
 
The figures below illustrate the distribution of answers for each potential harm. 

 

3D printing, while it may reduce waste at production stages, it may 
generate new types of waste and also encourage increased consumption. 

 
Recycling plastic into roads, bricks, clothes can produce micro and nano 
plastic, which have severe consequences on all elements of the 
ecosystem.  
Renewable plastics (from renewable biomass sources) are just replacing 
the present plastic problem with a similar one later, with the additional use 
of renewable resources.  
Both recycling and waste-to-energy practices have the potential to threaten 
waste reduction strategies in the long run. These practices also have the 
potential to generate harmful waste.  
Despite its bad reputation, plastic is less harmful to the environment (e.g. 
in terms of energy and/or water consumption) than some alternative forms 
of packaging (e.g. glass, paper); therefore corporations touting sustainable 
alternatives are oftentimes engaging in greenwashing and cause, together 
with the consumers embracing the trend, more environmental harm. 

 

 
 
3. Participants in the survey were asked to evaluate how impactful they consider the STI progress 
in Waste management to be on planetary ecosystems by 2050, based on the most promising 
directions and the significant harms they had previously identified. 
 
The figure below illustrates the distribution of answers in Round 2 (orange) and in Round 1 (blue). 
*The figure reflects the answers of the subset of respondents who participated in both rounds. 
** The evaluations were translated into a scale from 1(negligible) to 4 (very significant) 
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Socioeconomics & Social psychology & Law 
 
Number of respondents in Round 2: 45 
 
1. Participants in the survey selected the 3 most important STI directions in Socioeconomics & Social 
psychology & Law, in terms of their potential to contribute to the capability of planetary ecosystems 
to flourish from now to 2050. 
 
The table below illustrates the ranked list of STI directions, based on the number of votes gained. 
 

STI directions Number of votes 

Cultural politics of environmentalism & inequality: e.g. Citizens values and 
incentives to change; Political will to introduce environmental policies; Social-
cultural history of S&T policy and practice; Differential impact of eco-
technologies/measures; Applications of critical race theory (CRT); Indigenous 
rights and reparations; Social inequality and social cohesion, political 
extremism and violence; Redistribution of wealth; Digital inequalities; 
International environmental policy models and the disruption of local 
institutions and political stability in the developing world; Rethinking the 
assumed universality of agricultural and animal production science; Indigenous 
energy research 

31 

New practices in governance & policy: e.g. Data-driven governance; 
Algorithmic governance; Integration of foresight into policy; Crowd science for 
policy; Participatory governance; Agendas design; Value capture instruments 
to fund sustainable transitions; Commons-based governance; Urban 
commons; Technoscientific imaginaries 

24 

Psychology of decision in environmental behavior and beyond: e.g. 
Neuroscience on human decision-making; Effects of regulations and economic 
incentives; Misperceptions of systemic feedbacks; Conservation psychology – 
the study of environmental attitudes and behaviors; Cognitive bases of 
environmental degradation (affects, discounting, heuristics and biases); 
Ecopsychology of relations between human and nonhuman nature; Psychology 
of (over)consumption and purchasing behavior; Psychology of sustainability 
leadership; Climate change anxiety; Behavioral change in energy transition; 
Influence of digital footprints on decision-making and social interactions; 
Improving unhealthy lifestyles; Factors contributing to mental health 

18 

Studies of social activism: e.g. Social norms and environmental justice; 
Political tribalism and polarization; Group identification and protest behavior; 
Self-motives and political participation; Emotion and movement participation; 
Social disengagement; Trust in science and science skepticism; Richer 
understanding of the complexity of norms that sustain sociability; Anticipation 
in development models; Public-interest groups and Coasean bargaining 

14 

Re-integrated political economy and state theory: e.g. Theory of value; 
political ecology; Embedded economic analysis; Justice and ethics; 
Anthropology of finance; Theory of public and private goods; Deep transition; 
Cultural theory 

12 

Pedagogy of pro-environmentalism: e.g. Integration of environmental 
attitudes and behaviors in pre-tertiary curricula; The role of peers in children’s 
environmental attitudes; Civic learning for civic participation; Teaching 
environmental economics through practice in activist organizations; Emotional 
intelligence and adolescent environmentalism; Introduction of citizen science in 
school curricula; Deschooling and deinstitutionalisation of knowledge; 
Conviviality 

10 
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Quality of work and mental health: e.g. Impact of digitalization on quality of 
work - increased worker surveillance via monitoring; Reduced worker control 
via algorithmic decisions; Factors contributing to mental health & well being; 
Social connectedness 

9 

Bioethics and applied ethics: e.g. Animal ethics; Intergenerational ethics; 
Environmental ethics and nonhuman rights - property rights on living beings; 
Intellectual property rights; Environmental law; Public health law; Right to 
explanation; Gene editing regulation 

6 

Decision theory: e.g. Algorithmic decision-making; Actuarial judgments in law, 
therapy, welfare and criminal enforcement; Expert systems in environmental 
planning; Behavioral engineering for sustainability (incentives, feedback, 
modeling); Decision theory in sustainable supply chain management; Social 
networks and decision-making; Regulation and public health; Theory of 
practice 

6 

 
 
2. Participants in the survey assessed each of the statements and indicated whether they 
represented significant potential harms to the capability of planetary ecosystems to flourish from now 
to 2050. 
 
The figures below illustrate the distribution of answers for each potential harm. 

 

The focus on technological change as a solution to problems, as opposed 
to prioritizing the need for social change, harms planetary ecosystems. 

 
Many science & technology results, when applied to workplaces, have the 
potential to intensify work while reducing worker self-determination. This 
may increase work-related mental health problems.  
The impact of human behavior on ecosystem health is still not well 
understood, by either policy-makers or individuals. This negatively impacts 
motivation as well as policy-making.  

Intellectual property rights commodify knowledge to the disadvantage of 
many beings. 

 
Methodological individualism, in particular in economics, makes harmful 
assumptions about growth and value and undermines efforts to tackle 
contemporary crises.  

Social inequality undermines support for environmental reforms. 
 

The priority of human-centered ethics implies a cost to animal welfare. 
 

Since the findings of social science are frequently ambivalent, they can be 
leveraged both in support of and in opposition to environmentally beneficial 
decisions.  

The crowd-sourcing of knowledge and citizen science are easily 
manipulated, with dangerous consequences for political decisions. 

 
The weakness of some behavioral science research and its occasional 
lapses in reliability have generated a credibility crisis, which may still 
amplify.  

Algorithmic decision-making undermines the ability to make the right 
normative choices. 

 

The excessive emphasis on social equality is harmful to the environment. 
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3. Participants in the survey were asked to evaluate how impactful they consider the STI progress 
in Socioeconomics & Social psychology & Law to be on planetary ecosystems by 2050, based on 
the most promising directions and the significant harms they had previously identified. 
 
The figure below illustrates the distribution of answers in Round 2 (orange) and in Round 1 (blue). 
*The figure reflects the answers of the subset of respondents who participated in both rounds. 
** The evaluations were translated into a scale from 1(negligible) to 4 (very significant) 
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Natural resource economics & Physical geography & Regional science 
 
Number of respondents in Round 2: 45 
 
1. Participants in the survey selected the 3 most important STI directions in Natural resource 
economics & Physical geography & Regional science, in terms of their potential to contribute to the 
capability of planetary ecosystems to flourish from now to 2050. 
 
The table below illustrates the ranked list of STI directions, based on the number of votes gained. 
 

STI directions Number of votes 

Natural resource management: e.g. Internalisation of externalities; Multi-
energy complement; Nature based solutions; Circular economy; Ecological 
restoration; Environmental modeling; Spatial decision modeling; Public 
consumabe trade-off economic analysis of trade-off in public consumption: 
effective and relevant ESG metrics; Socio-economic impact assessments of 
climate change; Ecosystem engineering; National resource management 
audits; Incentives for sustainable and low-carbon entrepreneurship 

32 

Mapping & sensing: e.g. Remote sensing – microsatellite systems, UAV 
mapping & surveying, mobile long-range LiDAR; Cloud computing for 
advanced image processing and classification algorithms; Land cover 
classification through Deep Learning; Dynamics of global land-use change; 
Deforestation monitoring; Mapping of hydrocarbon seepage; Snowmelt runoff 
modelling; Full carbon accounting; Material and carbon flow analysis; Marine 
robotics; Night-time wildfire surveillance; Observational networks covering the 
full planet; Improvement of geophysical models; Monitorization of climate 
change fingerprints 

28 

Adaptation to climate change: e.g. Enabling society to cope with changed 
climate; Improve nature's resilience to climate change; Secure clean water in a 
new climate; Understanding ecosystem thresholds and impacts outside NRV; 
Soil management to cope with expected climate change; Disaster reduction 
strategies to cope with extreme natural events 

26 

Socio-ecological systems: e.g. Societal metabolism; Humans as part of 
nature; Nature as subjects not objects; Social networks for community-based 
natural resource management; Commoning-living, self-organized social 
systems; Transformative change - identify determinants/factors in human 
society; Better understanding of farmers concerns; Environmental education in 
rural areas 

17 

Energy transition in urban and rural regions: e.g. Planning renewable 
energy in rural areas; Pathways towards low carbon energy city; Energy self-
reliant communities; Renewable energy landscapes; Just transition strategies 
to ensure inclusion and equitable distribution of carbon space and rents 

7 

Oceans: e.g. Mapping and understanding ocean floors, ecosystems and 
geosystems; Better understanding deep ocean environments; Deep ocean 
resources and vulnerabilities; Global marine conservation agreements 

6 

Ecological macroeconomics: e.g. Degrowth, post-growth and doughnut 
economics; Macroeconomics of low-carbon transitions; Socio-economic impact 
assessments of climate change; Long term feasibility of green growth; 
Absolute dematerialization; Rebound effect (Jevons' Paradox); Limitations of 
technological innovation; Secular stagnation; Role of green finance 

5 

Regional science: e.g. Smart specialization and entrepreneurial discovery; 
Place-based interventions; Rural-urban migration; Urban economics; Local 

5 
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green regulation; Regional economic resilience; Agglomeration economies; 
Gateway cities; Smart cities and urban tech; Challenge oriented regional 
innovation systems; Hazard and sensitivity mapping and modelling; Nature-
based solutions; Territorial quality of life; Territorial cooperation on all 
geographical levels  

Critical raw materials markets and policies: e.g. Regulatory frameworks for 
critical raw materials; Life-cycle assessments for critical law materials; CRM 
recycling; Supply risk assessment for CRMs; Diversification of rare earths 
supplies; European Raw Materials Alliance (ERMA); Equitable distribution of 
resource rents 

3 

Palaeoenvironmental and palaeoclimatic reconstruct: e.g. Understanding 
the impacts of global change; Physical geography analysis 

2 

 
2. Participants in the survey assessed each of the statements and indicated whether they 
represented significant potential harms to the capability of planetary ecosystems to flourish from now 
to 2050. 
 
The figures below illustrate the distribution of answers for each potential harm. 

 
Lack of a deep understanding about how ecosystems work may result in 
low quality forecasts misguidance regarding climate and environmental 
hazards.  

Underestimation of ecosystem damage due to hard or even misleadingly 
integration in economic-decision making. 

 

The economics of critical raw materials may pave the way for new potential 
global conflicts. 

 

Excessive focus on technology improvement, which ignores the actual 
capabilities at community level. 

 

Promoting solutions which shift the negative impact in a new area (e.g. 
lithium batteries for cars). 

 

Balancing conservation and utilization is difficult to achieve, maintaining 
the risk of disrupting the homeostasis in ecosystems. 

 

Metrics like ESG can be easily gamed as a way to greenwash problematic 
activities. 

 

Relative ignorance regarding the dynamics of energy demand, which will 
outstrip renewable supply. 

 

Many natural (native) grasslands are seen as targets for afforestation 
activities to increase the carbon store. 

 

Achieving the SDGs still has an economic imbalance with negative side-
effects. 

 

Further centralisation, command and control from governments. 
 

Many of the STIs will impact negatively on inclusion, undermining social 
sustainability and societal capabilities. 

 
Green growth is derailing/distracting us from necessary decisions; it is a 
chimera based on ideas of dematerialization and decoupling of primary 
resources.  
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3. Participants in the survey were asked to evaluate how impactful they consider the STI progress 
in Natural resource economics & Physical geography & Regional science to be on planetary 
ecosystems by 2050, based on the most promising directions and the significant harms they had 
previously identified. 
 
The figure below illustrates the distribution of answers in Round 2 (orange) and in Round 1 (blue). 
*The figure reflects the answers of the subset of respondents who participated in both rounds. 
** The evaluations were translated into a scale from 1(negligible) to 4 (very significant) 
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Computational biology & Bioinformatics 
 
Number of respondents in Round 2: 37 
 
1. Participants in the survey selected the 3 most important STI directions in Computational biology 
& Bioinformatics, in terms of their potential to contribute to the capability of planetary ecosystems to 
flourish from now to 2050. 
 
The table below illustrates the ranked list of STI directions, based on the number of votes gained. 
 

STI directions Number of votes 

Bioinformatics for health: e.g. Identification of promising antibodies 
through bioinformatics; Using cell signalling networks to identify new 
therapeutic agents; Identification of cancer and normal cells in tumor 
samples; AI models to predict various diseases; Anti-microbian resistance 

28 

Bioinformatics for genomics: e.g. Genome annotaton; Genome 
assembly; Prediction of species' environmental vulnerabilities from 
genomics; Identify the most vulnerable populations according to their 
genetic diversity; Disease surveillance and evolution; Markers of antibiotic 
resistance; Emergence of AMR; Markers of genetic disease; Dynamics of 
genome evolution 

25 

Applications in agrifood: e.g. Enabling genome-enhanced precision 
farming through traceability; Surveying foodborne pathogens and 
antimicrobial resistance; Modulating plant networks to fix additional carbon 
dioxide; Identification of large number of human gut viruses; Advanced plant 
breeding 

15 

System biology for holistic human modelling: e.g. Overcome classical 
system separation in anatomy; Investigate human-ecosystem interaction; 
Deep connected: from psychology to gut microbiota; Cross kingdoms 
molecular interactions in nutrition 

13 

Machine Learning for drug design and development: e.g. Automated 
small-molecule design; Drugs targeting protein-protein interaction sites 

10 

Metagenomics for microbiomes and viromes: e.g. Advanced 
metagenome-assembled genome methods; Function and metabolism of 
uncultivated microbes; Uncultivated microbes for synthetic biology; 
Uncultivated microbes for ecosystem health 

8 

Astrobiology and the search for life beyond Earth: e.g. Search for 
past/present life on Mars; Analysis of data and modelling for icy moons 

3 

Biocomputers: e.g. CRISPR-Cas9 to diversify the number of inputs for 
biocomputers; Microbial nanowires; Lipid 'nanotablet' resembling cell 
membrane to perform Boolean logic operations 

2 

Bioinformatics to uncover hidden biodiversity: e.g. Improved analysis of 
environmental DNA 

2 

Xenobots: e.g. Swarms of new-generation xenobots to detect and record 
radioactive contamination, chemical pollutants, drugs, or disease conditions; 
Xenobots for regenerative medicine 

0 

Bioinformatics for Metatranscriptomics: e.g. Sequencing all RNAs from 
diverse environments 

0 
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2. Participants in the survey assessed each of the statements and indicated whether they 
represented significant potential harms to the capability of planetary ecosystems to flourish from now 
to 2050. 
 
The figures below illustrate the distribution of answers for each potential harm. 

 
Development of bioweapons - As our knowledge increases, so does our 
ability to build new plagues targeted at people, crops, ecosystems, and the 
ease with which even small organisations can use this increases each 
year.  

Unintended consequences of genetic modifications, e.g. transmission of 
negative characteristics to additional organisms other than the ones 
targeted.  

Bioinformatics can be used to segregate populations for discriminatory 
purposes. 

 

Bioinformatics requires high storage capacity and computational power, 
which are energy intensive. 

 

The risk of out-of-control self-replicating bioengineered organisms. 
 

Transferring CRISPR-Cas9 regulated sequences to other species may 
result in the transmission of negative characteristics to additional 
organisms other than the ones targeted.  

The power to create designer babies. 
 

The system biology is focusing too much on human aspects, ignoring parts 
of the biotic and abiotic environment. 

 
Interventionism - From a dangerous anthropocentric perspective, 
technology is applied to intervene rather than understand, "surgical" 
intervention are preferred to encouraging harmonic interactions, from 
medicine to agriculture.  

The management of complex ecosystems by digital methods can be 
misleading for policy makers, and have serious consequences for 
ecosystems.  

Integration of AI decreases the explainability of the models and 
assessability of ethical acceptability. 

 
Bioinformatics is contributing to the massification of GMO use, thus 
affecting biodiversity and increasing the vulnerability to crop disease. 

 
Systems biology as a paradigm can lead to inaccurate conclusions, stalling 
progress. 
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3. Participants in the survey were asked to evaluate how impactful they consider the STI progress 
in Computational biology & Bioinformatics to be on planetary ecosystems by 2050, based on the 
most promising directions and the significant harms they had previously identified. 
 
The figure below illustrates the distribution of answers in Round 2 (orange) and in Round 1 (blue). 
*The figure reflects the answers of the subset of respondents who participated in both rounds. 
** The evaluations were translated into a scale from 1(negligible) to 4 (very significant) 
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Mechanical engineering & Process engineering & Manufacturing engineering 

& Risk analysis (engineering) 
 
Number of respondents in Round 2: 33 
 
1. Participants in the survey selected the 3 most important STI directions in Mechanical engineering 
& Process engineering & Manufacturing engineering & Risk analysis (engineering), in terms of their 
potential to contribute to the capability of planetary ecosystems to flourish from now to 2050. 
 
The table below illustrates the ranked list of STI directions, based on the number of votes gained. 
 

STI directions Number of votes 

Energy-efficient product and manufacturing engineering: e.g. 
Remanufacturing; Lean manufacturing; Green supply chain management; Eco-
design principles; Repairability and recyclability standards; Circular material flows; 
Zero emission factory; Cyber-physical production networks; Green fuels utilization; 
Reduction of product duplication 

28 

Energy storage and mix: e.g. Chemical energy storage (H2, NH3, biofuels); 
Flexible back-up power plants, hydrogen ready; Cheaper and green thermal 
energy conversion to electricity via closed expansion-contraction based cycles 

18 

Nuclear power for electricity and heat production: e.g. Extend the life of current 
nuclear power plants; Process heat production with advanced reactors; Flexible 
siting with small modular reactors; Flexible deployment with microreactors; 
Generation III and IV reactors 

11 

Digital twin and predictive maintenance: e.g. Digital twin of jet engine; Digital 
twin of gas turbine; Digital twin of complex processes; Digital twin of cities; Digital 
twin of the maintenance delivery process; Digital twins of power drives; Digital twin 
and predictive maintenance of rotary machinery 

7 

Human-centric manufacturing: e.g. Ergonomics; Human-machine collaboration; 
Neurodiversity in manufacturing 

5 

Large scale energy harvesting systems: e.g. Floating solar panels; Tidal power 
energy harvesting; Concentrated solar power; Electricity based on phase change 
materials; Heat pumps for district heating  

4 

Ecological 3D printing: e.g. Energy-efficient selective laser sintering; Energy-
saving styrenics-based materials; Energy-efficient debinding; Additive-
manufactured advanced silicon carbide; 3D filaments made from recycled plastics; 
3D printing with cellulose; 3D printed, biodegradable smart tires, 3D-printed 
microalgae to make artificial leaves; Motion-sensing 3D printed metamaterial; 3D 
printing platform that is capable of automatically filling gaps in concrete or asphalt; 
Biodegradable 3D printing; Materials from waste 

3 

Industrial symbiosis: e.g. Eco-Industrial Parks; Circular economy; Product 
service system business model; Service oriented ecosystem 

3 

Neutral refrigeration: e.g. Natural refrigerants use; High efficiency refrigeration 
cycles; Control, regulation, supervision of refrigeration 

3 

Energy harvesting for IoT: e.g. Thermogalvanic energy harvesting; Piezoelectric 
energy harvesting; Ambient vibration energy harvesters 

2 

Robots: e.g. Soft robots for agriculture work, biodegradable robots; Waste eating 
robots; Pollination robots; Firefighting robots; Robot for cleaning solar panels; 
Nanobots for medical applications 

2 

On-demand flexible production: e.g. Not used medicine as waste; Adaptive 
manufacturing control  

2 
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Place based manufacturing: e.g. Localised nature based solutions; 
Neighborhood fab labs; Ultra short supply chains; Cradle to cradle solutions 

1 

Passive acoustic monitoring: e.g. Passive acoustic monitoring framework to help 
safeguard marine resources during offshore wind development; Acoustic 
monitoring technology to combat illegal deforestation and document ecological 
changes; Wind turbine blade monitoring with acoustic emissions 

1 

Wave control: e.g. Spatio-temporal modulated materials; Waveguiding of 
mechanical and acoustic waves; Vibration attenuation; Frequency-resolved 
characterisation of non-Gaussian noise; Thin acoustic panels which allow air to 
flow; Acoustic panels from wood-based pulp fibers; Broadband acoustic liners; 
Noise cancelation to preserve life in oceans 

0 

Structural health monitoring: e.g. Damage detection and localisation; Monitoring 
of structures; Characterisation of materials; Structural dynamics identification 

0 

Exoskeletons: e.g. Farming exoskeletons; Exoskeletons from recycled bottles; 
Power gloves; Exoskeleton chairs; Tool holding exoskeletons; Soft exosuits; All-
electric, battery-powered, full-body industrial exoskeleton robotic systems 

0 

Soft sensing (Predict Unmeasurable Parameters): e.g. Particulate matter in air; 
Some parameters in processing plants 

0 

Machinery diagnostics and prognostics: e.g. Dynamic modeling of mechanical 
systems; Intelligent diagnosis using mechanical big data; Remaining useful life 
prediction of machinery; Health monitoring and maintenance decision 

0 

 
 
2. Participants in the survey assessed each of the statements and indicated whether they 
represented significant potential harms to the capability of planetary ecosystems to flourish from now 
to 2050. 
 
The figures below illustrate the distribution of answers for each potential harm. 

 

Nuclear waste remains dangerous. 

 

Continued population growth puts pressures on resources and recycling is 
insufficient to solve the issue. 

 

Nuclear plants are exposed to accidents or attacks, potentially leading to 
environmental devastation and health disasters. 

 

The interest in certain technologies is often a reflection of vested interests, 
coming at the expense of the interests of the community as a whole. 

 

All energy technologies - including 'carbon-free' technologies such as 
batteries and fuel cells - have a negative impact on habitats and the 
environment. 

 

All artificial refrigerants cause irreversible long-term impacts on the 
environment. 

 

3D printing may in fact reduce energy efficiency and increase emissions. 
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3. Participants in the survey were asked to evaluate how impactful they consider the STI progress 
in Mechanical engineering & Process engineering & Manufacturing engineering & Risk analysis 
(engineering) to be on planetary ecosystems by 2050, based on the most promising directions and 
the significant harms they had previously identified. 
 
The figure below illustrates the distribution of answers in Round 2 (orange) and in Round 1 (blue). 
*The figure reflects the answers of the subset of respondents who participated in both rounds. 
** The evaluations were translated into a scale from 1(negligible) to 4 (very significant) 
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Computer engineering & Human-computer interaction 
 
Number of respondents in Round 2: 31 
 
1. Participants in the survey selected the 3 most important STI directions in Computer engineering 
& Human-computer interaction, in terms of their potential to contribute to the capability of planetary 
ecosystems to flourish from now to 2050. 
 
The table below illustrates the ranked list of STI directions, based on the number of votes gained. 
 

STI directions Number of votes 

Smart systems: e.g. Smart cities; Smart health; Smart environments; 
Smart transport systems; Motion tracking system 

23 

Augmented and virtual reality: e.g. Minimizing transportation emissions by 
reducing flying for business, entertainment and education; Smart parking; 
Disaster simulations; AR helmets for firefighters to see through smoke; 
Cultural Heritage 

20 

AI and AR/VR in Healthcare: e.g. Machine Learning in Healthcare; Deep 
Learning in Healthcare; Augmented and virtual reality applied to the 
psychotherapy; Virtual Rehabilitation; Better diagnostic with VR (DICOM 
viewers with VR capability software); Simulation surgery with augmented 
reality; AI in genetic editing control; AI in neurofeedback 

20 

Edge and Fog computing: e.g. Open and secure fog computing platform to 
advance management of extensible, diverse and safe IoT services and 
cross-cloud applications; AI-based real-time computing in edge-fog-cloud 
paradigm; AI-based service provisioning in edge-fog-cloud paradigm; 
Energy efficient distributed learning at edge; Energy efficient ML models for 
edge systems; Energy-aware mining at network edge; Codesign of energy-
aware cyber systems for edge 

7 

Control engineering and feedback control: e.g. Control of cyber-physical 
systems; Control of energy and transportation systems; Data-driven and 
learning control in industry; Learning and adaptive control; Design to ensure 
control of humans over computers - resilient design of human control, 
damage barriers sequence, elastic redistributable confinement concepts 

7 

Quantum computing: e.g. Methods for reducing errors in two-qubit gates; 
Qubit using the spin of so-called holes; Simplifying and rapidly measuring 
temperatures during quantum calculations; Superconducting qubit using 
optical fiber two-dimensional array of qubits to function as a quantum 
processor; Quantum computing in drug research and design; Quantum 
modelling of enzymatic reactions 

4 

Internet and social media literacy: e.g. Educating citizens about 
evaluating sources; Developing dialogic social media tools; Development of 
pro STI activist communities; Engaging children beginning in primary school 

3 

Combating cyber-threats with environmental effects: e.g. Real-time 
security information and event management (SIEM) solutions; Zero-trust 
architectures; Anomaly detection and monitoring systems; Cloud-based 
virtualization; Whole-of-industry approach to cyber-threats; Integration of 
operational and informational security through single-point accountability; AI 
in authentication 

3 

Development of energy-efficient High Performance Computers: e.g. 
Green500 rankings; Power capping; Standardization of HPC energy 
efficiency; Optical computing; Biomolecular computers; Quantum 

2 
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computers; Energy proportional computing; Harvesting energy consumption 
in distributed HPC; Energy-aware reconfigurable HPC architectures; HPC to 
model complex environmental system 

Neuromorphic computing: e.g. Protein nanowires; Ion conducting 
polymer; Nanoscale device that mimics the neural pathways of brain cells 
used for human vision; Energy-efficient memcapacitive devices based on 
charge shielding principle 

2 

Reducing energy consumption in blockchain mining: e.g. Proof of Stake 
(PoS) consensus; Red Belly Blockchain (RBBC); ‘Green’ mining through 
excess green energy; Energy-efficient cryptocurrencies 

1 

Real time data management of hazardous material: e.g. Consumption of 
plastics/additives; Disposal of end use plastics; Recycling, reuse, energy 
recovery data of plastics; Real-time data-based monitoring of waste entering 
ecosystem 

1 

Spintronics: e.g. Molecular spintronics; Semiconductor spintronics; Spin-
orbitronics; Spin-caloritronics; Opto-spintronics; Magnetic graphene to 
produce ultra-compact spintronic devices; Superconducting spintronics 

0 

 
 
2. Participants in the survey assessed each of the statements and indicated whether they 
represented significant potential harms to the capability of planetary ecosystems to flourish from now 
to 2050. 
 
The figures below illustrate the distribution of answers for each potential harm. 

 
The threat of social media and online networks to democratic practices 
and processes, aggravated by monopolies as well as by criminal and 
state interventions.  

Embedded obsolescence – the failure to treat resources as finite in the 
design and manufacturing of products. 

 
The ways in which decision algorithms interact with social systems is not 
well understood and may lead to undesirable consequences and even 
catastrophes.  

Over-dependence on technology will hamper physical, mental, and 
emotional health. 

 

Computing, from cyber security to IoT, massively increases power 
consumption. 

 
Quantum computing may upset the foundation of cryptographic systems, 
their application in Public Key Infrastructures, and generate new cyber 
threats.  
The push for digitalization in certain sectors – such as health care – may 
lead to over-reduction of human resources, creating staff shortages and 
burdens.  
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3. Participants in the survey were asked to evaluate how impactful they consider the STI progress 
in Computer engineering & Human-computer interaction to be on planetary ecosystems by 2050, 
based on the most promising directions and the significant harms they had previously identified. 
 
The figure below illustrates the distribution of answers in Round 2 (orange) and in Round 1 (blue). 
*The figure reflects the answers of the subset of respondents who participated in both rounds. 
** The evaluations were translated into a scale from 1(negligible) to 4 (very significant) 
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Architectural engineering & Construction engineering & Civil engineering & 

Geotechnical engineering & Structural engineering 
 
Number of respondents in Round 2: 25 
 
1. Participants in the survey selected the 3 most important STI directions in Architectural engineering 
& Construction engineering & Civil engineering & Geotechnical engineering & Structural engineering, 
in terms of their potential to contribute to the capability of planetary ecosystems to flourish from now 
to 2050. 
 
The table below illustrates the ranked list of STI directions, based on the number of votes gained. 
 

STI directions Number of votes 

Sustainable and carbon neutral construction materials: e.g. Low carbon 
cement/concrete; Carbon absorbing cement/concrete; Valorisation of 
construction waste; Material with enhanced durability (e.g. self-healing 
concrete); Use of local materials; Non-cement alternative materials with lower 
carbon emissions; Bio-based materials; Minimizing poisonous, toxic, non-
natural materials 

22 

Sustainable structures: e.g. Modular engineering; Drone mapping for 
construction; Design for deconstruction or reuse; Sustainable energy/seismic 
retrofit models; Compressed earth blocks for residential walls; Trombe wall as 
a passive heating system for a buildings; Structures with increased service 
life; Net zero carbon building; Timber structure 

17 

Green architecture: e.g. Energy positive buildings; Floating homes; Smart 
forest cities; Bioceramic domes; Green walls; Green roofs 

8 

Renovation and rehabilitation of infrastructure: e.g. Structural monitoring; 
Reliability and remaining life span assessment; Modular engineering; 
Corrosion resistant and control systems; Upgrading of housing stock 

6 

Design for deconstruction: e.g. Designing with the end in mind; In line with 
regenerative principles; Reducing waste management; Modular design 

5 

Smart road pavements: e.g. Eco friendly composites for road foundations; 
Recycled plastic road-building materials; Bio-based hydrophobic sealants; 
Bio-asphalt from microalgae 

4 

Usable, beautiful, sustainable buildings: e.g. Not overly complex energy 
saving systems; Buildings addressing users' needs; Buildings with minimum 
whole life carbon footprint 

4 

Ecological bricks: e.g. Living bricks; Recycled plastic bricks; Bricks from 
urine; Bricks from construction waste; Bricks from agricultural waste; 
Compressed earth blocks; Bricks and tiles using urban and industrial waste 

2 

Bioclimatic architectural strategies: e.g. Passive climate control systems; 
Ventilation control; Optimization of solar protection; Courtyards; Microclimate 
optimisation 

1 

New configurations: e.g. Hybridization, redistribution approaches; 
Confinement and damage barrier approaches; Interscale harmonization - 
circularization 

1 

Smart windows: e.g. Liquid windows; Water-filled windows; Smart tinting 
windows; Solar-powered smart window 

0 
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2. Participants in the survey assessed each of the statements and indicated whether they 
represented significant potential harms to the capability of planetary ecosystems to flourish from now 
to 2050. 
 
The figures below illustrate the distribution of answers for each potential harm. 

 

Bio hazards produced by construction material leftovers are often 
neglected. 

 
Construction sector can exacerbate material shortages if the entire life 
cycle assessment is not considered. This would force an increase in the 
transportation needed to supply these materials, worsening the situation.  

Off-shore structures foundations may affect marine life, if not properly 
adapted. 

 
Promoting constructions with intensive use of concrete and insufficient 
exploration of alternative construction materials with lower carbon 
emissions.  
Promoting lightweight modular building structures with low thermal mass 
can increase the need for air conditioning in the context of climate 
change.  

The use of plastic bricks and other nonbiodegradable waste can cause 
increase toxicity and poisoning of the built environment. 

 

Geo-engineering has unpredictable impacts. 

 

Stabilization of soil will cause the natural soil to lose its properties and will 
be redundant only with respect to as a construction material. 

 
 

 
3. Participants in the survey were asked to evaluate how impactful they consider the STI progress 
in Architectural engineering & Construction engineering & Civil engineering & Geotechnical 
engineering & Structural engineering to be on planetary ecosystems by 2050, based on the most 
promising directions and the significant harms they had previously identified. 
 
The figure below illustrates the distribution of answers in Round 2 (orange) and in Round 1 (blue). 
*The figure reflects the answers of the subset of respondents who participated in both rounds. 
** The evaluations were translated into a scale from 1(negligible) to 4 (very significant) 
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World Wide Web 
 
Number of respondents in Round 2: 16 
 
1. Participants in the survey selected the 3 most important STI directions in World Wide Web, in 
terms of their potential to contribute to the capability of planetary ecosystems to flourish from now to 
2050. 
 
The table below illustrates the ranked list of STI directions, based on the number of votes gained. 
 

STI directions Number of votes 

Greener data centres: e.g. Liquid cooling for data centres; Integration of data 
centers at water treatment or biogas facilities to reduce environmental impact; 
Modular energy-efficient data centre designs; Solar and wind-powered cloud 
services; Cloud server powered by indoor farming; DNA data storage 

13 

Education to combat and monitoring of misinformation: e.g. Vigilant 
surveillance of misinformation; Regulation of misinformation on social media; 
Governmental oversight of social media; Creation of governmental Public Service 
Net in social media 

11 

Solutions for digital commons: e.g. Free and open-source software, open 
hardware, open knowledge; distributed design; modernisation of Universal Service 
Access Funds, USAF - improved universal access policies, wide diversity of 
actors; community-led and peer-to-peer digital capacity; commons-based 
development and reproduction of resilience technologies (such as regenerative 
farming); blacklisting sources of hacker attacks 

8 

Internet of Things (IOT): e.g. IoT networks to monitor and protect endangered 
species; IoT micro-climate monitoring to increase beehive health; IoT-enabled fleet 
management solutions; Smart agriculture; IoT waste management; Smart home 
automation using IoT; IoT based water management systems; IoT-enabled cold 
chain 

7 

Sustainable internet: e.g. Eco-friendly websites; Static websites; Renewable 
energy hosting; Eco-mailing; Green search engine; Sustainable streaming 

6 

Leveraging blockchain for sensitive data: e.g. Blockchain solutions for vaccine, 
crops and other supply chains; Blockchain to expand property rights; Blockchain 
for identity management in low ID coverage countries 

3 

 
2. Participants in the survey assessed each of the statements and indicated whether they 
represented significant potential harms to the capability of planetary ecosystems to flourish from now 
to 2050. 
 
The figures below illustrate the distribution of answers for each potential harm. 

 
If left unregulated, the technological developments that create the online 
public sphere can amplify incentive structures generating misinformation 
and polarization.  

The large internet corporations may lock us into their services, without 
contributing much to the common good. 

 

Computer-intensive technologies, from blockchain to sensors, consume 
increasing amounts of energy, threatening the environment. 

 

ICT solutions inherently raise concerns over surveillance and privacy, 
analysing and influencing human behaviour. 
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Techno-deterministic solutions in ICT underappreciate the complexity of 
large systems and ignore ecological and social externalities. 

 

Algorithms create social bubbles that weaken social cohesion and 
empathy. 

 

While cyberattacks have come to represent a serious burden, the 
cybersecurity responses may end up segregating the internet. 

 
 
 
3. Participants in the survey were asked to evaluate how impactful they consider the STI progress 
in World Wide Web to be on planetary ecosystems by 2050, based on the most promising directions 
and the significant harms they had previously identified. 
 
The figure below illustrates the distribution of answers in Round 2 (orange) and in Round 1 (blue). 
*The figure reflects the answers of the subset of respondents who participated in both rounds. 
** The evaluations were translated into a scale from 1(negligible) to 4 (very significant) 
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Mining engineering & Petrology & Geochemistry 
 
Number of respondents in Round 2: 16 
 
1. Participants in the survey selected the 3 most important STI directions in Mining engineering & 
Petrology & Geochemistry, in terms of their potential to contribute to the capability of planetary 
ecosystems to flourish from now to 2050. 
 
The table below illustrates the ranked list of STI directions, based on the number of votes gained. 
 

STI directions Number of votes 

Sustainable/ green mining: e.g. Reuse of mining waste for hydrogen fuel; Mine 
land rehabilitation; Remediation of acid mine drainage; Recovery of mining waste 
heat for power generation; Liquid membrane emulsion (ELM) for metal separation 
and recovery; ‘Urban mining’ of e-waste metals – through e.g. flash Joule heating, 
biometallurgy, bioleaching; Electrification of underground mine vehicles; 
Optimizing electric drive systems for heavy-duty EVs; Zero impact (water, 
biodiversity) mining; Carbon neutral mining; Improving safety of mining; 
Decommissioning 

15 

Automation of mining: e.g. Autonomous haulage systems; Artificial neural 
networks in mining; Automated ultra-deep mining; Shared human-machine control 
and cooperation in mining automation; 3D laser systems for rock surface 
measurement; Computer vision and visual servoing; Autonomous exploration 
through remote sensing; Assessing social impacts of mining automation (worker 
displacement etc.) 

10 

Non-territorial and off-earth mining: e.g. Offshore deep-sea mining; Asteroid 
mining; Unmanned underwater vehicles; Solar sail propulsion for near-earth 
mining; Ship-to-shore telepresence; Deep-sea mining regulations; Outer space 
treaties; Underwater heritage sites 

8 

Search for life on non-Earth bodies: e.g. Understanding geochemical traces of 
extremophiles; Delivery to Earth of water-bearing Martian rock; Robotic analysis of 
the subsurface of Europa 

5 

Hydraulic fracturing: e.g. Estimations of induced seismicity; Geothermal energy 
from hot dry rocks 

3 

 
2. Participants in the survey assessed each of the statements and indicated whether they 
represented significant potential harms to the capability of planetary ecosystems to flourish from now 
to 2050. 
 
The figures below illustrate the distribution of answers for each potential harm. 

 
The exploitation of marine mineral resources (deep-sea mining) will have 
an impact on marine ecosystems (e.g. contamination of sea waters, 
removing a lot of sediments and transporting them upwards, induced 
seismicity). The extent of its impacts is not yet known but will not be 
negligible.  

Hydraulic fracturing is a very invasive technique with underestimated 
impacts on ecosystems. 

 

Although the footprint of a single mine may be minimal, all mines require 
construction of infrastructure that facilitate deforestation and cause 
indirect impacts on biodiversity. 
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3. Participants in the survey were asked to evaluate how impactful they consider the STI progress 
in Mining engineering & Petrology & Geochemistry to be on planetary ecosystems by 2050, based 
on the most promising directions and the significant harms they had previously identified. 
 
The figure below illustrates the distribution of answers in Round 2 (orange) and in Round 1 (blue). 
*The figure reflects the answers of the subset of respondents who participated in both rounds. 
** The evaluations were translated into a scale from 1(negligible) to 4 (very significant) 
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Transport engineering 
 
Number of respondents in Round 2: 15 
 

3. Participants in the survey selected the 3 most important STI directions in Transport 
engineering, in terms of their potential to contribute to the capability of planetary ecosystems 
to flourish from now to 2050. 

 
The table below illustrates the ranked list of STI directions, based on the number of votes gained. 
 

STI directions Number of votes 

Green transportation policies: e.g. Lower emissions with pay as you go car 
insurance; Slow streets; Energy-powered public transportation; Green number 
plates; Regulations for prioritising e-mobility sharing models; Support of 
autonomous driving; Low taxes/ subventions for green transport (rail); Ban 
short distance flights 

10 

Green energy vehicles: e.g. Solar-powered trains; Hydrogen hybrid trains; 
Battery-electric trains; Electric ships; Hydrogen-powered ships; Hydrogen-
powered planes; Hybrid electric planes; Solar-powered planes; Hydrogen fuel 
cell electric cars; Second and third life of batteries, underground freight 
transportation systems; Methanol fueled shipping; Autonomous driving 

9 

Rethinking of urban mobility: e.g. Seamless intermodality; Better ICT for 
virtual mobility; Implementation of EV in a different manner to existing car-
based infrastructure 

6 

Sustainable fuels: e.g. Sustainable aviation fuels (SAFs); E-fuels for road 
transport and shipping 

6 

Road infrastructure: e.g. Electric roads; Cool pavements; Under-road heating 
systems; Recycled plastic road-building materials; Solar roadways; Glow in the 
dark roads; Smart roads; Electric priority lane for electric vehicles (EV) 

4 

Rethinking long distance transport: e.g. Move from national to EU-rail road 
infrastructure; Increase shipping over inland waterways; Shift towards green 
shipping 

3 

Road ecology and road mitigation measures: e.g. Adaptive fencing plan to 
reduce wildlife mortality 

2 

Safety: e.g. Hydrogen autoignition; Criogenic transportation and storage; High 
pressure transportation and storage; Batteries safety 

1 

Autonomous driving: e.g. Driverless cars and trucks; Driverless shipping  1 

Tyre technology: e.g. Photosynthetic car tires that convert carbon dioxide into 
oxygen; Smart tires; Soybean oils in tire production for reducing energy 
consumption in manufacturing; Air-free tires are 100% recyclable; Green tires 
to be entirely made from renewable, recycled, bio-sourced “or otherwise 
sustainable” materials 

0 
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2. Participants in the survey assessed each of the statements and indicated whether they 
represented significant potential harms to the capability of planetary ecosystems to flourish from now 
to 2050. 
 
The figures below illustrate the distribution of answers for each potential harm. 

 

Some alternative fuels are not sustainable and we might rather avoid 
mobility or shift to other modes. 

 

Alternative infrastructure building would be a dangerous end-of-pipe 
approach in the absence of strategies to reduce road use and 
construction and would perpetuate some of the environmental harms. 

 
Developed countries will need more renewable energy resources for 
carbon neutral transportation than they have in their country. Thus, they 
will import energy carriers, and mineral resources, exploiting less 
developed countries.  

Replacing fossil cars by electric cars will encourage continued growth of 
traffic while the use of batteries will cause environmental problems. 

 

Autonomous vehicles might increase travel distances and car 
dependence and thus increase the environmental impact of cars. 

 
 
 
3. Participants in the survey were asked to evaluate how impactful they consider the STI progress 
in Transport engineering to be on planetary ecosystems by 2050, based on the most promising 
directions and the significant harms they had previously identified. 
 
The figure below illustrates the distribution of answers in Round 2 (orange) and in Round 1 (blue). 
*The figure reflects the answers of the subset of respondents who participated in both rounds. 
** The evaluations were translated into a scale from 1(negligible) to 4 (very significant) 
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Theoretical physics & Engineering physics 
 
Number of respondents in Round 2: 14 
 
1. Participants in the survey selected the 3 most important STI directions in Theoretical physics & 
Engineering physics, in terms of their potential to contribute to the capability of planetary ecosystems 
to flourish from now to 2050. 
 
The table below illustrates the ranked list of STI directions, based on the number of votes gained. 
 

STI directions Number of votes 

Quantum in electronics: e.g. Magnetic superlattice material for the development 
of quantum electronics; Graphene nanoribbons for quantum electronics; Quantum-
dot transistors; Colloidal quantum dots; Quantum technologies built with ion beam 
accelerators; Atomically thin magnets for next-gen quantum electronics; 
Converting solar energy to electricity using quantum dots; Non-volatile data 
processing for energy savings; Alternative qubit approaches; Superconducting 
computing 

7 

Renewable energy: e.g. Solar energy; Wind energy; Energy networks; Integration 
of renewable energy in networks 

7 

Nuclear fusion: e.g. Magnetized target fusion; Magnetic confinement fusion; 
Stellarators; High-temperature superconducting coils; Stability of hot plasma 

5 

Complex system science: e.g. Nonlinear dynamics (e.g., population dynamics); 
Scales of (a)biotic interactions; Environmental heterogeneity (spatial structure); 
Complex networks; Complex collective interactions of networks; Physical 
modelling of climate; Multiscale physics in the atmosphere and the oceans 

4 

Quantum sensors: e.g. Quantum-enhanced plasmonic sensors for environmental 
monitoring and food safety analysis; Enhancing battery performance with quantum 
sensors; Quantum Photosynthetic Active Radiation (PAR) sensors; Ultrasensitive 
magnetic field sensors for pilot-free transportation in air, land and sea 

3 

Novel applied optics for better life experience: e.g. Optics in lifescience- 
improve diagnosis/treatment; Novel optical devises for vision impairment; Use of 
natural light to enhance life on earth 

3 

Quantum materials: e.g. ‘Quantum dot’ nanomaterial to boost greenhouse 
productivity; Superconducting quantum metamaterials; Magnetic and optical meta 
materials for new functionalities; High energy matters, like Dirac matter; Optimized 
thermoelectrics to reduce waste heat; Dissipationless conduction through 
topological states; Quantized and non-linear effects at high temperature 

2 

Nuclear techniques to combat environmental pollution: e.g. Electron beams 
for municipal waste incineration; Gamma irradiation for sludge treatment; 
Wastewater management through ionizing irradiation; Recycling of irradiated 
sludge as fertilizer; Radiation for environment; Water sanitization; Production of 
radiation shielding material from waste 

2 

Thermal energy storage: e.g. Phase change materials; Sand based thermal 
energy storage 

1 

New generation fission reactors: e.g. Microreactors; Sodium-cooled reactors; 
Molten salt reactors; Thorium nuclear reactors; New generation neutron and 
gamma shielding materials 

1 

Second life for spent nuclear fuel: e.g. MOX fuel recycling; HALEU for 
commercial nuclear reactors; Depleted uranium as catalyst in commodity 
chemicals 

1 

Quantum in spintronics: e.g. Quantum states of magnons; Magnon Bose-
Einstein condensation; Quantum computing using magnetic states 

1 
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Biodegradable electronic and photonic devices: e.g. Biodegradable and 
bioresorbable materials; Food-grade materials and devices; Biodegradable 
electronic/photonic sensors; Environment and food monitoring 

1 

Earth Physics: e.g. Atmospheric physics; Physics of climate 1 

Gamma shielding materials alternative to lead: e.g. Alloys, composites, 
ceramics 

1 

Quantum in agriculture: e.g. Quantum dots to grow plants; Quantum dots to 
enhance photosynthesis; Graphene quantum dots for soil moisture sensors; 
Quantum technology irrigation systems; Quantum dots for boosting crop 
productivity in greenhouses 

0 

Radioisotopes in agriculture: e.g. Radiation-induced plant mutation for resilient, 
high-yield crops; Isotope labeling to optimize fertilizer use; Nuclear soil moisture 
gauges; Soil sterilization through ionizing radiation; Nuclear techniques for water 
source identification and water tracking 

0 

Quantum chemistry by Density Functional Theory: e.g. Reaction mechanisms 
towards predictive catalysis 

0 

Celestial Mechanics and Space Dynamics 0 

 
 
2. Participants in the survey assessed each of the statements and indicated whether they 
represented significant potential harms to the capability of planetary ecosystems to flourish from now 
to 2050. 
 
The figures below illustrate the distribution of answers for each potential harm. 

 

Small nuclear reactors raise new safety issues. 

 
Despite the progress in nuclear fission, the waste remain a huge, very 
long term problem, in particular given instability, missing social 
acceptability, and inappropriate economic and technical capabilities in 
many countries.  

Geoengineering can have unforeseen impacts given the complex, chaotic 
nature of the climate system. 

 

Political, social dynamics between countries may trigger mishandling of 
nuclear power, leading to annihilation. 

 

Resources are wasted in redundant large-scale simulations. 

 

Better electronics can only increase their production, without solving the 
waste and consumption issues. 

 

Blockchain technologies is wasting valuable energy. 

 

Quantum application (e.g. quantum dot) are difficult to assess in terms of 
toxicity. 
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3. Participants in the survey were asked to evaluate how impactful they consider the STI progress 
in Theoretical physics & Engineering physics to be on planetary ecosystems by 2050, based on the 
most promising directions and the significant harms they had previously identified. 
 
The figure below illustrates the distribution of answers in Round 2 (orange) and in Round 1 (blue). 
*The figure reflects the answers of the subset of respondents who participated in both rounds. 
** The evaluations were translated into a scale from 1(negligible) to 4 (very significant) 
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Marine engineering 
 
Number of respondents in Round 2: 13 
 
1. Participants in the survey selected the 3 most important STI directions in Marine engineering, in 
terms of their potential to contribute to the capability of planetary ecosystems to flourish from now to 
2050. 
 
The table below illustrates the ranked list of STI directions, based on the number of votes gained. 
 

STI directions Number of votes 

Ocean cleanup solutions: e.g. Degradable UUVs through marine 
biodegradable 3D printable structures; Giant ocean plastic capture platforms; 
Plastic capture through seagrass meadows; Biodegradable antifouling paints; 
Biodegradable lubricants; Plastic eating marine bacteria 

6 

Marine renewable energy: e.g. Floating offshore wind turbine; Tidal turbine 5 

Marine aquaculture: e.g. Seaweed farms between wind turbines; 
Technologies enabling monitoring every fish; Self-propelled fish farm; Bivalve 
mollusc farming and microalgal farming 

5 

Harnessing marine environmental predictions: e.g. Interfacing with marine 
engineering digital twins; Visualisation of environmental predictions; 
Exploring/Discovery of environmental predictions; Impact forecasting & E-
Navigation; Forecasting effect of climate change on natural resources for 
indigenous populations 

5 

Coastal hazard preparedness: e.g. Tsunami early warning systems; Coastal 
engineering for hazard mitigation; Image-based plankton identification in 
combating harmful algal blooms 

3 

Alternative feed in marine aquaculture: e.g. Insect food; Methane captured 
and transformed into protein-rich feed; Wastewater as feed for sea plants and 
marine animals; Farmed mussel meal as substitute of fish meal in fish feed 

2 

Alternatives to diesel-powered container ships: e.g. Battery-swapping 
container ship that uses interchangeable energy containers for propulsion; 
Hybrid electric-powered ships; Sail assisted propulsion and solar power for 
ships 

2 

Marine engineering: e.g. Vessels capable of laying hundreds or thousands of 
kilometres of high voltage cables; Repurposing fiber optic communications 
cables as giant seismic network, tracking earthquakes and ocean waves; 
Underwater Wireless Sensor Networks (UWSNs); Biomimetics in marine 
engineering 

1 

Marine robotics: e.g. Autonomous underwater vehicles (such as ocean 
gliders), Biomimetic underwater robots; Fleets of robotic floats; Marine litter-
detecting robots; Hull cleaning robots; Robots ship inspectors; Anti-piracy 
robots 

1 

Protection of Corals: e.g. Creation of artificial corals; Database of corals and 
their ecosystem; Enforce navigation ban around corals 

0 
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2. Participants in the survey assessed each of the statements and indicated whether they 
represented significant potential harms to the capability of planetary ecosystems to flourish from now 
to 2050. 
 
The figures below illustrate the distribution of answers for each potential harm. 

 
There are several proposed technologies for carbon sequestration in marine waters 
(e.g. sea fertilization, seaweed farming, increasing primary productivity by upwelling) 
with unforeseen impacts.  

With increased use of nuclear and progressing climate change, risk of nuclear 
pollution of marine areas after accidents will increase. 

 
 
 
3. Participants in the survey were asked to evaluate how impactful they consider the STI progress 
in Marine engineering to be on planetary ecosystems by 2050, based on the most promising 
directions and the significant harms they had previously identified. 
 
The figure below illustrates the distribution of answers in Round 2 (orange) and in Round 1 (blue). 
*The figure reflects the answers of the subset of respondents who participated in both rounds. 
** The evaluations were translated into a scale from 1(negligible) to 4 (very significant) 
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Annex 1. Overview of the Delphi results - rounds 1 and 2  

 

Domains Number of 
respondents 

in R2 

Average 
score  

R2 

Standard 
deviation 

R2 

Average 
score  

R1 

Standard 
deviation 

R1 

Number of 
respondents 

in R1 

Average 
score  

R1 

Standard 
deviation 

R1 

 
*subset of respondents who participated in both rounds 

*all respondents who participated in 
Round 1 

Architectural engineering & Construction engineering 
& Civil engineering & Geotechnical engineering & 
Structural engineering 

25 3.64 0.69 3.35 0.91 61 3.22 0.93 

Theoretical physics & Engineering physics  14 3.64 0.61 3.21 1.01 55 3.1 0.91 

Agriculture science & Agriculture engineering 68 3.56 0.72 3.42 0.81 215 3.28 0.86 

Waste management 47 3.53 0.68 3.52 0.68 126 3.41 0.81 

Composite material & Nanotechnology & Metallurgy 48 3.51 0.74 3.26 0.94 135 3.18 0.98 

Computational biology & Bioinformatics 37 3.47 0.5 3.29 0.81 92 3.19 0.92 

Socioeconomics & Social psychology & Law 45 3.45 0.73 3.23 0.89 113 3.16 0.9 

Food science 52 3.42 0.69 3.02 1.09 130 3.09 0.93 

Data science & Statistics 61 3.41 0.69 3.05 0.94 179 3.22 0.86 

Transport engineering 15 3.4 0.61 3.14 0.91 49 3.16 0.89 

Water resource management 56 3.38 0.73 3.22 0.91 164 3.16 0.94 

Ecology & Environmental health 174 3.36 0.76 3.17 0.87 445 3.18 0.85 

Computer engineering & Human-computer 
interaction 

31 3.34 0.88 3.14 0.91 88 3.17 0.95 

Environmental planning & Environmental engineering 77 3.32 0.72 3.30 0.77 222 3.26 0.79 

Artificial intelligence & Pattern recognition & Machine 
learning & Natural Language Processing & Computer 
vision 

61 3.32 0.83 3.14 0.95 190 3.25 0.85 

Mechanical engineering & Process engineering & 
Manufacturing engineering & Risk analysis 
(engineering) 

33 3.32 0.53 3.13 0.75 105 3.03 0.85 

Biotechnology & Biochemical engineering & 
Chemical engineering & Organic chemistry 

100 3.29 0.86 3.17 1.03 237 3.09 0.98 

Marine engineering 13 3.25 0.6 3 0.82 42 3.15 1 

World Wide Web 16 3.19 1.01 2.93 1.12 43 3.12 1 

Mining engineering & Petrology & Geochemistry 16 3.12 0.93 3.06 0.9 38 2.94 0.97 

Natural resource economics & Physical geography & 
Regional science 

45 2.93 0.74 2.92 0.87 121 3.12 0.85 


